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ABSTRACT

WAVELENGTH DEPENDENCE OF HORSERADISH PEROXIDASE

INACTIVATION BY SOFT X-RAYS

Peter Paraskevoudakis

The purpose of this work was to determine if the inactivation
of dilute solutions of horseradish peroxidase (HRP) by x-rays is
energy dependent in the photon energy range from 5 to 9 Kev, and thus,
to suggest that the energy dependence, found by Emmons,# was not a
peculiar phenomenon displayed by catalase, but could be a general
property of metalloproteins.

HRP solutions with protein concentration of 3,3x10—7M were
irradiated by monochromatic x-rays of 5 to 9 Kev photon energy.

The results indicated that the HRP inactivation is energy dependent
at fixed dose levels. The type of dependency is best described by a
step curve., A photon with energy above 6.9 Kev is capable of pro-
ducing twice as much radiation damage as a photon with energy below
6.9 Kev. Furthermore, the experimental error of an average value of
10 runs is less than +10 of per cent activity remaining at the

95 per cent confidence level.

The above HRP solutions were irradiated with nickel fluorescent
radiations as a function of dose rate. The results indicated that the
HRP inactivation is dose rate independent in the range from 645 to

64,000 rads/hr.

#A, H. Emmons, "Resonance Radiation Effects of Low Energy Monochromatic
X-Rays on Catalase," Ph.D. Thesis, The University of Michigan, 1959,

X



A dose of 3 x lO5 rads of mixed energy soft x-rays, delivered
tb a2.5x lU-SM HRP solution resultedin a marked reduction of the
peak at 403 my of the absorption spectrum of HRP. This reduction
suggests destruction of the porphyrin ring.

It is concluded from these results that 1) HRP solutions exhibit
an energy dependence in the region of the iron K-absorption edge,

2) this effect is not due to experimental error or dose rate depen-
dence, and 3) the porphyrin ring is destroyed by radiation. To
explain this effect, the author postulates the possibility of the
existence of the HRP molecule& a whole in an excited state for a
finite time interval. Afterwards the excited molecule splits into
fragments. Since these fragments are highly reactive, they serve

as connecting bridges between other HRP molecules. The data suggest
that an amount of energy above 6.4 Kev is required to excite the HRP
molecule., The iron atom and the porphyrin ring help in the absorp-
tion and localization of this large amount of energy in the HRP
molecule because the absorption ecross section of iron is considerably
higher than the absorption cross section of carbon or oxygen in the

energy range of 5 to 9 Kev.

x 1.



I. INTRODUCTION

A. Purpose of Study

It is the purpose of this study to determine whether the
radiation damage spectrum induced in horseradish peroxidase (HRP)
in solution is photon energy dependent, and to contribute to the
extremely sparse information on the energy dependence of biolo-
gically important effects of ionizing radiation.

The term "radiation damage spectrum' is equivalent to the
term "action spectrum” extensively used by workers in the field
of ultraviolet radiation effects except that it corresponds to
photons in the soft x-ray region. In graphing action spectra,
it is common to plot the ordinate as effect per photon absorbed.
However, in graphing radiation damage spectra, it is common to
plot the effect produced per unit energy absorbed as a function
of the incoming photon energy.

#

The per cent HRP inactivation per unit’ of energy absorbed
in solution has heen determined for various x-ray wave lengths
in the region of the iron K-edge discontinuity. This region
has been chosen because of the importance of the iron atom with

respect to HRP enzymatic activity. In general, it might be

expected that if energy dependence phenomena did occur they

#

The word "unit" is used here to mean some arbitrary fixed
absorbed dose rather than any conventional unit.



might be in the low energy x-ray region where absorption cross-
sections are changing rapidly and where some\@mportant in enzymatic
activityjelements have large discontinuities in absorption. If

the effect exists, it will be of particular importance in the
porphyrin ring and in the iron atom. Furthermore, the prophyrin
ring may be the key to energy transfer processes. But in order to
explain the effect, more information will be required about the
mechanism of enzyme inactivation which itself is very important

~in enzyme chemistry.

The present study was motivated hy some very interesting and
largely unexpected results from studies with monochromatic x-rays
at this University;(43’u’29’37’103’10) In general, not only
have there been very few experiments reported in the literature
on the energy dependence of the effects of ionizing radiation,
but also the techniques for making such experiments have not been

well developed.

B. Experimental Approach

This thesis was designed 1) to confirm the results on cata-
lase found by Emmons(37) and, 2) to prove that the energy depen-
dence, found by Emmons, was not a peculiar phenomenon displayed
by catalase, but a general property of metalloproteins. A number
of improvements upon methods and techniques previously used were
found to be necessary in order to investigate more definitively
~ the question of energy dependence. Attention was directed to the
following:

1) Selection of a better enzyme system, similar to catalase

if possible, but less complex, less sensitive to tempera-



ture and light and, more sensitive to radiation, than
catalase; moreover, an easy and accurate method of detec-
tion of radiation damage should exist or be developed.

2) Pursuit of better dosimetry than that applied in the

catalase study. The uncertainty of dose measurement
is a major factor of the uncertainty of the energy
dependence effect. It is possible that an uncertainty
of 25 per cent can mask the energy dependence effect.

3) Avoidance of introducing other factors which might

affect the radiation sensitivity of the enzyme system.
For example, organics or free radicals can be released
by sﬁbstances in contact with the enzyme solution
during irradiation.

The enzyme horseradish peroxidase (HRP) meets all the men-
tioned specifications and 'is: selected as the most suitable system
for the investigation of the energy dependence effect (see Part II
B). The ability of HRP to catalyze a specific chemical reaction
was chosen for the measure of radiation effects on HRP. Any loss
of the ability of the enzyme HRP to decompose HZOZ is designated
as damage or inactivation. Radiation damage is defined as any
loss of enzymatic activity produced by radiation with respect to
the H202 decomposition. This method is the most sensitive and
accurate method available (see Part II C).

A dosimetric technique, combining a total shsorption calori-
meter(qg) especially designed for soft x-rays, with the ferrous-
ferric dosimeter, was developed in order to determine absorbed

dosages as accurately as possible (see Part III D).



A plexiglas sample holder with a thin mylar window was
developed in order to avoid the scotch tape window used by Emmons.
Plexiglas and mylar are known to be materials chemically inert.
This sample holder was also used for the ferrous-ferric dosimetry

(see Part III Q).



IT. BACKGROUND AND THEORY

A, Review of Pertinent Literature

The amount of reported research on energy dependence forms
a very small part of the voluminous literature on radiation
effects. The literature contains only a few x-ray energy depen-
dénce curves in which a great deal of confidence can be placed.
Two major obstacles to definitive work in this area have been,
1) the unavailability of monochromatic x-ray beams of sufficient
intensity and 2) the unreliable dosimetry. The relevant litera-
ture has been reviewed recently(3’7°9) and will not be repeated
here. However, prior to describing the test system used in this
study, 1t seems pertinent to review briefly some other studies
completed at this Laboratory which motivated this thesis.,

S. Manoylov,(69’70)

summarizing a series of experiments in
the USSR, concluded that x-radiation acted directly upon the iron
atoms of iron-containing enzyme systems during whole body or
isolated organ irradiation by filtered x-radiation from tubes

with iron, copper, nickel, and cobalt anodes. Moreover, he
reported that a difference did exist on the biological effect for
x-rays emitted from tubes with iron or cobalt and nickel or copper
anodes at the same dosages. In fact, Manoylov and Ivanov found

that radiations from nickel and copper anodes were much more

efficient in producing biological damage than radiations from



iron and cobalt, in other words, they found a wave length dependence.
Manoylov attributed these effects to the absorption of photons by
the K-electrons of the iron atom.

Analysis of Manoylov's speculations is difficult because he
did not use monochromatic radiation; he measured the dose in
roentgens and does not mention any conversion to rads or where
and how the dose was measured. Thus, it is possible that more
energy per unit mass was absorbed in his samples in the case of
. copper and nickel anodes although the exposure in roentgens was
the same. Finally, he did not prove that the effect was due to
the enzyme system destruction. Thus, the question of a wave
length dependence femained open.

J. Garsou(43) studied organic halides dissolved in plastic
films using a crystal spectrometer for the production of monochro-
matic x-radiation. The quantity of crystal violet produced during
irradiation was determined spectrophotometrically and was used
to compute the radiation yield per photon absorbed. Garsou
reported that high radiation ydeld occurred at specific energies
near the K edge of the target halide atom, but reproducibility
difficulties introduced large uncertainties and the question of a
wave length dependence still remained unresolved.

W. Clendinning(Zg) studied purified l-bromobutane containing
DPPH (diphenyl-picryl-hydrazyl) using fluorescent characteristic
radiation (Ka and Kﬁ of different elements). The radiation effect
was determined spectrophotometrically from the disappearance of

DPPH during irradiation, since DPPH reacts quantitatively with



l-bromobutane radicals produced by radiation. Clendinning did not
observe any wave length dependence around the bromine K absorption
edge.

M, Atkinscu) studied an organic compound of mercury
(a~acetoxymercuri-5-methoxy hydrocinuamic ethyl ester) using
fluorescent characteristic radiation and came to the same conclu-
sion. The radiation effect was determined as the quantity of
inorganic mercury released during irradiation per unit energy
absorbed. Atkins reported no energy dependence around the mer-
cury L edge.

37)

‘A, Emmons studied an isolated enzyme, namely catalase,
using both téchniques9 the fluorescent and the crystal spectro-
meter, for the production of monochromatic x-radiation. The radia-
tion effect was measured as the percentage of enzyme inactivation
by radiation with respect to H202 decomposition. He reported a
strong energy-dependent effect in three types of experiments:

1) photons of energies just above the energy of the iron K-absorp-
tion edge produced much more inactivation of catalase in solution
than photons of any other energy, 2) the iron characteristic
radiations (Ka and KB) were much more efficient in producing

damage of the enzyme in solution than the nickel and manganese
characteristic radiations, and 3) the nickel and chromium charac-
teristic radiations were more efficient than the iron and manganese
characteristic radiations when the dry enzyme was irradiated.

Moreover, the shape of the inactivation curve was a straight line

on semi-log paper in the case of nickel and chromium characteristic



radiations and a curve indicating a multi-hit effect in the case
of iron and manganese characteristic radiations.

In order to explain his results, Emmons suggested the pos-
sibility that some type of preferential energy transfer from
catalase molecule to catalase molecule might account for the high
number of inactivations observed per initial photon absorbed. He
was not able to explain his results, but was forced to recognize
the possibility of the existence of some new process.

A number of imperfections in experimental techniques could
alter the results, but not appreciably change the energy depen-
dence effect, e.g., the use of scotch tape, the dose rate measure-
ments by a proportional photon counter, the extrapolation of the
reaction rate vs. concentration curve to lower concentrations
than the ones for which the reaction rate was determined experi-
mentally. Thus, it was important to repeat the experiments with
catalase solutions not only for the above reasons, but also because
these effects were unique and this was the first thorough study
of the effects of monochromatic radiations on a biologically

important system.

# (47,75) we

I have duplicated these experiments. My results re
somewhat different from Emmons' and indicated the following:
1) Using the crystal spectrometer, I found an energy
dependence, but the total number of 7.5 Kev photons

absorbed per ml to produce 50 per cent inactivation,

#My experiments on catalase were terminated prior to the beginning
of the present investigation.



was higher by a factor of 6 than that found by Emmons.
2) Investigating the activity measurements for different
enzyme preparations, I found(75) that large amounts of
impurities or inactive catalase molecules were present
in preparations made by Nutritional Biochemicals Corpor-
ation# which were not considered by Emmons. As a result,
the number of active enzyme molecules per ml of solution
was lower by a factor of 35 than the number reported by
Emmons and, therefore, his statement that 23 molecules
were inactivated per 6.9 Kev photon absorbed in solution
- 1s not correct.
3) Theiinactivation of catalase solutions by fluorescent
radiation showed that the iron characteristic radiation
was slightly more effective than the nickel and man-

ganese characteristic radiations. Comparing the 50 per

Fe
50%

and less by 40 per cent

cent inactivation dosages, I found that the LD was

less by 20 per cent than LDEéy
§3y9 while Emmons reported 500 and 700 per cent

than LD
respectively.
After these results (note that the same technique and the
same imperfections were followed in both cases), it can be stated
that there is a wave length dependence, but that the number of
molecules inactivated per photon absorbed is less than 1.0 and that
the relative effectiveness of the iron fluorescent radiation is

not as high as reported by Emmons, but of the order of 30 per cent

higher than the nickel and manganese.

#Clevelandg Ohio.
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Now one can ask the question, "How valid are these results
and how much confidence can be put on them?" My opinion (especially
of my own results) is that one cannot be certain about the effect
for a number of reasons.

a) The dosimetry was not accurate enough in either case.

b) Scotch tape adhesive was in contact with the solution
during irradiation in both cases and, therefore, release
of organics or free radicals could alter the results.

c)( High uncertainties existed in activity measurements in
both cases.

d) High sensitivity of the enzyme could be due to other
factors (temperature, light, etc.).

e) Control activity was low compared with sample kept in
refrigerator.

