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F. K. 8. ¥Xoo and H. J. Gomberg

Puerto Rico Nuclear Center, Mayaguez, P. R.

Defining radiation as electromagnetic waves or photons,
it has been shown that radiation effects are often a function
of the enercy or wavelength of the incident radiation, One
of the best known examples is the induction of mutations and
chromosome aberraticns by ultraviolet light. It has been well
demonstrated that UV light of about 2600 ﬁ wavelength is most
effective in producing genetic changes and alsc that the
wavelength corresponds to the peak of the UV light absorption
spectrum for nucleic acid.?* However, the relative efficiency
of the UV quantum at 2600 g in producing genetic changes, based
on mutations or chromosome aberrations produced per unit energy
absorbed, does not appear to change. The change in effectiveness
would thus appear to be due to the increased absorption of the
2600 A photons rather than the greater efficiency of the absorbed
pheoton or enerqgy.

Higher energy radiatior such as X-rays may also be character-

istically absorbed as determined by the constituent atoms of the

system being irradiated. The interaction between photons and

[u

|

|




electrons by the photoelectric process is strongest with the
most strongly bound electrons, i.e., the K-shell electrons.
Furthermore, for a given shell the interaction reaches the
peak at the photon energies just above the ionization poten-
tial for the shell, and it falls off rapidly with increasing
energies. We are particularly interested in the dependence
of observable radiation effects on the energy of the inci-
dent radiation. Any change in effect with enerqy may be due
either to change in absorption, such as occurs with UV light,
or due to a change in efficiency (effect per unit energy ab-
sorbed) as a function of energy.

Previous attempts to elucidate the energy or wavelength
dependence of X-radiation effect in biological systems have
yielded inconclusive and often contradictory results.®
Although the results of Catcheside and Lea® showed a definite
increase in the production of chromosome aberrations in

Tradescantia pollen tubes at a wavelength of 4.1 £ a1 previ.

ous studies in this area dil not unequivocally demonstrate
any energy dependence of X-irxradiation effect as the yield
which represented the efficiency was not expressed in terms
of the effect produced per unit of energy absorbed. It

should be noted that most of these studies were carried out
using radiation sources with rather broad bands of emission

energies, or with characteristic emission source with
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energies well above the K-absorption edge energies of the
constituent elements. To help resclve the guestion of
resonance phenomena in radiation effects, a program em-
ploying monochromatic adjustable X-ray sources {Bragg type
spectrometers) has been in operation foxr some time,*

Emphasis has been placed on distinguishing carefully between
any changes in radiation effect due to changes in the absorp-
tion coefficient of the system under study, and the efficiency
of the absorbed radiation in producing its effect.

In a study of radiation inactivation of catalase, Emmons °
and Paraskevoudakis® at the University of Michigan, and Luse’
at the Puerto Rico Nuclear Center, found that the efficiency
itself changed with change of incident energy. In three
separate studies, the catalase was irradiated at energies
below, at, and above the K-absorpticn edge of iron which is
contained in the porphyrin ring structure. A sharp, signifi-
cant increase in the Gestruction of the ability of catalase
to react with hydrogen peroxide, on a 'per unit energy
abgorbed! basis wasz observed in each case, as the incident
photon energy crossed the iron ¥K-azbsorption edge.

gince the genetic effect is one of the most important
consequences observed in living systems following exposure
to X-rays, it is of considerable interest o study the

actions of monochromatic X-rays on genestic material in the
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energy range of the K-absorption edge of their constituent
elements. Such exploration may lead toc a better under-
standing of the nature of radiation-induced mutations and
chromosome aberrations.

The chemical compesition of DNA is known but that of
nucleoprotein aggregates and chromosomes is not completely
understocd. Nevertheless the chrowmoscmes are believed to
contain elements with low atomic numbers. To facilitate
the investigation, heavier elements such as bromine and
iodine iri the form of halogenated thymidine analogues may he
introduced intc DNA and chromosomes. These heavier target
atoms can be conveniently irradiated with the commercially
available eguipment at the K-absorption edge energies of
these elements.

he target atom chosen for this study is bromine, which

can be incorporated into chromosomes through the wse of S-
bromodeoxyuridine {5-bromouracil deoxyribozide or BUDR) .

