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ASSTRACT

—

Gamma irradiztion (L37Cs)’ of agueous solufi
s - , S

o DNA ané l¥c_pierofurazome (NF), labelled in +he semi-
carbazone moiety, produced DNA <o waich NF was covalently
bound. Maximm ‘binding occurred under hypexic conditions.
. The bindiné was first order with respect to DNA concentra-
tion and was independent cf ﬁ? Providing excess arug was
presen?.' Znzymatic hydrolysis of the purified ladelled
DNRA to the nucleotide and nucleoside stages was achieved
in ‘vélatilé uffers. Chroma?ogfaphic sesaration °f
+he various components in nueclectide and nucleoside hydro-
lysates was exacined on Sephadex ¢-50, G-25, G-10, DZAZ
A-25, and AG 50WX4 coluzms. “The AG 50WXY4 columm provided
good clean preliminary separztion of the NI derivatives
f=oz normzl nucleosides and separation of derivatives
into four groups. The}Seghadex DEAE A=-25 colum aliowed
2 more complete separation of NF derivatives. ingle
stranded DNA exhibited enhanced - :biﬁding of'NF_ove.r
double stranded DNA. Nucleoside hydrolysate; gave -
different proporticns of the NF derivatives from irradi-
ated single strznded or double stranded DNA. Deoxy-
ribohomovolymers ;wére use?-to assess fhe origin of the
NF derivatives. Two major derivatives were common +o all

deoxyridbohomopolymers suggeéting ribose or Phosphate
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‘/éeriva‘.:ives. The other two groups of derivatives had -
UV absorption between 270 and 250 nm and appeared-t%e
somewhat acidic in nature as assessed by their mobilities

on ion exchange coclumns.
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INTRODUCTION B

Nitrofurans

Nitfofurans'constitute a family of synthetic- anti-
vacterial agenfs'ﬁhich have had extensive clinical usé.ﬁ In
North America, nitrofurazone has been‘employed.in the treat- -
ment andé prophylaxis cf bacterial infections of skin and .
mucous membranes. Two other nitrofuraﬁs are also In clinical
use, namely nitrofuran<toin and furazolidone which zre employed
asrurinary antibacterizal and antidiarrheal agegts, respective-
ly (54). Humans have also been exposed to nitr@fﬁfan deri-~
N vatives used as additives 1o livestock and poultry feeds and
in Japan as a2 preservative for human food (89).

Initial pharmacological studies demonstrated <that
nitrofurans were re;dily metabolized by procaryotic and
eucaryotic cells (13, #O. 105). Asnis showed that enzymatic
reduction of nitrofurans produced compounds more toxic than

nitrofurans themselves (13). He found evidence of two nitro-

furan reductase enzymes, I and II, in Escherchia coli. Reduc-

tase II was strongly iﬁhibited by oxygen and was maximally
éctive under h&poxié conditions. In contrast, reductase I
was fully active under zerobic conditiéis-(lz). Several =
mammalian enzymes have also been shown to reduce nitrofurans
in hypoxia. Tﬁese include xanthine oxidase (12, 39, 132), -

X4
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microsonal NADPE'cytochrﬁme P-450 reductase (39, 140)
aﬁa aldéhyde oxidase (1%6). All these are flavoproteins
énd are relativeiy inactive towards nit:ofurans in air
saturated media. Unless enzymatic reduction 6ccurs,.the
nitrofurans are relatively inactive and non-toxie (8?);
Specific Z,._¢oll reductase enzymes are currently dbeing
.examined'ahé purificaticn and characterization attempted
(86,~88). ‘ | r/'

Enzymatic studies showed that nitrofﬁrazone inter—
feres with glucose metabolism. Pyruvate dehydrogenase was

inhibited as well

number of other enzymes )(83) .
Nitrofurans are thought interfere with nofmai cell
me+tabolism by producing an electron shunt, via free radical
nitrofuran intermediates, between enaogenous cellular
reducing agents and oxygen.‘ The free radical nitrofuran

termediates are ;eactive towards oxygen resulting in
productior of étperoxidé anicnlﬁadicals which may themselves
caﬁse cytotoxic effects (16). if. h