1) The dose rate#

was considerably higher at the front side
than at the back side of the sample.

g) Protection against radiation could come from impurities

present.

Thus, the work on catalase not only left the question open,
but also made it more interesting and it is more important now to
reinvestigate the problem more accurately with another biological
system or even the same from a different point of view.

If the energy dependence effect exists, then it must be a
new phenomenon and one can ask, "Is this phenomenon a property of

the prophyrin ring or a general property of large protein molecules

containing metal atoms?"

#

Catalase inactivation is dose rate dependent.(37’6)
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In view of all these questions, I selected another bio-
chemical system to investigate the problem of wave length dependence
which will be discussed in Section (IIB).

W, Wegst(log) studied mouse fibroblast cells designated as
strain L, clone 929, using fluorescent characteristic radiation.
The radiation effect was determined by two types of measurements:
1) the gross survival of the cells as a function of radiation dose
at different wave lengths, and 2) the effect on glucose metabolism
as a function of photon energy for a fixed dose. The glucose
metabolism was determined through the production of carbon dioxide
(aerobic metabolism) .

Wegst réported that the survival of L strain cells, as
measured by the dose in rads necessary to kill 25 per cent of the
cells, varied by a factor of approximately 3, between 5.41 and
5.90 Kev. Also, the survival of the cells as measured by the
dose in rads necessary to reduce the surviving fraction by 63
per cent along the exponential part of the survival curve varied
by a factor of approximately 3.5, between 5.90 and 7.48 Kev.
Finally, the production of carbon dioxide per milligram of precip-
itable cellular protein per unit dose varied by a factor of
approximately 2, between 6.40 and 7.46 Kev.

Wegst concluded that certain metallic trace elements in the
tissue cells are involved in producing the observed discontinuities
in the radiation damage spectrum. In particular, the relative
magnitudes of the depression of carbon dioxide production as a
function of energy appear to parallel the relative magnitudes of

the mass absorption cross section of the element iron. This may
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indicate that the cytochrome enzymes are involved in the radiation
induced depression of carbon dioxide production. Also, the rela-
tive magnitudes of the various methods of expressing cell survival
as a function of energy seem to parallel the relative magnitudes
of the mass absorption cross section of the element manganese.

Wegst did not postulate any hypothesis to explain the rela-
tion between x~ray absorption and cell death.

Finally, Baum(lo) restudied the biochemical system catalase
- in an attempt to confirm or explain the effect found by Emmons.

In his latest progress report, Baum reported that his results
indicate that the energy dependence for inactivation of catalase
by low energy x—rays is less than 31 per cent in the energy region
from 5 to 7.5 Kev. This statement can be made with 95 per cent
confidence and is based on statistical evaluation of 16 sets of
data obtained with dose rates from 80 rad/hr to 51,600 rad/hr.
Also, both crystalline and lyophilized catalase exhibited a dose
rate dependence in the range 80 to 1600 rad/hr. The dose rate
dependence curves were linear with slopes 31 rad/(rad/hr) and

60 rad(rad/hr) respectively.

Baum concluded(lo) that the inactivation of catalase does not
exhibit photon energy dependent phenomena. His results indicated
a small effect which could not be distinguished from experimental
error. Furthermore, Baum claims that experimental artifacts caused
Emmons' energy dependence findings, e.g.,

1) Release of organics from scotch tape windows.

2) Change of enzyme sensitivity from one experiment to another.

3) Differences in heat exposure at different x-ray energies.
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If the effect is due to free radicals released by the scotch
tape adhesive, then the adhesive must be energy dependent. The
enzyme sensitivity may change from one experiment to another, but
this change is included in the experimental error. Differences
in heat exposures are possible, since the x-ray tube is operated
at a different current for each radiator, but the highest tempera-
ture is received for the manganese radiator and not the iron radia-

tor.

B. The Biochemical System

On the one hand, horseradish peroxidase (designated by HRP)
was Selected~for studying the energy dependence phenomena because
of its similarities to catalase. On the other hand, it was of
utmost importance that the new system be less complex and more
stable in order to furnish reliable data. It was anticipated
that the energy dependence displayed by catalase was a phenomenon
occuring in metalloproteins and that its magnitude was not large
enough to permit accurate and indubitable measurements with the
catalase system.

HRP has a molecular weight of 40,000 and contains one atom
of iron per molecule, while catalase with a molecular weight of
225,000, contains four iron atoms per molecule. Thus, the frac-
tional iron content of the two enzymes is about the same. More-
over, the prosthetic group hematin containing the iron atom is the
same for both enzymes. Hematin is a complex formed between
protoporphyrin IX and ferric ion, and its chloride derivative is

called hemin. In general, porphyrins (for more details see re: .142)
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form complexes with metal ions of iron, copper, manganese, magne-
sium and zinc, of which the most common are the iron complexes
called hemes. Catalase and peroxidase are heme proteins in which
the iron is in the ferric state. The mode of linkage between the
ferriheme moiety and the protein portion of these enzymes has not
been elucidated yet, but studies on crystalline HRP suggest that
carboxylic groups of the protein may be involved. 1In any event,
the participation of imidazole groups appears to be unlikelychz)
In general, the peroxidases are conjugated proteins found

largely in plant tissues. The type of reaction catalyzed by these

enzymes may be written:

M, + H,0, LSnzymg, o + 2 H,0

where AH2 is a hydrogen donor, e.g., a phenol or ascorbic acid.

The peroxidase that has been studied most closely is horseradish
peroxidase which has been crystallized by Theorell.(96’98) This

conjugated protein contains 1.47 per cent hemin(uz)

and its protein
fraction is inactive catalytically. Peroxidase is a protein com-

parable to methemoglobin in which the iron is in the ferric state,

as it is in HRP. The composition of HRP is:czu)
Carbon 47.00%
Oxygen 32.00
Nitrogen 13.20
Hydrogen 7.25
Sulfur 0.43
Iron 0.127
Other properties of HRP are:
Isoelectric point: 7.2
Solubility: 5 ¢g/100 mlL of water
Thermal stability stable for weeks at 25°C

of solutions used:
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An advantage of HRP over catalase is its far greater stabilify
in water solutions.
; (24,26) 3 .
A technique has been developed which permits one to
measure the reaction rate at which the donor oxidation occurs,

and, thus in turn, to determine the HRP concentration.

C. Mechanism of Horseradish Peroxidase Action

1. Introduction

Both catalase and peroxidase combine with their substrate to
formAmore than one enzyme-substrate complex. The specificity for
the substrate is high; only HZOZ and monoalcylhydroperoxides.:are
able tovcombine‘with these enzymes»(zﬁ)

Some of these enzyme-substrate complexes, in a second re-
action sequence, can oxidize a hydrogen donor molecule. If this
donor happens to bhe HZOZ’ we speak of catalatic activity and if
other hydrogen donors are oxidized., of peroxidatic activity.

Catalase can exhibit both activities, whereas peroxidase can act
only peroxidatically, therefore, only the peroxidatic mode of enzyme
action will be considered here.

Four enzyme complexes with H2O2 are known for protohemin-
containing peroxidases and catalases: complex (I) green, complex (II)
pale red, complex (III) bright red, and complex (IV) light green.

The kinetics of enzyme-substrate compounds of catalase are
distinguished from those of HRP by the fact that the former require
only the green compound (I) whereas the latter require both the
green and the pale red complexes (I) and (II); complexes (III) and

(IV) are apparently unnecessary for either. Under the usual experi-~

mental conditions for the catalytic function of peroxidase, the
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values of the various velocity constants involved in the reaction
have such magnitudes that the pale red complex (II) is the
Michaelis or rate-limiting enzyme-substrate compound in peroxidase
action. The same is true for the green complex (I) in catalase
action. The kinetics of both enzyme-substrate compounds follow a
mathematical solution of an extension of the theory of Michaelis
over a wide range of experimental conditions and with considerable
accuracy. Thus, the mechanism of peroxidatic action can be
explaihed by the following formulation:

k

1
E+ S ?—-;:———é [ES]I complex (I) green
2.
K 1)
3
[ES]I + AH2 ?~—————$ [ES]II complex (II) red

k
+
[ES) + AH, 4 yE+ 23+ P

where: E = enzyme
S = substrate (H202)
P = other products (HZO)
AH2 = hydrogen donor
A = hydrogen donor oxidized

Any sound procedure for activity determination should depend,
if possible, on the measurement of only one reaction velocity

constant of the enzymic mechanism (kq for example).

2. Basis of Activity Determination

One of the most favorable assay methods for peroxidases
involves the oxidation of guaiacol. This compound, catechol

monomethyl ether, serves as the hydrogen donor and, on oxidation
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with peroxidase and H2029

solutions have a red-brown (rather orange) color which begins

forms tetraguaiacol. Tetraguaiacol

to fade a few minutes after its formation. The concentrations of
such solutions can easily be determined colorimetrically or
spectrophotometrically if the measurements are made within a

few minutes.

The rate of utilization of H 4?}%1, to fgpm the colored

2°2°
reaction product, as measured at 470 my, depends on the respective

concentrations of substrate and donor as follows:

£ [S] o [E] 2

At 1 b
kyS,) Kk, [G]
where: [E] = enzyme concentration
[SO] = initial substrate concentration
[GO] = AH2 = initial donor concentration
kl = reaction rate constant for the combination of the

enzyme with the substrate
k, = reaction rate constant for the transition of
enzyme-substrate complex (I) td complex (II)
k = reaction rate constant for the combination of the
enzyme-substrate complex (II) with the donor
(Equations (1) and (2) have been derived by
Chanceaczq) full description is given in Appen-
dix 1).
Because the rate constants of the opposing reactions are very small
compared with k

k39 and k the initial conditions of [GO] and

1’ be
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[SO] can be chosen so that one of the denominator terms is very
small compared to the other.
If ku [G0]>>kl

dent of donor concentration, and,

[SO], then the H2O2 utilization rate is indepen-

-

S
L8k 18, E] (3)

Therefore, kl can be evaluated. If, on the other hand, ku[Go]<<kl[So]

- then the H2O2 utilization rate is independent of substrate concen-

tration, and,
~AISL 16 1[E] )

In this case kq can be evaluated. The latter is a highly desirable
#

condition for peroxidase assay, because convenient zero-order

kinetics with respect to H202 and a high value of the turnover

number are obtained with a low substrate concentration; high
substrate concentrations inactivate peroxidase more than do high

donor concentrations.

#

A single number representing the figure of merit™ for HRP

following the mechanism described above may be defined as either

kl or kq,

ku, The Michaelis constant Km for such a system is not a true

constant, for it is proportional to the donor concentration.

but the total merit should be specified by both kl and

#Aetually the over-all reaction is second order, because it depends
on both the substrate and donor concentration.
##By figure of merit, I mean the ability of HRP to catalyze a

specific chemical reaction.
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The activity increases linearly with the donor concentration
provided that the substrate concentration is sufficient, that is
+
[s] EZQEEL__Jig = K #
>> k m (5)
1

Thus, "optimum™ activity would be found at infinite concentra-
tions of substrate and donor. This optimum activity can be defined

as the total figure of merit for HRP (see Appendix 1 for more

details).

#

Ku is defined as the dissociation constant of [ES] I under the
assumptlon that k §>k which is valid for HRP. However, the substrate

concentration requlred for the attainment of half-maximal velocity is
a characteristic constant of an enzyme catalyzed reaction and equals
Km° This property has been used extensively as definition of Km

since K is expressed in concentration units M.
Chance (20 24) found the following values:

k. = 0.9 x 10’ M* sec™t

l -

k2 = 5 sec

k, =2.5x 10° M1 sec™d
K =12 x 10°° M

3



IIT. EXPERIMENTAL PROCEDURES

A. Horseradish Peroxidase Assay
1. Materials used
a) dry HRP preparation from Nutritional Biochemicals
Corporation, Cleveland 28, Ohio.
bh) Guaiacol from Eastman Organic Chemicals of Rochester,
New York.
c¢) A 3% analytical reagent solution of hydrogen peroxide.
d) Reagent grade of phosphate salts.
e) Deionized double distilled water.
Stock solutions# were prepared as follows:
a) 13.6 mg/l of dry enzyme preparation in I%M phosphate
buffer pH = 6.9, i.e., 3.3 x 107'M.
b) 0.22 ml guaiacol in 100 ml double distilled water,
ie., ~2 x 107°M.
c) 1 ml 3% reagent hydrogen peroxide in 100 ml buffer,
ie., 8.8 x 107°M.
The stock solutions were placed in the deep freeze at 20°C and
for routine analysis were further diluted by a factor of 60 in
the Beckman cuvette so that at the moment the reaction was started
the initial concentrations# were:
#The initial concentrations of substrate [S ] and hydrogen donor

[GO] were adjusted so that zero order kine®ics were obtained
(ku£Go]<<kl[So] and were kept constant throughout this study.