The chromosomes thus treated contain 5-bromcouracil which
replaces the bage thymire in the DNA. The S-breomouracil
differs from thymine by having bromine in the place of the
methyl group. Although the actual incorporation study was
not performed in our experiment, it is believed there was
BUDR-incorporation in the onion root chromosomes in view of

the success of other incorporation experiments. It has
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been shown that the halogenated deoxyuridines incliuding
BUDR can be incorporated into DNA during replication in
microorganisms, human cells, and plant species.® The

evidence of BUDR-incorporation intoc thie DNA of Allium cepa

root cells has also been reported racently by Fulik and
Kara.®

This communication summarizes the results?® on the
resonant actiones of X~-rays in the energy ragion of 12.5 -
15.5 Kev on chromosomes which have been treated with 5-
bromodeoxyuridine.

Material and Method - The onion seedsz (variety Yellow

Burmuda from Buxrpee) were germinated on wet filter paper in
petri dishes at 25°C. Roots reaching 6-8 mm long wers treated
with BUDR solution at a concentraticn of 15 pg/ml for 15 hours.
For irradiation the BUDR~treated rocts and the control were
washed and arranged in an exposure area of & x 9 mm at the
center of the Plexiglas sample holder. The area on two sides
was delimited by two strips of Plexiglas to form a trough

s0 that the rcets cculd be arranged between the two strips.
The exposure area and the surroundings were first padded

with wet filter paper and then the treated and control roots
were arranged in two separate rows {upper and lower) with
tips opposite each othar. The samples were again covered

with wet filter paper and finally to keep the moisture in,

r




the whole helder was wrapped in Saran Wrap. The expcsure

area was aligned with the beam delivered from a General

Electric X-ray Diffraction Unit XRb-5 operated at 25 Kv and

25 ma. The irradiation system employed a combination of
collimators and a Lip diffraction crystal to produce a beam

of monochromatic X-rays with a high purity of energy (i 50 ev).1:
The samples were irradiated for three hours at a bheam intensity
of approximately 5.9 x 10%*° photons pexr square centimeter per
hour, and then returned to petri dishes for recovery for 21

hours at 25°C followed with 0.2%/c colchicine solution treat.-
ment for 3 hours before being fixed in Carnoy's solution. gix
photon energies, namely, 12.5, 13.2, 13,48, 13.7, 14.1 ang

15.5 Kev, with one energy level of irradiation per day, were
applied. For cytological examination, the material was treated
with 4°/; pectinase for 2 hours and the root tips, approximately
1.5 mm long, were squashed in a combination of aceto-orcein

and .carmine staining, Rcots treated with BUDR but not
irradiated were also prepared as controls of the effect of

BUDR alone.

Experimental results and discugsions - Chromosome aber-

rations observed at metaphase in the root tip cells of

Allium cepa in both treated and control series include

chromatid and chromosome breaks, free acentric fragments,

interchanges, and others. 1In summarizing the data, all
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aberrations involving brezkages are groaped together as
chromosome breakacsss and are presentad in Wable L. The
occurrence of intorcoanges was extrersiy inireguent. There
were only two cbserved in some oh0 aberrations scored.
tn four out of twelve series, the nunkar of cells examined
was less thaﬁ 100, Tor comparison, akerrations in all
series are expressed in terms of the number of breakages per
100 cells. In the BUDR-treated materiazl (see Table 1, column
£}, the nunber of breakages at the photon energy 12.5 Kev
was 2.0 per 100 cells but it increased with increasing photon
energies. The amcunt of breakage arcse sharxrply te a mAX imum
of 27.9 breaks per 100 cells, showing a 3-fold increase, at
the K-absorption edge energy of bromine {13.48 Kev), and then
decreased slowly as the photon energies were further raised
with the exception that the aperration vield increased again
at 15.5 Kev. In contrast, there was no evidence of resonance
radiation effect in the control material which was irradiated
at the same time with the same series of photon onergies as
the BUDR-treated material., The variation in aberrxation
yield from treatment to treatment was relatively small (see
Table 1, column G} .

As the essence of this investigatien the efficiency of
production of chromosome aberrations is elucidated as the

photon energy of an effectively monochromatic beam of X-rays

r
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is varied. The variation is over a spectrum region containing
the K-absorption edge of the target atom bromine in the chromo-
somes. This variation, first of all, would change the gpatial
distribution of the energy abscrbed by the chromosomes. When
the impinging photon enercgy is lower than that of the K-absorp-
tion edge of the target atom, the atom is relatively 'trans-
parent!, and the energy 1is fairly well distributed over the
chromosome . When the impinging photon energy is at or above
that of the target atom, its absorption coefficient increases
by a factor of about 7.5. However, the ccefficients for the
other atoms are essentially unchanged. Thus, there ig a
significant change in the spatial energy abgorption pattern
over chromosomes. When the target atom is present at low
concentration, its change in abscrption cecefficient will have
no significant change in the very large fraction of the
enexgy absorbed by the rest of tae chromogome. The effects
due to energy absorbed by the non-target atoms remain
esgentially unchanged. However, the large relative increase
in the energy absorbed in the target aten will show whether
the energy absorbed on that site is of onusual significance
or efficiency.