' All nitrofurans testedféroved +o be mutagenic and
many were carcinogenic. Only nitrofurantein and 5-qitro<
2-furamidexime were mutagenic but not carcinogenic (31, 83.
133, 147). The nitro‘moiety proved to be essential for
antibacterial activity, carcinogenicity and mutagenicity.
Furan analogs were inactive Q383. The nitro moiety was
enzymatically reduced, accepé&ng.éiectrcns from reducing
agents such as NADPH anéd/or NAQgi This enzymaticlreduéticn

£
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prodﬁéed nighly reactive intermediates whose exact nature

has not yet been determined (86, 139). + since éhé amines,

+the end produc® of the enzymgtip reduction, have proven to

be biologically inactive (87), the active compound probably

is intermediate in oxidatlion level between the nitro compound

and tﬁe amine. However, this still,leaves a large number

of possible compounds. | _ .
The reduced ﬁitr;furans bind <o protein and to}DNA(Zé).'

AF=2 (2-(2-‘uryl)-3-(S—nitfo-z—furyl)acryiaeidej'Ean be

_reduced using_xanthine oxidase and NADE and the reduceds~

products bind to DNA (90). Nitrofurans‘'also show DNA

' modifying activity by the repaif test using E. coll

rec+ / recA znd Salmonella tyvphimurium uvr* / uve3

()

(90). Breakage of DNA has been‘observeg\in bacterial (849

and mammalian cells. (101) after incubation with nitrofurans.

Tonizinz Radiation and Chemical: Radicsensitizers

Ionizing radiations are known to produce mutagenic, -
cafcinogenic. aging . d other effects on living:things. ‘When
a cell is exposed %c ionizing radiation, one.expects a . .
complex interplay of biochemical é:;;cts stemmingﬁfrom a
primafy lesion 'in some vital celiular component which, if
unrepaired, ultimately causes death., It is'ﬁelieved that
death and mutations caused by ionizing radiation arise -

from indirect interactions of ionizing radiation with DNA (29).

&
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) . It has been long requnizéd +hat oxygen was a
potent radiosensitizer. Irradiation of procé:yotié and
eucar&otic-cells in air saturated conditions (21% oxygen)
deﬁonst_ ted approximately <hree. fold ‘enhancement of cell

death relative o that found under hypoxic conditions (8, »

10, 26} 28, L&, 63). Oxygen has been shown to sensitize

mammalian cells in every phase oI the cel% cycle

(2, 76, 80). ) The additional damaée in-

duced by radiation in the presence of oxygen is believed

+o be due to enhanced damage of the DNA in cells. This X
enhanced damage was cdemonstrated by an increase in single

(strand breaks (36, 104), release of inorganic vhosphate (21,
66, 72), base damage (30, 57) and by dinding of oxygen itself
+o DNA (78, 120). though many chemicals are capable of
enhancing the sensitivity of hypoxic bacterial and mammalian
cells to ionizing radiation, none have proven to be more
effective than oxygen.

- . Survival curves of cultured mammalian cells subjected
+o radiation show 2 shoulder of varying size then an expo-
nential decrease in survival. However, tumors in situ give
survival curves showing two exponential compenents ( PFig. 1 ).

.This is believed to rerresent cells of two sensitivities (107).
The initial slope of this multicompenent curve is typical

of the xilling of well oxygenated cells. It was proposed

that the second component represents survival of hypoxic
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cells wh;ch were n*esen in much smaller numbers. These
hynoxlc cells exhlblt an 1nc*eased survivel. ?urthe radi-
aticn of cells in situ in mice killed by either cerwical
fracture or hyxlatlon in nlt*oger (all tissues of which
are p*esumably hypoxic), and anemic anlmals showed an
increase in the proportion of radiation-resistant cells (60,
62, 107). ‘ ) ’