20
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a) enzyme [E] . 5.6 x lO—gM or 0.225 mg/1

-t
b) guaiacol {GO] ~ 3.3 x 10 M

U

c) hydrogen peroxide {SD] ~ 1.4 x 107 M

2. Procedure of Beckman spectrophotometer analysis

An amount of enzyme stock solution equal to 50 yl was placed
in a Beckman cell together with 50 yl of guaiacol stock solution
in 2.85 ml of 0.01 M phosphate buffer sdlution of pH = 7. After
positioning the cell in the DU spectrophotometer, the % trans-
mission was ad]justed at 470 my SO that the recorder indicates 0%
with the shutter closed and 100% with the shutter open. Thus,
the absorption due to the enzyme, other protein impurities,
guaiacol, and‘possible dirt present on optical surfaces of the
cell was eliminated. Then 50 yl of the H202 stock solution was
added to make a total volume of 3 ml, the mixed solution was
stirred and the Beckmin housing which was kept at 25°¢C (by cir-
culating water from a constant temperature bath) was closed. Then
the shutter was opened and the reaction could be followed contin-
uously by recording the % transmission, T, as a function of time.

The absorption of HZO at 470 my is negligible. This record

2
plot was replotted on one cycle semilog paper with time on the
linear scale. The over-all reaction rate K was evaluated accord-

ing to Equation (9).

3. Determination of horseradish peroxidase activity

a. Measurements. The rate constants for all the inter-
mediate reactions between horseradish peroxidase and its substrate
have been measuredﬁby Chance, and since kl>>k4’ as derived by
Chance,(zu) [Gol and [SO] can be chosen so that conditibn

k,, [G

u[ O]<<kl[SO] holds, in which case we get



22

S] _
A8 -k, 16,1 [B)

AT (See Eq. 4, page 16)

where: A [S] = H202 utilized in time A t

A [S] may be evaluated from the formation of tetraguaiacol.

Measurements of tetraguaiacol concentrations can be made, for

example, using the Beckman DU spectrophotometer at 470 my. The

m—l(24)

extinction coefficient of tetraguaiacol at 470 my is € = 26.6 mM-lc

and since 4 moles of H2O2 are required to form 1 mole of tetraguaiacol:

_ _ _ AA
L [S] =A [H202] = lx c

where: A = change of absorbance in time A t due to tetra-
gﬁaiacol formation per 1 cm. light path
A = Absorbance = log % =-log T where T is the % transmission.
€ = the absorbance of a molar concentration at a

certain wave length per cm of light path,

if the absorbance at time t0 is AO and at time t is A where

t—to = At then
=% aay=2 L 1
Then
4 To 6

A[S] = E log T (6)

Substituting back to (4) one gets:
T

1 1 0o _

AT ¢ log 7= = k,[G ] [E]
or 1
' = = = 7

log o =7 kel6][El At=Kat (7
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where:
K = ¢k, [G[E] 8)
iy € Ky

Hence a semilog plot of T vs t should give a straight line with
slope -K passing from T = TO at t = 0.

A special attachment on the DU spectrophotometer permits
the continuous recording of % transmission versus time. If this
record is replotted on semilog paper with T on the log scale, a
straight line is obtained. The to time might be obtained by
extrapolation to T = To’ but the slope K can be evaluated using

Equation (9) over the time interval t, to t

1 o> d.e, At =, -t

2 1
equally well and t0 is not needed.

Therefore:

T
log Ti
2
th -4

sec (9

This K I call the over-all reaction rate constant, the one which
has been measured. In other words, K is the change of absorbance
per unit time. Relation (9) has been used throughout this study
since K is related directly to enzymatic activity.

b. Calculations. In practice, it was decided to use
the same dry enzyme preparation throughout this study, to deter-
mine kl, ku,

centrations) for this preparation, and to use the value of ku

K , and K (at infinite substrate and donor con-
m max

as a routine check of the above dry HRP preparation (see Appendix 1l

for k K , and K determination) .
m max

l’

Relation (8) can be written:



= = = I_<.
K /4 ¢ ku[Go][ ] K[E] or k [E] (10)
. = ]
where: k 1/4 ¢ ku[Go]
4 K K
: k, = = .=, = 0.4056 =, = 0.456k 11
°r T (S R [E] *h)
- -1 -1
where: € = 26.6 mM cm T at 470 my

3.3 x 107"M guaiacol

—

(7p]

| S—
1l

Therefore, by measuring K for a known [E], k can be established

and henée ku. In practice, however, [E] is not known because of

impurities present. Then by weighing the dry enzyme in a micro-
balance,‘a'solution can be made of concentration C(mg/l) of dry
powder added. Thus, it is possible to vary C and to measure the
corresponding K's according to (9) above. Then a linear plot of

K vs C must be a straight line through the origin with slope k' = 3.
The concentration C will be identical to [E] for pure enzyme .prepara-

tion, in which case k' = k. One can use as a standard the best

(26)

purified enzyme available. Chance

k, = 2.4 x 10°M Tsec™ at 25°C. Using this value as a standard

reported a value

for HRP activity, I evaluated k

5 -1

kK = kq/0.456 = 5.26 x 10°M Tsec

This value should be compared with the experimentally determined
k' = K/C from Figure 1, which is a plot of K vs C (C being the
enzyme concentration in mg/l of the dry preparatioﬁ#used in the
Beckman cuvette). C varied from 0.09 to 1.0 mg/l. The value of
the ratio k/k' will give a relative index of enzyme purity. TFrom

Figure 1, K = 4.5 x 107 at ¢ = 1 mg/l for [G, ] = 3.3 x 107y

#

Dry preparation by Nutritional Biochemicals Corp. of Cleveland, Ohio.
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(the initial guaiacol concentration [G,] was kept constant throughout
this study). Therefore

_ b5 x lO_Bsec_l'ﬁ 4.5 sec”t _ 4.5 x 140,000 sect _
1 mg/1 lg/1 M

kf

1.8 x 10°M°F sec™t

and k/k' = 5.26/1.8 = 2.92 o 3

Thus, the enzyme preparation used was less active, by a factor
of 3 than the purest enzyme reported in literature, indicating the
‘presence of impurities. These impurities might be inactivated
enzyme molecules, heme groups not connected with protein, or other
protein residues.

After k' is eétablished, the concentrationof any enzyme
solution of the same dry enzyme preparation (of course within
the range of plot 1) can be evaluated simply by measuring K.
If K is in sec_l and C is in M, then:

5 6

C =Kk' =K/1.8 x 10" =5.55x 107" K

In practice, K's were determined as an average of U Beckman runs
(at 0.225 mg/l concentration level for the control) for the
irradiated sample, for the control under the same physical and
chemical conditions, and for the stock solution kept in the
refrigeratoxu# Since K is proportional to C, then KS/KC = Cs/Cc

is the fraction of remaining activity. Next (l—KS/KC) x 100

is defined as the per cent of HRP inactivation.

B. Radiation Sources Available

1. COBOy-rqy source

#

The stock solution measurements were used only to check the control
and to confirm the stability of the HRP solution.
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The large PML Co60 irradiation source was used for preliminary
studies. The energy of the emitted y-rays is 1.17 and 1.13 Mev.
Although the photon energies of Co60 are so high that the predomi-
nant reaction with the target atom is Compton scattering rather
than photoelectric absorption, cobalt irradiations are still
useful in this study for certain comparative measurements. The
high photon intensities, considerable range of dose rates avail-
able, uniformity of radiation field throughout the sample, large
volumes of radiation space available and the simplicity of opera-
tion of the cobalt source made its use very attractive for screen-
ing studies. The PML COGO source had an activity of approximately
2000 curies and was calibrated with the Fricke dosimeter. The

physical arrangement of the source has been described elsewhere.(7’8)

2. Monochromatic x-ray source

Two General Electric x-ray diffraction units, model XRD-5
operated with a Machlett AEG-50 tungsten target beryllium window
x-ray tube were used throughout this study. The power supply of
this model provides a voltage range from 10-50 KVP and a current
range of 1-50 mA. The output intensity of these units is very
high, approximately two million r per minute at the window with
maximum voltage and current. The spectrum of the x-ray heam,
which will be referred to as the white beam, is the usual con-
tinuous x-ray spectrum depending on the applied voltage with the
characteristic tungsten lines superimposed. Specialized techniques
must be used with this white beam to obtain the highest possible

intensity of monochromatic x-rays. The necessity of obtaining a



high beam intensity was one of the early problems which required
a considerable expenditure of effort and which resulted in the
development of a technique of using fluorescent radiation as the
source of monochromatic radiation.

In general, there are two methods for obtaining monochromatic
x~-ray beams. The first is to utilize the Bragg spectrometer
(7,11,13) and a standard crystal with a known lattice constant,
high reflectivity and small mosaic spread. High energy resolution
can be obtained by using a very narrow collimated beam, but
unfortunately the radiation intensity which can be obtained is
so low that it cannot be used for the purpose of this study. As
successively larger collimator widths are used to obtain higher
intensity beams, the energy resolution worsens rapidly. Calcula-
tions and an experimental analysis(S) have shown that to obtain
the source intensity used by Garsou in his study, for example,
the width at half maximum intensity would have to be almost 1000
ev, while it was about 500 ev for the beam used by Emmons.(37)

It is apparent that the difficulties of obtaining sufficient in-
tensity with good energy resolution are severe. One possible
solution is to use a number of narrow parallel slits close together
so that they produce parallel beams with the same incident angle

on the crystal. The high resolution standard soller slit#

suitably modified, was used to collimate the high intensity beam
of the AEG-50 Machlett x-ray tube, which is one of the highest
intensity tubes available commercially. The spectrogoniometer

with a LiF crystal (see Fig. 2) was calibrated by identifying

#Provided by G.E. (Ref. 105), Direction 11690 C.
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K~absorption edges and some of the characteristic emission lines
of the tungsten target (see Fig. 3). The resolution of the com-
bined beam, consisting of about ten narrow parallel beams col-
limated by the above soller slit, was measured(qs) by a double
spectrometer. The width at half maximum was less than 80 ev at 7.1
Kev photon’ energy.while almost no photons were present outside
a thO ev region for 14 KVP applied to the tube. As the voltage
increases above 15 KVP, second order reflections begin to appear
and at 30 KVP, which is the potential used, the second order
contamination amounts to 18 per cent of the total,(us) This is
the best resolution ever achieved with a relatively high intensity
monochromatic x-ray beam. But unfortunately, the dose rate at
the sample of the order of 100 rads/hour was still too low and
long irradiation times were required (around 140 hours) to obtain
the necessary dose. As a result of these difficulties the LiF
crystal spectrometer was used in the present work only for
supporting studies.

The second method of producing monochromatic x-radiation is
to use the characteristic fluorescent x-rays generated when a
target atom is excited by high energy photons. The”wave lengths
of the emitted fluorescent x-rays will be discrete and dependent
on the atomic number of the target material. The standard
arrangement of the apparatus for fluorescence analysis provided
with the XRD x-ray unit (see Figures 4 and 5) was used with the
following modifications: 1) the sample was replaced by the parti-
cular element whose characteristic radiation was to be used for

irradiation and which served as the source of the fluorescent beam
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'SAMPLE SUPPORT  LiF CRYSTAL COLLIMAOR

Fig. 2. Photograph of crystal diffraction assembly; the multislit
collimator, the crystal, and the sample supporting gauge are in
place.
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(special plexiglas holders shown in Figure 6 were prepared, and
fhe element was placed so that it presented a 5/4" x 5/4" target
area at 45° to the white beam], 2) the exit window of the fluores-
cent beam was enlarged in an effort to increase the beam intensity,
and 3) a special shelf was constructed and fastened to the
irradiation box just below the exit window of the fluorescent beam
in order to support the sample holder. The geometrical arrange-
ment of the equipment used with'the fluorescent irradiation
technique is shown in Figures 4 and 5. This modified technique
was developed in this laboratory and has been fully de=.

scribed (5,4,29,37,103,50,27)

Thus, the details will not be
repeated here.

The resulting radiation was analyzed by crystal diffraction
techniques to determine the monochromaticity of the fluorescent
beam produced by each one of the radiators used. The results of
this analysis indicate that the fluorescent beam consists pri-
marily of Ka emission radiation accompanied by small amount of
K emission radiation of the particular element used as a radiator.

B

The difference in wave length between K and K _ photon énergies
o

B

for any of the five elements used as radiators is less than 11
per cent. The fluorescent beam was contaminated by less than 14

per cent of the total by K, and less than 2 per cent by continuous

B
radiation (resulting chiefly from Compton and Thompson scattering
of the direct beam by the radiator). A filter was used to reduce
the KB contamination when necessary. The filter was a thin

absorber of an element with atomic number one less than that of

the radiator element. With the filter the Kﬁ contamination was



PLEXIGLAS

Photograph of fluorescent technique assembly; a Plexiglas
dry box was made to prevent moisture collection on sample's surface,
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reduced to a less than 2 per cent of the total. Therefore, it
will be assumed for the purposes of this study that the photon
energy of a fluorescent beam is equal to the energy of the Ka
emission line for that particular radiator. The intensity of the
fluorescent beam is high enough to permit short irradiations

(3 hours).