7o detexmine if there is a diascxete photon enexgy o X-
rays that is capable of pr dueing genetic damage in excess

of that produced by photons with energies slightiy higher
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and slightly lower, the mass absorption coefficient of the
gross target material must be computed. For the calcula-
tion the chromosome as an entity was chosen instead of the
whole cell because it was believed that chromosomes were the
target of the direct action of the X-rays on one hand and
the effects assayed were chromosomal on the other hand.

As a prerequisite, the knowledge of the organization of the
chromosomes in general and their chemical composition in
particular sheuld be at hand. Unfortunately, infoxrmation
of this nature is far from complete and often uncertain.

So the calculation at best is only a rough approximation.

In the present study it was assumed that the Allium cepa

chromosomes contain approximately 44°/o DNA, 46°/0 histone,
8.5°/c residual protein, and 1,5°/¢ RNA.*? Other components
such as Ca and Mg in an unknown trace quantity were not

considered in the calculation. It was also assumed that the

chromosgomes contain water in the same amount by weight as
all the macromolecules combined.!® The AT content in the

DNA of Allium cepa is 64°/0.%* The replacement of thymine

by bromouracil during one replication of DNA in the BUDR-
treated chromosomes was assumed to be about 20°/c, pRased
on the above-mentioned information, the chromosomes were
estimated to contain approximately 0.18°/5 of bromine.

The mass absorption coefficient was calculated in terms of
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em?/gram which did not represent the actual situation of
the exposure area and the bulk mass of the root tips exposed.
Nevertheless, these values 7alculated for the different
energy levels are relative and therefore they are valid for
reference.r

The mass absorption coefficients for bromine, and for
the control chromozsomes and those treated with BUDR are
plotted as a function of photon energy in Figure 1. For
bromine the coefficient curve showed a sharp discontinuity
at 13,48 Kev corresponding to the bromine K-absorption edge
(sge A). This fluctvation represents an approximate 7.5-
fold increase in photon absorption at its K-absorption edge.
However, the coefficient curve for the chromosomes containing
approximat=ly 0.18%/¢ bromine exhibited only a small fluctua-
tion at the bromine K-absorpticn edge [see C). Here less
than 10°/c increase ir. photon absorption is noticed, As
expected the curve for the contrel chromosomes showed no
fluctuation {see B}, From these curves it is noted that the
absorption coefficients at energy levels cother than the
K-absorption edge alsc differ considerably. Therefors, in
comparing the efficienciss of different photon energies it
is necessary to correct the differences in the amount of
photons absorbed by the chromosomes at all energy levels.

Tn Table 1 columns S5 and 10 are listed for the BUDR-treated

b
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and control roots, respectively; the adjusted number of break.-

ages per 100 cells assuming that 211 the chromcsomes at all
energy levels absorbed the same amount of X-radiation.

These adjusted nuwbers are plotted as a function of photon
energy in Figure Z. Ewidently. the enhancement in radiation
efficiency was present at the photon energies equal to or
slightly greater than the K-absorption edge of bromine in the
BUDR-treated material while there was no such differxence at
any of the photon energies in the contrel material. The
utmost increase in efficiency st the X-absorption edge of

bremine over +hat observed below the K-edge energies was

o]

about 2.5 to 3-fold and cvexr that in the control series was

1% 1 ]

-

about ©.5-fold. The unexpected increase in aberration yield
at 15.5 Kev in the BUDR-treated series might have resulted
fram an inadequate sampling. More information will be
accumulated to clarify this peint.