This behaviour of cellé in a tumor expoéed to
radiation has been rationalized on the basis that the outer
cells of a poorly vasc larized tumor consume ﬁuch of the

available oiygen (129, 131). As a result, some of the cells

in the interior of the tumpr become hypoxic enough to be

radioresistant. In additien), direct measurements have
established that cells in soi;, Cumors are.in regions of
low oxygen coﬁcentratibn (94.:13h). It is thought that
these hypoxic cells in animal and human tumors limit
radiocurability (&5, 61, 103). Regrowth of the tumor at
the primary site is thought to result from the hypoxim
cells which have survived the lethal action of the most
practical radiation treatment (29). Under the assumption
+hat these hypoxic cells play an important role in
limiting the radiocufability of tumors, a number of
.different approaches have been made to deal specifically
with these radiation resistant cells. Basically, these

inveolve attempts to make the cells in the interior of the

tumor as sensitive as those towards the exterior.
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. The obvious approach of improving the effectiveness
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oX oxygen in radiotherzpy through +he use of hyperbaric

oxygen chambers has been disappointing (71). Anothefﬂ
appéoach has been to search Ior chemicais which would
sp;cifically act as'efficient adiosensitizers of hypoxic
cells. These compounds, because they are not normal meta-
bolites might be-EEEZEEE“Eiifuse +o +he hypeoxic region of
‘+the “umor and thus rendering +her more sensitive to ionizing®
radization.

Tni+tially it was recognized that p-nitrcacetophencne
was 2 radiosensitizer (1, 24). However, it was much less
effective than 0,. Studies performed with p-nitroaceto-
thenone analogs demonstrated that the nitro molety of the
aromatic ring was essential for radiosensitization (25).
Murther, the exténtzyf radiosensitization could be corre-
lated with théiel'ectronega";ivity of nitrobenzene anzlogs

© (109). ZExamination of other nitro-bearing chemicals finally
lead <o <he in<troduction of nitrofurans, which were more
electronegative than the nitrobenzene derivatives (116).
Nitrofurans had the additionzl attraction of having'estab-
lished clinical accepitability (106). |

Nitrofurans have been found to have excellent

radiosensitizing potential in mammalian cells in vitro(Pig. 2)
(26, 112) and in model chemical systems which measured
damage to nucleic acid bases (47, 48) and release of phos-

phate from phosphate esters (46, 110). The radiosensitization

[



SUAVIVING FRACHIOH

%
\\\ .
NERRN 0 NITROGENM )
AR ® Na+ SOOuM NITROFURAZONE
reat XA N, = aIR -

1 1 1 1]

Q 1000 2000 3000 4000
RADIATION DOSE (rods)

Figure 2. Nitrofurzzone radiosensitization
‘ of mammalian cells. .
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inhibited in hypoxia, in hypoxia
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{(Taken from Chapman, J. D.,
Reuvers, A. P.,-Borsa, J.,
Petkau, A., and McCa2lla, D. R.,
Cancer Research 32, p. 2630,

(1972)).




was obse*ved only under hypéxlc ccndltlons (26). In
mammalian cells nitrofurans have been ¢ound +<0 be dose- -
modlfylng ( ?lg. 2 ) and lndenendant of the cell cycle
and culture growth phase (26). Radization-induced single
strand DNA breaks of Chineée hamster cells were er ced
by nitrg;urans in hypoxia nearly to the extent observed-
for oxygen under a2ir saturaing ccndltlons (36).

Studies using 156 12velled nit ofurazone (NF)
have demonstratfd that ionizing radiation causes the
nitrofuran to bind to DNA, Ppo y*_bosehomonolyme*s. sSerum
2lbumin and constituents of whole.cells under hypoxlc
lconditicns. No birding was observed ﬁnder 2ir saturating
conditions (26, 27). .

Extensive studies have led to +the following scheme
+o explain how radiation affects'thewintegrity of DNA.
icnizing radiztion, impinging on an aguéous solutieon,
excites the water molecules along the track of the photon
producingrhydrogen ( ¥+ ) and hydroxyl (<HO' ) radicals
and solvated electrons ( e ag. ) (29, &2).

0 2%> 5 ag. + H. * EHO-

AR
These are termed "primary radicals". The primary radicals
then react with biological molecules via hydrogen abstirac-
tion, radical addition, substitution, addition to double

bonds and bond cleavage producing "secondary radicals” (29).