To summarize the two techniques of producing a monochromatic
beam, the first offers very good selection of photon energies,
but at low intensities, while the second offers high intensities
(200-500 times higher), but limited photon energy selection.
Thus, the fluorescent technique was adopted for the purposes of

this study,i

C. Irradiation Procedures

1. Construction of radiators and filters

In general, plastic holders were made out of plexiglas,
1 3/4" x 1 3/4" x 1/4", Grooves were cut of 1 1/4" x 1 1/4" x
1/16™ in each of them. Then the elements were placed on the
grooves. Five radiators of high grade purity elements were
selected with characteristic Ka radiation around the iron K-
absorption edge. These were manganese, iron, cobalt, nickel and
zinc. Pure metallic foils were commercially available for all
except manganese, for which Mn02 was used at first. Later, pure
manganese powder was cast at 1200°C and the fluorescent output
of the manganese radiator was increased by a factor of 2. Thin

foils and a thin layer of MnO, on film were used as filters or

2

absorbers for calibration of the Bragg spectrometer. A .0005"

thick pure iron foil filter was used to reduce the K contamination
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of the cobalt radiator because the energy of the cobalt Kﬁ Line
was above the iron K-absorption edge and even small contamina-
tion of this kind was undesirable, Figure 6 is a picture of some

“ . . , * " O
of the radiators; one of them is in position at U5  on the drawer

of the fluorescent box.

Fig. 4. Photograph of radiators; one of them is mounted in
the fluorescent box drawer at I5°,
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2. Construction of irradiation cells

The design of the irradiation cell was primarily based on the
requirement of a very thin window so that the attenuation of the
monochromatic x-ray beam would be as small as possible, Plexi-
glas proved to be an excellent wall material for the cell. Al-
though the Scotch tape window used by Emmons was simple and
permitted cleaning the cell easily, it was disadvantageous because
the adhesive was in contact with the enzyme solution. Thin Dupont
mylar is commercially available and provides an extremely good
material for this purpose: it is highly durable and has very low
absorption of soft x-rays. A new type of irradiation sample holder
was developed and constructed without the use of any glue or
adhesive. On plexiglas of appropriate dimensions two rectangular
cavities were cut of a size in accord with the experimental needs.
A hole of 1/16™" diameter was drilled from the top to the center of
each cavity for filling (see Figure 7 and 8).

From one side of the holder and at the back of the cavities,
grooves were drilled to permit water circulation for cooling.
Next, a plexiglas plate 1/16" thick of the same area was made and
two holes of the same dimensions as the cavities were cut through
so that the holes and the cavities matched exactly. A piece of
0.00025™ thick mylar was sandwiched between two pieces of plexi-
glas as they were tightened by machine screws. Thus, the enzyme
solutions could occupy the cavity volume and could be exposed
to the soft x-ray beam through the mylar side of the cavity.

#

The size of the holder depends on the size of the cavities

#

Which will be called from now on "cells" and the mylar side will
be called the "window."
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which in turn depends on the particular experimental conditions of
x~ray beam cross section and uniformity and the requirement to keep
the volune of each cell constant and equal to 0.200 mlL. Thus, for
the fluorescent beam two sizes were chosen, the first, or "standard"
size of 6.25 x 8 x b mm, and the second of 20 x 10 x 1 mm, and for
the spectrometer beam, one size of 18 x 5 x 2 mm. Figure 8 is a
picture of some of the sample holders constructed. One cell served
for irradiation and was called the "sample," while the second served
for checking other factors which might influence the enzyme solution

and was called the Ycontrol."

Fig. 8. Photograph of sample holders,
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3. Sample-source alignment

The cross sectional area of the monochromatic x-ray beam was
determined by photographic film. High sensitivity dental x-ray
film was employed for this purpose and was placed at the sample
position so that the surface of the film occupied the mylar side
of the sample cell. Both the diffracted and the fluorescent beams
were horizontal and impinged on the sample surface at right
angles. The homogeneity of the beam was determined from the optical
densities of the blackening of the film. The difffracted beam had
an oval shape and showed large intensity variation with the maxi-
mum at the center. The sample was positioned so that the maximum
x-ray intensity impihged at its center. The cross section of the
sample window, 18 x 5 mm, was chosen so that the intensity varia-
tion would be as small as possible for a minimum sample thickness
which, by compromise was chosen to be 2 mm. The maximum difference
in intensity was from the center to the top or the bottom of the
cell along the 18 mm side and amounted to no more than 40 per cent
of the maximum intensity while from one side to the other across
the 5 mm side amounted to no more than 15 per cent of the maximum,
Outside the sample cross sectional area the beam intensity fell
off rapidly.

The fluorescent beam just outside the exit from the fluores-
cent box window had a rectangular shape and was much more uniform
than the diffracted beam. Figure 9 represents the relative
intensity variation of the fluorescent x-ray beam at the sample
position, which was as close as possible to the radiator in order

to obtain the highest possible dose rates. The measurements
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indicated that the variation in intensity of the x-ray fluorescent
beam was less than 3 per cent in the horizontal direction and less
than 17 per cent in the vertical. The standard cell window of
6.25 x § mm was positioned so that the maximum impinging intensity
was at the left side and top corner and varied by less than 2

per cent across the 6.25 mm side and by less than 8§ per cent along
the 8 mm side. With this arrangement the lower half of the sample
absorbed four per cent less energy than the upper half. The other
sample cell with window of 20 x 10 mm was constructed to give maxi-
mum cross sectional area and minimum sample thickness. This
sample cell,was.positioned so that the maximum intensity impinged
at the center vertical axis and at the top with less than three
per cent variation on either side of the center vertical axis in
the horizontal direction and less than 11 per cent variation in
the vertical direction (see Figure 9).

4., Sample irradiations

After positioning the sample, it was necessary to reproduce
the absorbed dose by the sample while the control was properly
shielded from the beam. The question was, "What is thefdifferenee
in absorbed dose in two identical irradiations?" The stability
of the x-ray tube output could be continuously monitored by
transmission measurements through the sample by the SPG-1 propor-
tional counter# in the standard position. A digital printer
supplied with the XRD-S# unit which prints either interval or
cumulative counts for convenient preset periods and was used to

monitor long irradiations. In the case of the fluorescent x-ray

#See G.E. Instruction Manual (105), Direction 11986 B.
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beam the goniometer was placed at 0°. The intensity fluctuation
of the radiation transmitted through the sample was found to be
less than 1 per cent. Other possible factors to influence the
delivered dose by the fluorescent beam were the reproducibility

of sample and radiator positioning. The radiators could be held
rigidly in the fluorescent box drawer, shown in Figure 6, by a
spring loaded tongue and could be changed easily. The fluorescent
box assembly contained an automatic shutter which shielded the white
x-ray beam and which opened only as the sample drawer was fully
inserted, thus providing an important safety device. The total
reproducibility of the absorbed dose was checked by the ferrous-
ferric dosimeter and was found to be within 5 per cent for any of
the five radiators used. In the case of the diffracted beam,

the sample positioning was the most important factor and since

the ferrous-ferric dosimeter could not be used because of the very

low dose rates, the SPG-1 monitoring was the only means of checking.

D. Dosimetry

1. Introduction

One of the major problems of the present study was the accurate
determination of the radiation dose absorbed by the sample. The
most important aspects of the dosimetry problem were:

a) to obtain a simple, accurate and geometrically repro-

ducible system to check routinely the source intensity
in everyday measurements,

b) to obtain a system possessing little or known energy

dependence which could be used easily and frequently to

determine the energy content of a monochromatic x-ray beam.



i

c) to obtain a system which could be used as an absolute
energy absorbed calibration of the other systems.

The SPG-1 proportional counter supplied with the x-ray unit was
used with respect to the aims of item (a) above. Because of high
counting rates, a lead shield with a pinhole was used to obtain
counting rates low enough to avoid large coincidence corrections.
A small Pe55 source was used as a standard to check and to correct
accordingly the response of the counter. The reproducibility of
the count rate of any monochromatic beam was better than one per
cent. This system was useful for checking any changes in beam
intensity by counting the radiation transmitted through the
sample during irradiations. This arrangement was especially
useful during long irradiations.

The ferrous-ferric dosimeter was successfully used to deter-
mine the dose absorbed by the sample. The dosimeter, being
liquid and a particularly dilute water solution of ferrous ions,
provided a system closely similar to the dilute enzyme system.
The energy dissipation in both systems follows exactly the same
pattern. The replacement of the enzyme solution by the dosimeter
in the sample cell and vice versa offers an ideal comparison
and determination of the absorbed dose. The only disadvantage in
using this dosimeter was the lack of information regarding its
energy dependence in the range of interest around the iron K-
absorption edge. Thus, it was necessary to calibrate the ferrous-
ferric dosimeter against an absolute dosimeter. This requirement
lead to the development of a total absorption calorimeter which

was used as a primary standard.
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2. The absolute dosimeter

The idea of using a calorimeter for the energy determination
of a radiation dose is not new.(53) The radiation energy after
being absorbed through ionizations and excitations is converted
to thermal energy.

Thus, the temperature of a radiation absorber rises slightly
during irradiation. Using thermistors as temperature detectors
one can actually measure very small temperature changes. A
thermistor is a resister whose resistance changes with tempera-
ture. Small resistance changes can be easily detected if the
thermistor is part of a Wheatstone bridge circuit. This method
has been sucéessfully applied to measure the energy content of an

()

X-ray or s¢-ray beam. Atkins and Clendinning at this Laboratory
designed and developed a calorimeter, operated at room tempera-
ture, for soft x-rays. This preliminary work proved that the
construction of a calorimeter sensitive to a power input of the
order of 10 pyw was feasible.

The calorimeter was redesigned and a new type, operated at
liquid nitrogen temperature, was developed. Figure 10 is a
picture of the calorimeter assembly, showing the liquid nitrogen
container and the Vac-ion pump##mounted on the XRD-5 x-ray unit.
The absorber consisted of two 0.001"™ gold plates of about 1 1/4"

diameter with a heater coil of 0.001" platinum wire sandwiched

between them and two thermistors suitable for operation at liquid

# (49)

For more details see article by H. Gomberg, etc.

#

Vac-ion model 921-0011. Varian Associates, Palo Alto, California.
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Figure 10. Photograph of calorimeter, showing
location on x-ray machine.
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nitrogen temperatures attached to the gold plates. The thickness
of this absorber was sufficient for total absorption of any fluores-
cent x-radiation produced by the XRD-5 unit with photon energy
below 10 Kev. The absorber was suspended from a plexiglas
housing with silk threads (see Figure 11). The plexiglas housing
was placed in a small stainless steel vessel called '"the calori-
metric vessel™ with an appropriate window to permit the x-ray beam
to strike the absorber. The calorimetric vessel was placed near
the bottom of a stainless steel cylinder, or inner vessel, con-
taining liquid nitrogen which in turn was enclosed in another
brass cylinder or outer vessel (see Figure 12). The two cylinders
constituted the liquid nitrogen container; the space between them
and the space inside the calorimetric vessel were maintained at
a high vacuum of the order of lO_7mm-Hg by a Vac-ion pump (see
Figure 10). A pipe called the beam tunnel with copper inner
lining and a 0.0005" thick aluminized mylar window connected the
two cylinders (e.g., the calorimetric vessel, and the inner
vessel) and permitted the x-ray beam to pass to the absorber with
the minimum possible attenuation (less than 2 per cent). The
mylar window also served to hold the vacuum. At the other end of
the beam tunnel, parallel and 2 cm from the surface of the gold
absorber, a 0.005" beryllium window was placed to block out and to
dissipate any infrared radiation entering the beam tunnel. The
maximum attenuation of any fluorescent beam used, due to the
beryllium absorption, did not exceed 10 per cent.

The two leads of the coiled heater, together with the four
leads of the two thermistors, were passed through a small stain-

less steel tube and sealed vacuum tight with Apiezon "Q" wax.
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The heater leads were connected to a 1 1/2-volt battery
through a potentiometer and a micro-microammeter so that currents
of the order of 100 pA could provide heating power to the absorber
of the order of 10 yW. The thermistor leads were connected with
two other resistances to form a Wheatstone bridge in which the
thermistors were two opposite arms. Two opposite corners of the
bridge were connected to a 6-volt battery through a potentiometer;
the other two opposite corners were connected to a microvoltmeter
(vacuum tube type electrometer). The bridge was balanced with the
help of two high accuracy potentiometers connected in series with
one of the resistances (see Figure 13). A signal amplified by
the microvoltmeter wés recorded by a 10 mV Leeds and Northrup
precision recorder.

The criteria for the construction and operation of the
calorimeter are given in detail in references (103,14,41,53,
and 17) and will not be repeated here.

3. Calorimetric measurements

At the equilibrium temperature, which was close to that of
liquid nitrogen, the signal, recorded against time, showed a positive
or negative slope at zero power input. The fluctuation of the slope
indicated that the temperature of the absorber was not constant, but
varied above and below the equilibrium temperature. The period and
the amplitude of the fluctuation depended upon the amount of liquid
nitrogen present. Thus, by pre-cooling the well-evacuated calori-
metric vessel for 4-5 hours, and by afterwards maintaining the
~amount of liquid nitrogen above a certain level, it was possible

to obtain small amplitude fluctuations with periods of the order
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of hours. Then by turning on the input power, a positive slope
was produced. The slope discontinuity was marked and sharp.