In the physical measurement 25 there were no intensity
peaks or sharp fluctuzticn in the intensity within the wave-

lengths employed. The maximum intensity differences between

the two extreme wavelengths under observation is estimated to

be about 3°/°. BAlso there is little change of the reflectivity

power of the LiF crystal in this range. Thus no further

adjustment was made.
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BUDR iz known to be a mutagen,*? chromosome breaker,*?: 1%
and radicgensitizer.?®’ *? yhen BUDR was used alcone in this
experiment it was found to have scmz effect on inducing the
chromeosome aberraticns, In a total of 7185 cells examined 5
breakages were observed which approximatad £.3 breakages per
100 cells, However, the combined effect of BUDR with radiation
was enhanced when the BUDR-treated material was irradiated at
or above the K-absorption edge energles of bromine and at

13.48 Kev it was found about twice as much as the sum of the
separate effects of these two agents. Although this result
appears to be ccnsistent with the findings by Xoo!® on chromo-
some aberrations induced by BUDR and gamma rays in Zebrina
pendula, most likely the enhanced effect is attributable to
higher efficiency ¢f photeon snergies at and above the K-
absorption edge vather than to radiosensitizing effect of

BWUDR. In view of these facts, it becomes difficult to

interpret other regulis cobtained with radiaticns of much

iy.l -

higher snergiss as £o¢ the mechanisme invelved. 8zybhalgki®®
pogstulated that the incorporation of the halogen atoms into

DMA presumably creates a strong eiectrostatic repulsion between
the negutively charged Fhalogen atom and the nroximate phosphate
group. As a consequence, tihe phosphate-ester bond becomes

strained and more vulnerable to radiation. In his postulate

the radiosensitizing effect of bromine iz cleaxrly implied.
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However, the informatien available from this investigation
suggests that pert of the enhanced combined effect cbserved
in BUDR-treated material irradiated with X-xays or gamma
rays of higher energies may have resulted from the interac-
tion between bromine andé photons with enexgies at or siightly
above the K-absorption edge of bromine. In other words, some
effect erhancement may have resultea from hicher efficiency
of photon at certain energy levels. The nhotons of these
energy levels in hard X.ravs and gRmma Tays are pregumebly
derived from degradation through Compton effect.

It is of special interest *c know how the monochromatic
X-ray photons act initially on the target atoms. ‘The mode
of energy absorption for a given atom changes as the wave.-
length changes. For the longer wavelength, absorption is
in the L and hicher electron shells with ejection of cne
fast electron. At the shorter wavelength, abgorption is in
the K shell., It has been shown that this can result in very
high jonization involving removal of over half a dozen electrons.”1
Presumably the initial event was the ejection of the ¥ electxon
of the bromine atoms. This was accompanied by removal of many
electrons from the other shells of tha atoms. As a result a
high local density of bombarding particles and un-neutralizegd
electric charge on the stripped atome were produced. This high

concentration of energy and foree would rause local disruption
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of chemical bonds which in turn could be manifested into chromo-
some breakagea. Therefore it is believed the chromosome aber-
rations might have resulted prominently from the action of
photons on bromine atoms at ¥-absorption edge energy.

According to Lea®? chromosome aberrations produced by
X-rays are through the actions of the tail portion of the
electron path. Therefore in addition to the mode of action
just mentioned above, the densely-ionizing tails of electrons
ejected from the bromine atoma might have also engaged in
the preoduction of chromosome aberrations,

cince the roots were treated with BUDR for 15 houras it
is believed the chromosomes were labeled with bromine
unifiliarly only. Also the chromosomes gtudied at metaphase
were those which at the time of irradiation had gone through
one division following incorporation of BUDR. Based on the
semi.-conservative model of the DNA replication and chromosome
duplication these chromosomes arrived at the metaphase for
scoring should have only one chromatid labeled in each
chromosome. Therefore a certain number of chromatid aberra-
tions were expected if the action of photons was mainly con-
fined to the immediate vicinity of the target atoms. The
whole chromosome aberrations then may be considered as
resulting from either the manifestation of the initial actions

of X-rays or the actions of the densely-ionizing electron
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tails. However, thisg interpretation can be applied very well
only to the BUDR-treated material. Further investigations
are needed to clarify this point.

Summary - Experiment with allium cgpa chromosomes in

roots treated with S-bromodeoxvuridine have shown an increase
in breakages by monochromatic X-rays at the energy levels
2qual to cor slightly greater than the K-absorption edge of
bromine (13.48 Kev). fThis is attributed tc the increase of
efficiency in photons at these particulay energy levels,

In contrast, there has been no evidence of such resonance
radiation effect in the control irradiated with the same
series of photon energies as the BUDR-treated material.

The implication of radiosensitizing effect of BUDR and
probable modes of action of low energy X-rays were discussed

briefly in the light of the present findings,




- 16 -
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the investigation.
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trarily set by considering these findings.
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