10

It is the secondary radicalé +hat constitute the potenially
 lethal or mitagenic events. This damage 1s referred to as |
an Tindirect. raction" of v'za!.tl:t.arta.fm. _
Reactions of prlmary radlcals with biologicak
molecules produce two basic *ynes ‘of secondary radlcals.
Rezctions of solvated electrons produce ?adlcal anions,
whereas reactions of E* and HO® ﬁroduce neutral radicalé.

The former are most susceptable to electron transfer, -the

~
L

ia++er to adduct formation (27, 51). Various compounds
can pick up the free electrons of the radical anions thus.
D*eventlng charge recombination, and returning the secondary
radical @o its eriginal state (2 50) However, similar
processes involving elé%tron transfer from the neutral
radicals could lead to razéiosensitization. In this latter
case the fixation of free radical damage in biological
molecules 1s 2 manner analbgpus +to spin-trapping can
occur (22, 27).

The eiectronegative nitro moiety of nitrofurans
has an electron withdrawing effect on the rest of the
molecule. As a result it activates the rest of the _ \\\\
molecule toward nucleophillic attack Q93). Such én electro-
negative or electron affinic group would tend tb stabilize
+the introduction of a free electron by becoming more
negative itself. Thus, the n;tro.ﬁoiety 2llows the';
production of z relatively stable radical intermediate.

The electron transfer reactions of secondary radical
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anicns of oyrimidine and purine bases with nitrofurans

has been exam;ned (51).. Thig elec*rcn transfer occurs a2t

10 -1 -1,
d:...:f‘us..on ccnt:ol__ed rates (k= 10 sec }, +that

is the only time factor involved is the time reguired *©
btring the reéé* ts togefher. Nucleoside and nucleotide
—2dicel anicns also transfer electroms 0 “4trﬁﬁurans a2t

+~es which are close <o diffusion contrelled ~ 3.5 X 109

oy =1 > ) ' )
M " sec —. However, these reazctions themselves lead <
reconstituted melecules and can not be *esocns idble for
chemical radiosensitizaticn unless somé intramolecular
“echanizaticn has. occur:ed.-The rate at which the corres-
bondlng'neutral *ad,cals **a.s’e“ electrons is an order of
magnl*ude lower, but this process results in radical
nitrofuran adduct formation. In irradiation of nitrofurans
alone, oprimary radicals can Teact with nitrofurans
2t, or close to, diffusion controlled rates (27, 53).

Effect of Radiztion on DNA -and Tts Constituents

The formation of radicals on DNA and subsequent

‘reactions of the DNA with. other molecules in believed Fo

be responsible for +the lethal effects of radiation if the
damage can net de cérrected. Damage to the dases of DNA
is considered.to be important in the killing of cells by
ionizing radiation (23) and in radiation-induced mutagenesils

and carcinogenesis (92). The details of the ﬁqphanism for

v



+hese reactions,-&hich are due to the reactions of e,
HO* and hydrated electrons with DNA.are therefore of _
considerable interest. . ‘

When purine and pyrimidine nuclégtides in diiute
agueous- solution are exposed to ionizing radiation, they
are destroyed by +wo pathways (120). The major pathway
invelves attack .on the base moiety (56). .The minor
pathway is by attack which results in release of the
base from the phosphafe-sugar moiety (120). It has been
repdrted +hat bases and nucleosides were liberated from
irradiated DNA (57, 136,-143). The amoun% of ‘base released
is approximately a quarter of the amount of bages.destroyéd.
‘Phese studies indicated that ome base in 107 was damaged
pef Krad. Oxygen present during irradiation Iincreases
the amount of base damage by a factor of 2.5 (é?).

Adenine and cytasine were released in’ slightly
greater zmounts than guanihé and <hymine (37, 136). ©Ff
the four bases thymine was mos?t suséeptable to destruction
followed by cytosine, guanine and adenine (57, 121). This
same order applies to damage ariéing from exposure of
-powdered bases or nucleosides <o radiatiop*(és). but
in this situation the damage was due to direct ionization ..