The net change of slope, which can be expressed in y volts per
sec, was propOrtional to the rate of change of the resistance of
the thermistors, which in turn was proportional to the rate of
change of the temperature of the gold target, which, finally,

was proportional to the rate of energy input on the gold target
for small temperature changes. Small temperature changes for
which the heat losses were negligible were obtained when the
heating duration of the gold absorber was less than 1 minute.

It was immaterial whether the target was heated by an x-ray beam
or by electrical power dissipated in the heater. On the basis of
this procedure, a technique was developed for taking and interpreting
data with the smallest possible standard deviation. The saw-
tooth technique was comprised of a slope versus time curve, such
as that shown in Figure 14. A fixed power input was turned on and
off periodically at equal time intervals of about 30 sec each.
Each portion of the curve is a fairly straight line. An average
of the 10 to 12 slope changes produced in one set of saW—tooth
curves was taken. This average then constitutes the average
slope change for a given power input and is called one run for
this particular power level.

The linearity of the calorimeter was established by plotting
average slope change versus electrical power input (see Figure
15). Each point of Figure 15 is an average of six runs. The
straight line of Figure 15 constitutes the power calibration of the

calorimeter (see Table I).
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TABLE I

CALIBRATION OF THE CALORIMETER BY ELECTRICAL POWER

- — — — — — — — &
P W Ql 92 93 94 95 96 . 8
3.44 3.4 3.24 3.24 3.0 3.53 - 3.30
7.72 7.5 7.56 6.u46 7.52 §.19 7.52 7.43
10.10 9.4 9.63 9.63 9.46 9.13 - 9.45
13.76 12.69 12.50 12.90 12.07 12.89 12.768
12.72 12.52 12.10 12.50 12.50 12.20 12.6
N 13.20 11.75 12.50 13.50 - -
19.80 17.02 17.90 17.90 16.10 18.50 16.60 16.0
25.168 22.20 23.60 22.65 23.25 23.52 23.50 23.21
#Arbitrary units, 0 = %- ﬁiﬁ Qi R Qi = average of the 10-12
i=

slope changes produced in the set

X~-RAY BEAM ENERGY MEASUREMENTS

TABLE II

AND G VALUE EVALUATIONS

of saw-tooth cunves

Radi- | P/Sy ) LD 103
ator ] (W) (ergs/cm™ -h) hr G st
1T
cr 6.9 7.5 | wxa0t1.21% 6.1+43.3% | 9.30+U%
Mo | 10.25| 11.1 | 5.85x10"+1.75% | 9.6+3.95% | 9.60+4.9%
Fe | 12.2 | 13.3 | 7.1x10%1.93% | 11.9+2.05% | 9.45+3.5%
l
Co | 10.0 | 10.9 | 5.82x10'+1.29% | 10.6+1.5% | 9.96+2.9%
Ni | 11.9 | 12.9 | 6.86x101+1.70% | 12.u+3.2% | 9.85+4.2%
zn | 12.1 | 13.1 | 7.0x10™r1.81% | 13.5+2.35% | 10.10+3.7%
##

Number of ferrous ions oxidized per 100 ev absorbed in solution.

Example of G values calculation is given in Appendix 2A.
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By determining the slope change produced by an x-ray fluores-
cent beam the power of this beam could be determined directly
from the power calibration curve. An average of seven runs was
used to determine the power content of different x-ray fluorescent
beams shown in Table II. 1In other words, 70 individual slope
changes were used to determine each average. The calorimeter
served as a primary standard to determine the energy dependence
of the Fricke dosimeter at photon energies from 5 to 9 Kev.

4.. The Fricke dosimeter

A ferrous-ferric dosimeter was made with about the same
area as the gold absorber. This dosimeter consisted of a glass
cylinder 1 cm long and about 3 cm in diameter whose ends were
sealed by 0.0005" mylar attached to the glass with special cement,
and which was filled with ferrous-ferric dosimetric solution.#
The dosimeter fitted in a plexiglas housing of the same size as
the one used for the gold absorber. This housing was placed at
the same position in the calorimetric vessel so that the front
mylar surface occupied the position of the gold absorber. This
arrangement insured the same incident flux to both the gold absorber
and the ferrous-ferric dosimeter. The thickness of both the
gold absorber and the ferrous-ferric dosimeter was chosen so that
any fluorescent beam used was totally absorbed, thus assuring the
same energy absorption in both of them. Since mylar was used fdr
the dosimeter window, it was necessary to remove the mylar window
of the calorimeter to avoid any undesirable corrections due to

absorption in a second layer of mylar. The removal of the second

mylar window was possible, since vacuum was not necessary in this

++
M Fe 4

4 , 5x 10 " M NaCl, 0.8 N H,SO

# -
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type of measurement.. The absence of the vacuum resulted in a
small attenuation in the x-ray beams due to air absorption.
However, the known absorption coefficients in air for the photon
energies used, made it possible to correct for the air absorption
accurately.

The energy absorped in the dilute aqueous ferrous ion solution
oxidized the ferrous to ferric ions. The yield of ferric ions
could be measured with a spectrophotometer at 305 or 224 my for
which the molar extinction coefficients# were known (see ref.
53,6,19,20, and 7).

'Therefore, a radiation dose could be measured either as heat
energy dissipated in the gold absorber or as yield of ferric ions
produced in the Fricke dosimeter. Thus, the energy required to
oxidize one ferrous ion could be measured, or the conventional
G values##could be established. An example of ferric ion yield
measurements versus time of radiation exposure is given in Figure
16. The fluctuation of the x-ray fluorescent beam, checked with
the SPG-1 counter, was found to be less than 1 per cent for the
long irradiation exposures required for the ferric ion yield
measurements. An example of the calculation of G value is given
in Appendix 2A. The G values for 6 fluorescent x-ray beams were
evaluated and are presented in Table II. The photon energies for
these G values were assumed to be the energies of the Ky emission

lines of the radiators. The contribution from the Kp contamination

#or absorption coefficients per cm of light path.
#H#

G value is the number of ferrous ions converted into ferric
ions per 100 ev of energy absorbed in the system.
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TABLE TIIT

THE THREE SETS OF DATA AVAILABLE

Radi~| Energy of . i
ator | Kg linegq,, Gl G2 ‘;GB 6
Cr 5.414 .52+3.05%: | 9.689+3.05% 9.30+4% 9.57
Mn 5.896 9.76+5.5% 10.10+4.30% | 9.60+4.9% 9.83
Fe 6.408 .55+5. 4% 9.43+15% 9.45+3.5% 9.48
Co 6.930 - - 9.96+2.9% 9.96
Ni 7.477 9.95+3.4% 10.09+3.53% | 9.85+4.2% 9.96
Zn §.636 10.46+7.2% | 11.10+7.18% | 10.10+3.7% | 10.55
Note: Gl Data taken by Paraskevoudakis, Dec., 1962.(/5)
62 Data taken by Wegst, Dec., 1962.(103)
G, Data taken by Paraskevoudakis, April, 1963. (75)
=

DETERMINATION OF THE DOSE RATES

TABLE IV

ABSORBED IN THE SAMPLE

Average number of ferrous ions oxidized per 100 ev absorbed.

Radi- X-ray Tube Operation AA Dose Rate#
ator KVP mA hr. | G Krads/hr
Mn 50 50 .310 9.7 4.2
Fe 50 37 400 9.5 18.7
Co 50 50 .390 9.95 17.4
Ni 50 25 .370 9.9 16.4
Zn 50 24 400 (10.3 17.2
Ni 50 50 1.400 9.9 64.0
Ni 50 5 .180 9.9 8.15
Ni 30 1 .01y 9.9 0.645

#

Example of dose rate calculation in krads/hris given in App. 2B.
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was less than 15 per cent and, therefore, was neglected. For

the cobalt radiator a .0005" iron foil was used to filter out the
KP component of the beam because its energy was above the iron
K;edge. The same quality of x-ray fluorescent beams was maintained
throughout this study. The G value measurements were repeated
independently by W. Wegst. Also, the calorimeter was assembled
again and the measurements were repeated once more four months
later. The results are compared in Table TIT.

5. "Determination of dose rates delivered in sample

The G values of the Fricke dosimeter for the particular
energies of interest given in Table III permit the absorbed dose
in the sample to be\measured accurately.

The primary energy absorption takes place in the water solvent.

The ferrous ions ave oxidized by the free radicals

produced in aerated water by the radiation. The same sample
holder used for enzyme solution irradiations, and described in
Section C2, Part 111, was filled with the Fricke dosimeter solution
and placed at the same position as the sample so that it was
certain, within experimental error, that both the sample and the
dosimeter absorbed the same dose at equal time exposures for the
same operating voltage and current applied to the x-ray tube.
For each fluorescent beam used, the absorbance change of the dosi-
metric solution was measured versus time. The relation was linear
(see for example, Figure 17 for iron fluorescent radiation) for
all fluorescent beams. Therefore, it was possible to determine
LA change per hour of radiation exposure for all exposures

and to apply statistics for error determination (see table in
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Figure 17). The voltage applied to the x-ray tube was kept
constant at 50 KVP while the current was adjusted so that maximum
and approximately equal dose rates were delivered by all fluores-
cent beams. The results are presented in Table IV, and an example
of the conversion of absorbance change per hour into rads per hour
is shown in Appendix 2B.

Table IV also contains the dosimetric results obtained for
nickel fluorescent radiation at different dose rates.

An attempt was made to apply the above technique and to measure
dose rates delivered to samples by crystal diffracted x-ray beams.
This was possible, since the variation of G values of the Fricke
dosimeter was smali in theenergy region from 5 to 9 Kev. Assum-
ing linear variation of the G values from 5 to 9 Kev, one can
determine all other G values by interpolation in this energy range
(see Figure 18). Also, it is normally assumed that the Fricke
dosimeter is independent of dose rate at the low dose rate level
of the diffracted beams between 5 and 9 Kev, To increase the
sensitivity of ferric ion yield benzene (1.3 x lD-BM) was added
(60)

to the dosimetric solution. An increase in ferric ion yield

by a factor of 3 was observed for Co60 irradiations. Also, the
extinction coefficient of ferric ion is twice as high at 224 m“(SG)
as at 305 my. Thus, a total factor of 6 is provided by this
extended technique which I duplicated using Co60 irradiation and
glass containers. Next, the sensitized dosimeter should be
calibrated against the regular dosimeter with the fluorescent x-ray

beams. Unfortunately, the results of diffracted x-ray beam at

224 my were not reproducible and high yields of ferric ions were
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observed for non-irradiated solutions. Perhaps light helped
benzene in oxidizing ferrous ions. Another possible explanation
is that benzene can dissolve plexiglas. Since the benzene con-
centration was low, 1.3 x lO-SM, its effect on the plexiglas walls
of the sample holder and in turn on the ferric ions was not pre-
dictable. Thus, the technique was not applicable in the case of
low dose rates and plexiglas holders. The thiocyanate method
also proved to be inapplicahle because of very large variationsa(us)
The relative dose rates of the Bragg spectrometer outputs
were calculated using data taken with the SPG-1 counter. Examples
are given in Appendix 2B. The uncertainty is large, but it is

possible to assure equal dosages at different angular settings.



IV. IRRADIATION EFFECTS ON HORSERADISH PEROXIDASE

A. Bragg Spectrometer Technique

The sample holder having 18x5x2 mm cells was used through-
out this experiment. Both cells were filled with HRP stock solu-
tion and positioned so that one intercepted the diffracted x-ray
beam and the other was shielded from scattered x-rays. The x-ray
tube was operated at 30 KVP and 50 mA. This resulted(us) in a
second order contamination in the radiation diffracted by a LiF
crystal of about 18 per cent, a necessary compromise to obtain
higher intensities at diffracted x-ray beams.

For different Bragg angle settings each sample received a
total number of photons equal to 3 x 1013 measured with the SPG-1
x-ray counter. After irradiation, three 50 yl aliquots of the
irradiated, of the control (nonirradiated), and of the stock (kept)
in refrigerator) solutions were evaluated for HRP activity.  The
three aliquots were averaged and a calculation was made of the per
cent enzyme inactivated by the radiation (see page 26). The resulits
appear in Figure 19, which is a plot of per cent HRP inactivated
as a function of photon energy. There is an indication that the
inactivation of HRP is favored at energies greater than the iron
Ka emission line. The above results are not conclusive because of
large uncertainties, especially in the dosimetry. Thus, more
emphasis was given to the results obtained with fluorescent

technique.