£ bases and nucleosides. Schnabi (118) provosed th#g -
+his order may be related to *the lone pairs of elgctrons
on the oxygen of carbonyl groups and therefore damage

-

increased with the number of such groups in the various



bases. ternatively, Isaacson (65) suggested. that *he'
decreasing resonance ene*gy per TV electron was *elated
<o increasing damage byllcnlzlng radiation. In general, .
purines apﬁgared to be twice as stable to icnizing radiation B
as pyrimidines (121). However, +he release of purinéé was
not different from she release of pyrimidines when DNA
wa.s expésed +o radiation undér hyvoxic condi:icns (57).

in a2ddition to free bases, 2,6;diamino—5—formamido-_
&-hydroxylpyrimiéine was found in DNA exposed o radiation
(57). This arose from attack on the guanine moiety (56).
Attack on an adenine molety formed the corr responding
formamig;pyrimidine (58). These products have labile
sugar linkages and the ultimate result wes depurination.

Mzny studies emﬁloyiﬁg E.S.R. (Electron Spin Reso-
nance) have examined radicals in DNA or its constituents
produced by ;adiation. However, many of +hese studies
had been perfcrmed on frozen solutions, crystalized or
powdered nucleic acid constituents at low témperatures.
The radicals produced in +his manner were a result of the
direct action of radiétioh. Most radicals produced were
jonic in nature caused by expulsion or addition of electrons.
These charged radicals were largely immobile and unéblq to
react. < However, this apprdach had been adopted due to
the ease of examining fhe resultant radicals by E.S.R.

The =adicals had much'longer life times under these conditions

than in agueous solution. This approach served as a starting
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point for more involved studies. - Also, i+ was applicable
+o situations where an organism's DNA was in a dry state
as in bacterial spores and viruses.

An zaltermative approach is the irradiation of DNA
or its constituents agueous solution. In this approach
the réﬁicals produced e the result of indirect action of-
radiation. These radicals mzay be examined by E.S.R. (37,
114, %Zé)f Récently. +he technigue of spi;-tra?ping has
_-bgen applied in -E.S.R. studies with considerable success
in the identification of radiaticn damage in solutions of
DNA const i;uents‘(69 72, 77. 113). + can be argued fhat.
the situation of DNA ‘in the cell is very unlike that of
DN4A in solution. However, a better apnroxlmatlon of the
effects of radiation on DNA is obtained with these studies
than_in‘stﬁdies with immobilized'DNA constituents.

An examination of the radicals produced 1n agueous
'solu tions of DNA and its constituents allows a direct
1dent1flcatlon of the secondary radlcals. Since it 1is
the secondary radicals which are responsible for binding
of NF to DNA (27) it is possible to predict in a limited
fashion the extent %o which the various bases should form
adducts. Thus, knowledge about the main points of attack
of H-, HO*, and hydrated electrons is indispensable for
the interpretation of the chemical processes'involved in
radiation damage to dissolved substances.

Radicals produced on pyrimidines and their nucleoside
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‘and nucleotide derivetives have been_successfﬁlly examined
by E.S.R. and spin-trapping methods(37, 69. 72, 77» 113, 1k,
126). However, experiments giving a2 similar iﬁsight~into 7

: raaical processes on purines are lacking. It éppeérs

that the absence of pronounced hyperfine structure in most
of the E.S.R. spectra of these compounds is a serious
difficulty for the unequivocai ;dentification of purine
radicals. In most cases the radical yields were below

the detection level and in tﬂQSE_caSes where E£.S.R. signals
can be observed their intensity was too weak. This was

despite the observation in pulse radiolysis studies that

L4 ~

attack of primary radicals on purines was nearly diffusion
Vccntrclled (123) and not much slower than the attack on
pyrimidines (91, 123). -
=£.S.R. studies on pyrimidines exposed to radiation.
héve shown that addition of HO- takes place predominately
at the Cs-Cg double bond of the base. HO+ radicals were
found to add mainly to the C5 and to 2 lesser extent To
Cg (11%). Radicals formed by H abstraction from the methyl
group of thymine were alsc observed (1lk). In a study of
uracil radiolyéis products, H* and HO* radicals were found
to add to the Cz-Cqg double bond (125, 126); There appeared
to be little difference in the extent of damage in various
mmﬁﬁdhms(hﬁ. . | Ny
In <he spin-trapping technique the short'l'led

secondary radicals react with the spin trap R-N=0 are
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" converted into long lived nitroxide radicals which can

-be conveniently idemtified by E.S.R. (69, 72, 77, 113, 114).