65



66

@3940S8V SNOLOHd_0OIX2 it

€l

3NdWVS d3d
@3840S8V SNOLOHd ¢ 0I*XE€ o
404 A9H3N3I NOLOHd
SA

NOILVAILOVNI d¥H %
NOILVIAVYHY |
4313W0H103dS TVISAYHO 4!7

61 9Oid

TEN AY
868 IS8 6022  lii €G9
_ _ | T B
no IN 0D _ | o
_ |
| '
_ 1] o
2 |
| |
! _ —os
_
_
_
_
_ _
(o] _ 0_
_ |
_ | oo
| |
0 1105 | .09
379NV 99vNE 62 | b9
\\\ Dy a4

3903 SOy a4

NOILVAILOVNI %



67

B. Fluorescent X-Radiation Technique

1. The dose-effect relation

The crystal diffraction technique has presented a definite
disadvantage, namely, the very low dose rates and the resulting
lack of reliable dosimetry. Therefore, the fluorescent technique
has been preferred because it overcame these two difficulties.
However, the fluorescent technique suffered from the disadvantage
of energy selection. Only discrete photon energies could be
produced at approximately 0.5 Kev intervals. It proved to be
Véry useful in studying the particular effect of HRP inactivation
around the iron K-absorption edge and the high dose rates made
possible the study of the dose effect relation.

For this reason, two sample holders having cells of 6.25 x
§ x 4 mm were used for both enzyme and Fricke solution. Each
holder was assigned to one XRD-5 x-ray unit and was positioned so
that one of its cells intercepted the fluorescent beam and the
other was shielded from radiation (see Figures 5 and 6). The
experimental program was designed so that:

1) the applied potential to x-ray tube was 50 KVP and the
current was adjusted so that the fluorescent output of
all radiators delivered to the sample resulted in
approximately equal dose rates as determined by the
Fricke dosimeter;

2) a suitable ironfilter was used to eliminate the cobalt
Kp fluorescent irradiation;

3) the dosimetry irradiations were repeated at 3-month inter-
vals with occasional checks on the consistency of dose

rate in between;
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4) the HRP irradiations were thoroughly mixed with respect
to photon energy, i.e., the radiators were interchanged
for the different runs so that all dose-effect curves
progressed simultaneously;

5) for each dose-effect curve the same sample holder, the
same x-ray unit (at constant potential and current),
and the same radiator were used;

6) the sample holder was cobled by circulating 1°C water
through it. Also, the sample holder was prevented from
heating by 1/16" air gap between the front surface of the
holder and the fluorescent irradiation box. The tempera-
ture in the cells was measured by thermocouples inserted
in the cells and was found to reach an equilibrium within
15-20 minutes. The temperature of the solutions in the
cells never exceeded 12°C.

7) after irradiation for each run, two 50 pl aliquots and

one 100 p1 aliquot#

of the irradiated, of the control
(non-irradiated) , and of the stock (kept in refrigerator)
solutions were evaluated for HRP activity. The three
values were averaged with a weighting factor of 2 given
to the 100 pyl value, and the per cent activity remaining
after irradiation was calculated (see page 26). The

proportionality of the enzyme criterion was necessary to

assure that an unknown reaction did not take place.

#

To be certain that for each run the over-all reaction rate was
proportional to the enzyme concentration.
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8) for each fluorescent beam, the per cent of HRP activity

remaining was studied as a function of exposure time.

The results are shown in Figures 20, 21 and 22. The shape of
the curves obtained is not a straight line, thus indicating some-
thing other than simple exponential inactivation of the enzyme. The
radiosensitivity varied from one curve to another, indicating an
energy dependence. The curves represented average per cent of the
activity remaining and at certain total absorbed doses the per cent
inactivations were evaluated from each curve. Figure 23 is a plot
of per cent inactivation as a function of photon energy at various
total absorbed dose levels. The energy dependence effect is
apparent and need not be emphasized. The per cent HRP inactiva-
tion at the cobalt, nickel and zinc Kqg emission lines is approxi-
mately twice as high as at the manganese and iron Kg emission
lines except at 10 rads.

A question can be raised about the spread of the points on
each dose-effect curve and the reproducibility of the results. For
a spread S = +30 of per cent activity remaining, a standard error
of e, = +10 was anticipated on an average value of 10 runs. For
that reason, another experiment was designed to test the reproduci-
bility of the above results and to give a better idea of the
standard deviation of the measurements.

2. The energy dependent effect

A dose of 30,000 rads was selected to be delivered in enzyme
solutions and dosimeter as well. For each of the 5 radiators used,
10 HRP irradiations were performed and 10 dosimeter measure-

ments as well. Special care was taken to interchange the radiators
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and to keep an order so that all the measurements would be completed
at the same time. Then an average of the 10 values of per cent
activity remaining, was taken and the standard deviation was -
determined. The results are presented in Fig 24 and in Table VI.

The standard errors at the 95 per cent confidence level are calculated
in Table VI and are shown as error bars at each point in Figures 20-24.
Figure 25 shows four possible ways of representing the energy
dependent effect. The most possible is the step curve because the
data shows two distinct levels of radiosensitivity. Furthermofe,

~the resﬁlts indicated: 1) the complete justification of the

results in Figure 23, 2) the reproducibility of the energy depen-
dence effect is within experimental error, and 3) the effect

itself is not the result of large error of the method of analysis

and technique used. The experimental error was not greater than

+10 of the value of per cent activity remaining and will be discussed
separately.

3. The effect of dose rate

Since the dose rates obtained by the spectrometer and the
fluorescence techniques differed by a large factor, and since
catalase had been found to be dose-rate dependent, it’was very
important to investigate the effect of dose rate on HRP inactiva-
tion. An experiment was designed to utilize monochromatic x-rays.
Thereupon, the nickel fluorescent beam was employed because of the
high fluorescent output of the nickel radiator. By adjusting the
voltage and the current applied to the x-ray tube a variation of
dose rates was obtained. The sample holder having 20 x 10 x 1 mm
cells was used throughout this experiment. The thickness of 1 mm
for the sample was taken as the minimum possible in order to avoid

large variation of dose rate within the sample; the half value layer
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of water (see App. 3) is about 1 mm for 9 Kev photons. Three
dose rate levels were selected, including the maximum possible,
to represent a dose rate range of a hundredfold. At each dose
rate level the dose-effect curves and dosimetry curves were taken
in the way described above. Also, the same procedure of HRP
activity analysis was followed. The results are presented in
Figures 26 and 27 as per cent of remaining activity as a function
of absorbed dose at constant dose rate levels. There is not
significant difference in the mode of HRP inactivation with
respect to dose rate. This result is in accord with the litera-
ture, that is "the inactivation of most proteins investigated is

independént of dose ratea”(B)

4. Some useful computations

Since each irradiated sample consists of 0.200 om3 of stock
enzyme solution, it is possible to compute the number N of different

molecules present.

N = CV Ny mol./sample
where: C = concentration in M (M = 1 gram mole/1)
V = sample volume = 0,200 cm3 = 2><lO“LF 1

Ng = Avogadro's number = 6,O2x1023 mol./gram mole

The value of N was calculated for HRP, buffer, and water molecules

constituted the sample (see Table V)

#H, E. Johns, "The Physics of Radiation Therapy,” Ch. C. Thomas

Publ., 1953.
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TABLE V

DETERMINATION OF THE NUMBER OF MOLECULES
PRESENT IN THE SAMPLE

—
Molecular Concentration Volume N
weight M 1 mol./sample
=1
Water 18 55.5 2 x 1077 | 6.7 x 10%%
Buffer 6.6 x 1072 2 x 10°F | s.05 x 1018
-7 -4 13
HRP C 40,000 3.3 x 10 2 x 10 3.96 x 10

HRP [E]7] 10,000 1.1 x 1077 2 x 107" | 1.32 x 103

#[E] = active HRP concentration = 1/3 C
(Since the measured reaction rate constants were smaller by a
factor of 3 than the ones reported in literature.)
The density of stock solution was dw as L g/cm3; thus, each
sample weighed about 0.2 g and for an absorbed dose of 30,000
rads, the number of photons absorbed per sample can be evaluated

if hy is known, by the ratio D/hy. Where:

12
D = 30,000 rads = 3x107 x 100 x 0.2 x 22— = 3.75x10%7 ey 2bSOrbed
1.6 sample

(1 rad - 100 ergs/gm, 1 ev = 1.6x10712 ergs)
The per cent of HRP activity remaining after 30,000 rads were
absorbed was determined for each photon energy 10 times. Averages,
standard deviations and errors are shown in Table VI. From Table
VI the fractions of active molecules inactivated can be computed
‘and hence, the average number of molecules inactivated per sample
for each photon energy can be determined. Thus the G values of
HRP inactivation or the average number of HRP molecules inactivated

per photon absorbed can be evaluated. All these determinations
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are shown in Table VII. The data of Figure 23 at 30,000 rads

were also considered in the final determinations of the G values.

TABLE VII

HRP G VALUES DETERMINATION

|"Radiator hVKev Photons % HRP Inactivation " i
Element Absorbed [Tabl.V [Fig.Z5 Avg|. G Y
per
Sample
o 13
Mn 15.89 - |6.36x10 33 29 31 .0011 | .065
E
Fe 6.40 | & [s.67a0" | 38 39.5 | 39| .oo14 |.088
>
co  [6.93 |, 2 [s.u2x10™ | 69 73 71| 0025 | .173
. o |, 13
Ni 7.u48 > |5.02x10 59 58.5 59 .0021 | .103
)
™ 13 - c
Zn §.63 o |B.35x10 74 70 72 .0025 | .218
I
()
G# = Number: of HRP molecules inactivated per 100 ev absorbed

in solution.

GHA

Average number of HRP molecules inactivated per photon
absorbed in solution.

Since the:photoelectric process is the predominant mode of
photon absorption at these low energies one may computé the cross
section of each atom present in solution by Bethe's corrected#
formula.(79) Assuming the atomic photoelectric cross section to
be independent of molecular bonding, one may compute the total
cross sectional area of the atoms of one kind present in the
sample. Next, the total cross section areas of all the HRP

molecules, all the buffer molecules and all the water molecules

#E, Segre, Ed., "Experimental Nuclear Physics,” Vol. I, 310,

wiley, N.Y., 1953.
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can be determined. The ratio of the first of the three total
cross sectional areas to the sum of the three of them will give the
probability that a photon at the iron K-absorption edge will be

absorbed by an enzyme molecule. This probability was found to

1 _ -5 a1 s
be 55000 _ 1.5 x 10 7. Furthermore, the probability of a
photon of hy = 7.11 Kev being absorbed in an iron atom was found

to be 0.6 x 10°°.

C. Absorption Spectrum of Horseradish Peroxidase

‘Most organic substances absorb light below 250 my. Three amino
acids exhibit extensive light absorption at wave lengths longer than
250 my; phenylalanine, tyrosine, and tryptophan have their absorption
maxima at about 260 my, 275 my, and 280 my, respectively. If a protein
contains one or more of these amino acids, therefore, an aqgueous
solution of the protein will absorb light in the region 260 to 290 my.
Because of unsaturated linkages, the pOvphyrins have striking absorption
bands. A sharp absorption band exists near 400 my, and it is usually
termed the Soret band. The Soret band is characteristic of the
pOorphyrin ring. Hence HRP, a conjugated hemoprotein may exhibit
light absorption maxima near 280 my and 400 my. Figune 28 is the
absorption spectrum of irradiated and nonirradiated HRP aqueous
solutions of C = 1 mg/ml = 2.5 x 10™°M. A dose of 3 x 10° rads was
delivered to the sample by the white x-ray beam (see Fig. 5). The
x~-ray tube was operated at 50 KVP, 25 mA. The results indicate a
marked reduction of the Soret band peak of the irradiated HRP
solution. This reduction implies destruction of the povphyrin ring.

The increase of light absorption at 277 my may be due to irradiation

products.
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D. Consideration of Errors

1. Introduction

The over-all error of the measurements in this work depends
chiefly on the errors of enzyme assay and of dose determination.
The HRP activity analysis error depends in turn on errors of
1) weighing the dry enzyme and preparing the stock solutions,

2) transferring the stock solutions to the Beckman cuvette, i.e.,
the measurement of 50 yl, 3) sample volume, 4) differencesin light
pathsof the cuvettes, 5) Beckman measurements and recording,

6) graphing and calculation, etc. The dose determination error
depends in turn on 1) the fluctuation of x-ray beam, 2) the
positioning of‘the sample and the interchange of the radiators,

3) the G values used, 4) the optical density measurements of the
ferric ion yield, and 5) the extinction coefficient of the ferric
ion. Also, changes may occur in stock solutions which may result
in loss of enzymatic activity.

In general, the over-all and some partial errors were evaluated
as follows. Each particular measurement,x,was repeated n times and
and average,z,was taken. Assuming normal distribution, one can
approximate the standard deviation of one measurement by the square

root of the variance

- 2
5= n-1
and the standard deviation Sy of n measurements was taken as

S . 3 . ;
= — , Since in most cases n was small, the approximation to

x . m

the normal distribution was subject to error and the t-distribu-

5

tion correction was applied. Thus, for the evaluation of the 95
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per cent confidence limits the t values, taken from tables,(SS)
for n-1 degrees of freedom, were used instead ofz = 1.96. 1In
other words, the standard error at the 95 per cent confidence

level was taken as (ei) =+t 85

n X'

2. Errors of the measurements

The error for HRP activity measurements was determined at

C, = .225and C, = 1.5 mg/l enzyme concentration. For 10 runs
b o »’.:l E . =

the error was found to be (eﬁi)lO } per cent and (6.6.2_)lO 5

' per cent at the 95 per cent level of confidence. From this, the

error for Y4 runs can be evaluated:

"'. E 2 = 0 = fO° =
(eél)” =/ (961)10 1.5 x 4 = 6% for C; = 0.225 mg/1

The variation of stock solution activity was measured 15 times
during a period of 5 months. Each measurement was an average of

4 runs. The variation of stock solution activity over the period
of 5 months . was found to be less .than 3 per cent at the 95 per cent
confidence level.

The maximum error in absorbance measurement of the Fricke
dosimeter was less than 5 per cent (see table in Figure 17 for
example) . Also the error of the G values was less than 5.5 per
cent (see Table III).#

The per cent remaining activity error is given in Table VI
for each photon energy used in this work. The maximum error of
per cent remaining activity, 9.5 per cent, was found for the nickel

radiator.

# (103)

A detailed calculation of G value error is given by Wegst..



V. DISCUSSION

A. Summary of Conclusions

The experimental results of the present investigation indicate
that the radiation damage spectrum of HRP in solution displays an
energy dependence in the photon energy range from 5 to 9 Kev. The
evidence for the existence of such a phenomenon is presented in
Figures 19 through 25 of this thesis. The radiation damage sensi-
tivity of dilute HRP solutions to monochromatic x-rays in the above
energy range, varies with the energy in a manner best described by a
step curve (see Fig. 25b). A photon with energy above 6.9 Kev is
capable of prbduoing twice as much radiation damage as a photon with
energy below 6.9 Kev. The data neither permit any correlation with
the iron K-edge discontinuity nor disproves it with certainty.
Furthermore, the experimental error of the average of 10 runs value
of per cent activity remaining measurement was found to be less than
+10 of per cent activity remaining at the 95 per cent confidence level
for each photon energy used in this work (see Table VI for details).

In the section titled "Effect of Dose Rate," data are presented
which indicate that the inactivation of dilute HRP solutions by
nickel fluorescent radiations is independent of dose rate in the
range from 645 to 64,000 rads/hr (see Figs. 26 and 27).

Finally, in the section titled "Absorption Spectrum of
Horseradish Peroxidase,” data are presented which indicate that

soft x-rays# attack and destroy the porphyrin ring.

#Soft x-rays = white beam (see Fig. 5) at 50 KVP, 25 mA.

87
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B. Discussion

1. Modes of HRP inactivation

Comparison of the catalase system with the peroxidase system
from a biochemical point of view reveals that catalase has four
active sites including a porphyrin ring. However, on a percentage
hasig, the iron content is about the same for both enzymes, since
the molecular weight of catalase is more than four times higher
than that of HRP. Furthermore, the position of the active site
'ie on the surface of the peroxidase molecule, while it is buried
inside the catalase molecule as revealed by substrate specificity
measurements.(22) Substrate molecules for peroxidase can have
any size from hydrogen peroxide up to cytochrane ¢ while for
catalase they must be of small size. Thus, it appears that HRP
in solution would be more susceptible to attack by free radicals,
i.e., to the indirect effect of radiation, if the major factor in
enzyme activity is the porphyrin ring. It is known that the protein
itself is not catalytically active. Separation of the protopor-
phyrin IX from HRP(QG) leads to an inactive protein product which
becomes active again upon the addition of hematin, thus, both
the hematin and the protein are required for catalysis. Also, it
is known that a change in the space configuration of the prote€in

(6,59)

molecule leads to its inactivation. Therefore, the active
site of HRP depends upon the porphyrin molecule, its position on
the protein molecule surface, and the tertiary structure of the

protein molecule (or space configuration). Any serious perturba-

tion of even one of these factors leads to inactivation.
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It is known(6’56’106)

that ionizing radiation can bring about
inactivation by: a) one or more ionizations produced directly in
the enzyme molecule (direct action of radiation), or b) chemical
attack of the enzyme by free radicals produced in the surrounding
enzyme medium (indirect action of radiation). Therefore, if
enough energy is transferred to the active site, or if chemical
transformation is produced in the active site, the result appears
to be the same: the enzyme molecule loses its function to catalyze
a spgcific reaction. The nature of the perturbation capable of
rendering a molecule inactive is not exactly known, but this
perturbation must be irreversible. Several possibilities exist:

8) The chemical bond between protein and porphyrin might
rupture in an irreversible manner.

b) Ihe perphyrin ring itself might rupture.

c) The disulfide bonds which hold the polypeptide chains
together might break, and this leads to an unfolding
of the molecule.

d) The hydrogen bonds might break and recombination might
result in a different space configuration.

e) Free radicals may attack the active site of the molecule
so that the formation of active intermediate complexes
might be prevented.

f) Free radicals may attack the protein and cause change of
its tertiary structure.

In general, one of the effects of radiation on proteins is the loss
of solubility; aggregation seems to take place, presumably by

cross-linking of radicals on different molecules, because
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precipitation and changes in sedimentation patterns are observed.(ﬁ)
Also, it is possible that small changes in configuration happen
| which do not result in inactivation, but the molecule hecomes
abnormal.. This abnormalilty has been demonstrated(l3) by investi-
gating the sensitivity to thermal denaturation of irradiated
invertase.

The mechanism by which HRP molecules are inactivated is not
known; all or some of the above possibilities may apply.

2. .Energy dependence phenomena

The observed energy dependence is of a similar nature to the
ones reported previously.

The observed energy dependence phenomena cannot be explained
by existing theories. It is not fully understood why a photon
with slightly higher energy than another photon is capable of
producing more damage. Apparently a process, different than the
ones mentioned above takes place; energy absorbed in one molecule
can migrate to another. Such a process has heen observed pre-

(67)

viously , but the mechanism by which energy is transferred from
one molecule to another, several molecular diameters away, is not
known.

Since the energy of the photons employed in this research
is low, nearly all the primary absorption takes place by the
photoelectric process in water molecules. The probability of
direct photon absorption by HRP molecules in solution is of the
brder of 10~5 as it was calculated from photoelectric cross

section considerations. Lol . But the efficiency of

inactivation of enzymes by indirect action is lower by a factor



91

of the order of lDLL than the efficiency of inactivation by direct

(6)

action, Thus, even in dilute enzyme solutions, the direct
effect is relatively high and of great importance to the total
effect. However, what fraction of the total inactivation is due
to direct effect is not known for the particular HRP concentra-
tion used in this work and the impurities present The impurities
act in favor of the direct effect because the effectiveness of the
indirect effect decreases.

The dose required to inactivate 63 per cent of a catalase
solution in the frozen state is higher than the dose required to
inactivate 63 per cent of the same solution in the liquid state
by a factor of 102, 0% Also, it is known that one primary "ionization
that occurs within an enzyme molecule results in its inactivation

(®)y

(average energy required about 100 ev Thus, one may conclude
that 1) primary photon absorption in a water molecule near an
enzyme molecule can produce one ionization in the enzyme molecule
through a secondary electron. This process is still classified
as a direct action of radiation. 2) the energy deposited in an
enzyme molecule when a photon is absorbed is far more than enough
to inactivate this molecule. Only a part of the primary energy
absorbed may escape from the molecule through secondary electrons.
The fluorescent yield is very small for low atomic number elements(3u)
even for iron it is only 20 per cent. Therefore, after photon
absorption, Auger transitions predominate.

Therefore, it is possible for a relatively large amount of

energy to be localized in an HRP molecule for a very minute time

interval, that is, the enzyme molecule as a whole becomes excited.
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This excited state has a definite lifetime probably between 10 A

sec and lO_lO secu# Several possibilities exist for processes that
might take place after the formation of the excited molecule.

1) The excess energy is distributed rapidly in the form of
excitational and vibrational energy. Ultraviolet photons
are possibly emitted.

2) The energy is transferred by ultraviolet photons through
the prophyrin ring to other molecules (fluorescence

process). But the fluorescent emission of proteins is
reported to be low., Also the efficiency with which ultra-
violet photons inactivate enzymes is small and becomes
equal to x-ray efficiency for photons with energy
greater than 10 ev or <1200 Kw

3) The molecule splits into fragments. The fragments
being highly reactive can combine with other enzyme
molecules which in turn lose their capability to
catalyze the decomposition of hydrogen peroxide.

4) The excess energy is transferred into the water mole-
cules producing free radicals. In this way the indirect
action yi€ld is increased.

The energy dependence observed indicates that energy is

transferred from one enzyme molecule to others via one of the

above processes or combination of two of them. Also, it is

#.o-14

10 is the time required for an ionization or exeitatio?8§rocess
and 10710 is the lifetime of an ion or excited molecule. (-
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possible that another energy transfer process may exist. The
fourth possibility cannot adequately explain the effect because

the free radicals produced in excess are subject to recombination
and the efficiency of indirect action is low [100-200 free radicals
on the average are required to inactivate one enzyme molecule(ﬁ)],
On the other hand, energy transferred by photons gives an adequate
explanation only if the photon wave length is less than 1200 Z,
This is possible because the efficiency of direct action on pro-
teins is surprisingly high.

The author favors the third possibility because one of the
effects of ionizing radiation on proteins, besides inactivation,
is the formation of aggregates. This has been demonstrated by
the loss of solubility after irradiation and by loss of migrating

L
capability in paper chromatographyCB;)

the author has reproduced
Dale'scsu) work on catalase). Also splitting of large molecules
has been demonstrated (6 p. 180). Thus it is possible that a
certain amount of energy is required to cause the splitting of the
excited molecule into fragments which are then capable of serving
as bridges connecting other enzyme molecules. This amount of
energy has to be equal to or greater than the iron Ka emission
line. The large absorption cross section of an iron atom favors
the localization of this large amount of energy. Reporting these
possibilities, the author does not feel that a full explanation
of the energy dependence effect has been given. But rather a

picture of the difficulties, ambiguities and perplexities has been

reported.



APPENDIX 1

Horseradish Peroxidase Kinetics

A, Introduction

The determination of individual reaction velocity constants
from the kinetics of the over-all enzyme reaction necessitates
a rather detailed knowledge of the reaction mechanism and of the
denaturing effects of high substrate concentrations. It is
generally acéepted that the kinetics of the intermediate enzyme
substrate complexes follow an extension of the theory of Michaelis
and Menten(7l) to include the second order reaction of the com-
plexes with the donor. However, there is a question about the
existence of a ternary complex (22,23), i.e., a complex of the
enzyme the substrate and the donor. There is no positive evidence
for such a complex; nevertheless, its existence has not been
disproved. Its lifetime may be too short to permit detection by
available methods, or no shift of the absorption spectrum may:
occur upon combination of the enzyme-substrate complex with the
donor. Thus, two possible mechanisms of enzyme action have been

n(20,21,22,23,24) mechanism

developed. The "Theorell and Chance
which seems to fit several systems assures that no actual ternary
complex is formed and that the enzyme substrate complex reacts
with donor to give the corresponding free enzyme and products,

and the "Alberty”(23) mechanism, which is an extension of Briggs'

and Haldane?SCSl) original idea, assumes that a ternary complex
9y
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is formed followed by chemical change within the complex leading

to the dissociation of the "product complex" to yi€ld the products.

At the present time HRP data that I have taken can fit either model.

Chance

(5,22) concludes that those explanations of enzymatic

action based solely upon the kinetics of the over-all reaction are

generally inadequate and that full explanations require direct

studies of the reaction kinetics of the enzyme-substrate complexes

themselves.

B. The "Theorell and Chance' Mechanism

Since in peroxidase both the green and the red compounds

participate in -a compulsory reaction sequence, the steady state

reaction scheme can be simplified as follows:

where:

k
e-p X 1 P
E +8 _—2[E s]
k2 a2)
P o kﬂ
[ES] + A H2——————9 E + SH2 + A

(the small letters above the symbols denote corresponding
concentrations.)

e, X, o are the initial enzyme, substrate and donor
concentrations; e-p, x and ¢ are their respective values

at any time, and p is the concentration of the intermediate
complex. It should be noted here that complex [ES] is
actually complex [ES]II and it is preceded by the forma-
tion of [ES]I:

k k3

E+ S g2 [ES], + AH,—> [ES]
k

2

I1 a3)
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In cases where k, is measurable, Chanee(5’22’24) has found k

3 3

to be larger than klo Thus, with an excess of donor (g) over
substrate (s), klx would set the rate of formation of [ES]II and
the simplified mechanism of Eqs (1.2) is justified. Under these

conditions, the reaction may be presented by the following non-

linear differential equations:

dx _
“ar - K x (ep) - kpp
_da -
dp _ -p) - -
at ky x (e-p) - kyp - kyop

No exact solution in closed form exists for these equations.
Under many experimental conditions, a steady state region is
observed. At this time, one may make quasi-static approximation
that is dp/dt = 0. Under this approximation then

dx/dt = dg/dt and
k., + k

_ _ 2 T
kl X e = kl x p + k2p + kuap = klp (x + —EI—————) (from the last
of equation (L4) )
or Pmax - X
e x + Km (15)
‘ _k K o - . .
where Km = "2+ Y4 is the Michaelis constant or sub-

k
strate concentrationlwhich gives half maximal activity. It is seen

that Km depends on donor concentration and that is directly
proportional to g when k2<<kqa. By combining equations (1U4)

and (15) we get:
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T T T T S ¥ B e v e B e
when kua>>k2

Now if x>>Km the enzyme is saturated by its substrate, i.e.,

Prax — © and kq can be measured directly:

m
S (.%)
i ey dt 17

And if x<<Km then p, <<€ and k, can be measured directly:

1
1/ |
= dt) (18)

In this case the rate of the over-all reaction becomes indepen-
dent of the donor concentration. Thus, choosing the relative

values of kuao and klxo of equation (16), we can establish a

procedure for determining kl and ku. It is clear, however, that

the experimental design would have been very difficult had the
values of kl and ku not already been known from direct studies
of kinetics of formation and decomposition of the enzyme-substrate

complex (Chance(zonzu) ky = 0.9x10’ M-lsec-l, k, = 2.4x10° M_lsec"l),

C. Experimental Studies of the Over-all Reaction

In the case where k]x0>>kuao we have seen (Part III, Section

3) that ku = 0.465 % where K is the over-all reaction rate con-

stant (in secwl) and C is the enzyme concentration known from the
weight of dry preparation used (in mg/l of protein content. §ee

page 22). A comparison of the value of % with the one given in
k
s % = ﬁﬂﬁgg) will give an indication of the purity

of the preparation used. A more complete picture will be obtained

literature (i.e.

if one compares corresponding values of kl or Kmax and Km’ In
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the case where klxo<<kuao the enzyme is not saturated with
substrate; p<<e and K is independent of o, (since o >>X  and
the donor concentration does not change appreciably during the
reaction). This K is designated by K' to avoid any confusion

with previous case. Therefore

Lx :
e klxoe (19)
since
_ U To
[ = z log-ﬁf (see Eq. 6, p. 22)

can be written:

_.._TO = .J; = '
log T m klxoe €E At =K'AT (20)
where
K' = Zkxece (21)
4 1%

Also, Equation (20) can be written in the form:

t, - (22)

lbg j%%
2
tl
which is equivalent to Equation (9) of the text (see p. 23) and
gives the numerical value of the over-all reaction rate in this
case.
Ten runs were taken of an enzyme solution of C = .225 mg/l =
5.5 x lO—gM and the Ki were evaluated using Equatdion (22) above.
- The average value of K] was

1

K' = 13.7 x 107F sec™t #6%
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Therefore kl can be determined from Eq. (21) above.

M
9

_ 1 13.7x10"

26x10° x 1.Ux10"> 5.5x10"

4 K'
k B — ——
1 €X, C

11.0x2.5x10° = 2.75x10° gec™t

This value of k, is to be compared with the value given in

1
. . . (20-24)

literature. From direct spectrophotometric measurements, Chance
evaluated, with his rapid flow appartus, k, = 0.9x10" sec”t.

0.9x10’

Thus, the ratio =—5=—=5=p = 3.25 gives an index of enzyme

2.75x10°
purity. This value compares very well with the equivalent cal-
culated from measurements of ku (see p.24)

The Michaelis constant for the enzyme preparation used can
be determined assuming k2<<kuao after Chance's determination of
k, =5 sec™l. Hence:

k. +Kk, o k _ 5 _ _
K_ = —QE—H;Q Q,EE o = 4§3§—¥—¥97 x 3.3x10"% = 9.9x10 %y
1 1 .275 x 10

K ~compares very well with the value of XK = 12x107% obtained
using literature values of kl and ku. This value is 14 times
smaller than x_ = 1.ux10"" M.

The maximum reaction rate constant at infinite substrate
and donor concentration can be determined from the double recipro-
cal plots. Since HRP requires a hydrogen donor to decompose
its substrate, both the substrate and the donor concentration
should be varied.

Varying the guaiacol (hydrogen donor) concentration the
over-all reaction rate constants K were evaluated at constant

hydrogen peroxide concentration. The reciprocal of K was plotted

versus the reciprocal of guaiacol concentration and the resulted
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straight line was extrapolated to intercept the % axis (see

Figure 29). The interception gave the reaction rate constant

K? at infinite guaiacol concentration at a constant substrate
level. The above experiment was repeated for different hydrogen
peroxide concentrations, and the Kfs were evaluated (see Figure
29). The reciprocal Ki was plotted versus the reciprocal HEOZ
concentration and the resulted straight line was extrapolated
(see Figure 30) to .obtain the reaction rate constant Kmax at

infinite H,O0, and at infinite guaiacol concentration. All the

22
above experiments were performed at constant enzyme level
3 = 0.22 mg/1 = 5.5x10 °M in the Beckman cuvette. This analysis

indicated that HRP follows Michaelis-Menten kinetics with

Kooy = 4.5Ux10"> sec™ at infinite H,0, and infinite guaiacol

concentration for the above enzyme concentration. The same

results are obtained if [H202] is varied at constant [G] levels

(see Figures 31 and 32).

D. The Alberty Mechanism(loz)

Alberty's theory has not yet been applied to a HRP system.
C. S. Vestling(loz) worked out Alberty's most general reaction
scheme for the rat liver LDH#ﬁystem. Since both can be considered
as two substrate systems, a similar treatment may be applied to
HRP. The explicit assumptions of the general mechanism are:

1) There are binding sites for both substratesa#

2) Either substrate may bind whether the other substrate

is present or abhsent.

#Hydrogen donor, is regarded here as a second substrate.
##LDH = Lactate De-Hydrogenase.
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3) A ternary complex is formed which has a finite existence.
4) Events within the ternary complex are rate limiting.
5) The "product ternary complex" dissociates to yield

the products.

The over-all reaction can be represented:

_— _HRP . o
S 4 /7\}[2 e-———*bHZ + A

L+ S&=E.S K, = [E][S]/[E.S]
P — 12 = iy ] o AL
E + AHF=E.AH, K, = [E] [AH,]/[E.AH,]
G 7 —2* 1 g = y 3 A
ES + AHZe——-L-b-AHZ K3 [E.S] [AHZ]/[E.S.AHZ]
,t‘ ; : “L...—-*'_‘ ~ - = n
EAH, + SE=2E.S.AH, K, = [E.AH,] [S)/[E.S.AH,]

k
‘ "1
E,S,AHE-T—%% E.SH,.A Ko = k,/ky = Keq

24
2 ] —2 Q / = .
L.SIL,.A&=2E.SH, + A Ko = [E.SH,] [A)/[E.SH,.A]
E.SH,.B&=E.A + SH, K, = [E.A] [SH,]/[E.SH,.A]

I~
E.SH2 —E + SH2 KS [E] [SH2]/[E.SH2]
FA&T—/—F + A Kq = [E] [A)/[E.]0)]
Vf = kl [E]T When [S] = [AHZ] —_—

V/Vf = [E.S.AHZ]/[E] = Fractional initial reaction velocity where

T

[E]T = [E] + [E.S] + [E.AH

; 2] + [E.S.AH,] = total enzyme

5]
concentration.

Writing the rate equation and using the above values of the

dissociation constants one may develop a system of two equations

which can be solved graphically by plotting the double reciprocal

forms of the rate equation and the values of all the above constants
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can be determined. The author feels that an extensive work to
determine all the constants is beyond the scope of the present
research. However, from the double reciprocal plots already given
(see Fig. 29, 30, 31 and 32), one-half of the above constants

% %
can be determined since V. coincides with K and V, and V.
i max 1 2

*® *
coincides with Kl and K2. The general rate equation is:
Ve
1+ Ku/[S] + Kg/[AH,] + KlKB/[S] [AH,]

\Y

The double reciprocal forms of the rate equation are:

1 K“r + KlK3/[AH2] 1 1+ K3/[AH21
v Ve [S] Ve
1 K3 + KlKB/[S} 1 . 1+ Ku/[S]
V Ve [AHZ] Ve

When the above slope-intercept lines are plotted, the intercepts
%
are the reciprocals of the particular maximum velocities Vi’

corresponding to fixed concentrations of one of the substrates.

Then: —%— =L P N
Vl Vf Vr [AHz]
1 _ 1K 1
= =+t — . —
V2 Vf Vf [S]
*_ — #
and when l/Vl =0 K3 = —[AHZ]
* ' 4 Michaelis constants
l/V2 = 0 Kq = [S]
. B * %
that is [S] = [AH2] - Vl = V2 - Vf Kmax
e 1 3.-1 I -3
From Fig.y. TET = 0.9x10™M therefore K3 = 300 = 1.1x10 ™M
G

#See Figures 29, 30, 3L and 32.
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From Fig. 2 T%T = le].OjIVI-l therelore K” = ]5300 = 6.6x10 "M
. 1 _ 1 _ 2
And from both Figures 2 and U4 T "X = 2.2x10" secc
f max
or
Ve = 4.54x107 sec™t
Vv -3
Ky = e = 220 = 0 625x10° Wt sec™

1 [E]T 5.5x10"
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APPENDIX 2

N. G Value Determination

The impinging energy flux s of the x-ray beam on the gold

absorber or the ferrous-ferric dosimeter can be determined as

follows: -

where:

v/S

LA

e

g - ko f VvV A4 (23)

the incident energy per unit area per unit time in
ergs/cm” per hour.
the power of the beam in watts.

area of the gold absorber = 6.75 cm2

Avogadro’'s number = 6.02 x lO23 atoms/gram mole

extinction or absorptifn coefficient of ferric ion
at 25°C = 2174 M7L cm™ at 305 my

light path through the solution = thickness of Beckman
cuvette = 1 cm

number of ferrous ions oxidized per 100 ev absorbed
in solution

1.1 cm = volume of the dosimeter
area

absorbance change after exposure to x-ray beam of
power P for time t in hours

energy units convertion factor = 100 ev = lOOxl.BxlO-lZergs
air absorption correction factor

air absorption coefficient

air path
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Solving Equation (23) for G and replacing the numerical values of
the symbols taking into consideration that 1 ev = 1.6 x 10712 ergs

one gets:

N - .
co o f VAL  x _ 6.02x1077.6x107 %11 A
€6 ° U 2171107 om’ o
- ux A F . ield
- e 7 e , ferric ion yield
or G H87 x 10 3 t 100 ev absorbed

L p
example: &= P/Sl = 5.16 x lDL ergs/cm‘2 hr (measured by gold absorber)

ﬁ?é 8§ x 107° per hour (measured by Fricke dosimeter)

oH*

1.259 for Cr fluorescent radiation

(x-ray tube operated at 50 KVP, 50 mA,chromium
radiator was used.)

1

7 X 1.259 X 8 x 10-3 = 9.5 ferric ion yield

G = U4.87 x 10
L
S,lﬁxlo* 100 ev absorbed

B. Dose Rate Determination

1. LiF c¢rystal spectrometer technique

A sensitive G.M. tube (G.E. SPG-1 Counter (105)) was used to
count the number of photons incident in the sample. A window |
L x 0.5=20.3 cm2 defined the area of the beam which was counted.
Initially the count rate was far beyond the range recommended
by the manufacturer. To reduce the count rate a lead shield was
used with a pinhole centered at the above window. The thickness
of the lead shield was selected so that all the fluorescent
radiation was absorbed. Thus, the counter counted only x-rays
that could pass through the pinhole and enabled us to determine
a geometrical factor g. The factor g was determined experi-
mentally at 10 KVP, 1 mA where the beam intensity was the lowest

possible.
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If the dose rate, D.R., is defined as the number of photons

absorbed in the sample per hour, then:

D.R.

where:

C.R.

I

m | ag

x 3600 x e M photons per hour per
2 sample

uﬂ o
—

(C.R.)

count rate in cps through the pinhole
geometrical factor reducing the cownt rate, i.e.,

_ C.R. -
&~ TR. through pinhole *

counter ‘elfficiency: given in:ref. (105), counts :per photon
. 2
sample area in cm

. 2
counter window area = 0.3 cm

absorption factor of the sample
absorption coefficient in water

thickness of sample

2. Fluorescent radiation technique

The Fricke dosimeter was used with the HRP sample holder.

The dose rate, D.R., is defined here in rads/hr

D.R.

where:

No

NO/6€

%% g A%é rads/hr

Avogadro's number = 6.02 x 1023 atoms/gram mole

light path through the solution = thickness of
Beckman cuvette = 1 cm

extinction or absorption coefficient of ferric
ion at 25° C = 2174 ML em Ll at 305 my,

number of ferric ions per unit absorbance per liter
the G value as measured with the calorimeter =

number of ferric ion yield per 100 ev absorbed in
solution
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LA
t

absorbance change after exposure to x-ray beam for
time t in hours

f = energy units conversion factor = 100 ev = lDOxl.leO~l2

23 10

6.02 x 10 1 1.6 x 10~ AA
D-R. = ' - X 3 X =
2174 x lO3 cm3 G 100x1 gm/cm t
= 4.4y x 10° llélh rads/hr
since:

Lev=1.6x10"% ergs, 1 rad = 100 ergs/gm. 10° being the

conversion factor from 1 to cm3, and 1 gm/cm3 = density of water.

ergs
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