These studies support the earlier E.S.R. studies and
demcnstr?ted that additioﬁal secondary radicals were
produced. For all pyrimidine derivatives, two or more
radicals formed by the addition of ﬁ; and HO+ to the C5-Cé
double bond of pyrimidine'derivatiﬁes were observed. Evidence
for a radical on the methyl group of thymine was 2lso obtained.
Thymine, and its correspoﬂaihg micleoside _and. nucleotide

also demonstrated a radical site generated by H abstraction

at the N3 position..'Ring opening of uracil at the Cg5-C4

bond +to produce a t-butylnitroxide spin label wés observed

L (69): TN .

: o | '
A
HN =0 CH, - ‘

CHy— N—C—CH,

o - b
ﬁ g O CHs

Radicals of this nature may be present in cytosine and

~ thymine as well (69). In addition, studies with nucleotides

demonstrated the release of thymine and uracil with the

production of an N; position. spin label adduct (72, 113).

This observation suggests attack causing 'release of a

radical base from its corresponding nucleotide. Such a

radical cleavage of the N-glycosyl bond could alternatively
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result in a radical site on the remaining sugar moiety.
- The addition of E* and HO* to the Cg5-Cg double bond was
found 6 be the most common reaction ‘in pyrimidine deri-

vatives (69, 72, 98, 100, 113, 11k, 126)7

(o) o 0 .

' CHS CHy ‘ . CH CHS
H e j\ jal I-J\~ . > AN - OH

‘ . H o
o} | h .0 ’I" H o7 | OH O ( H

H. Adduct - _ EO- Adduct

E* and HO- Additions to the Cg5-Cg Bond in Thymidine

These secondary radicals in aqueous solution can®
also be generated by rapid-mixing techniques with Ti3+,
H,0, systems (34, 96, ll?).and in flash photolysis of-
solutions containing Hy0o (82,“114). These systems allow
exclusive production of ﬁo-, and the results demonstrated
that the same secondary raéicals were produced as Qith
ionizing radiation. A small frac%ion of EO- were fouﬁd
+0o abstract H atoms from tﬁe methyl'group of thymine and
from the Ny and N3 positicns'of pyrimidines generating'
radicdls at these points (1143. An examination of dihydro-

Pyrimidine derivatives showed that the hydrogen atoms at
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C¢ are most susceptable to abstraction by HO* and to 2
lesser extén% those ﬁn the metﬁyl group of a dihydro-.
thyﬁ;net(liS). . : _
Aé’mentioned earlier the study of purine radicals
produced by i&ﬁizing radiation was difficult. However, '
certain fadicals have‘been identified and those originating -
from the addition &f ¥° to the Cg position of guanine and
to C, and Cg of adenine have been adequately characterizéd
(6, 33, 35, 81). These have been demonstrated in the base

and corresponding nucleosides, in low temperature studies.

NH; NH, 0 ) K
- NN NN H N N
_QI') Hjjjzlﬁ sy

Adenpsine Adducts » CGuanosine Adducts

Schmidt and Borg (117) have been able to identify purine
nuclecside radicals in solution by a fast flow technigue
using +the Ti3+, H,0, system. They have identified possible
radical sites at the Cg position in guanine derivatives and
at the C2 position in adenine derivatives. They examined
the bases and their corresponding ribose and decxyribose
nucleosides. These were believed to arise via HO-« additien
on the N's in the¢ purine ring or on the Cz position. An
HO* adduct on the Csland Cso position of caffeine has alse
been reported (34).
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- . . Guanosine Adducts

- Radicals on the deoxyribose moiety of nucleosides

.and nuclectides have been observed in low temperature E.S.R.

studies of dry powders or crystals of nucleosides and nucleo-

tides exposed-to-ionizing radiation (7, 9, 16; 43, 55, &4,

75). However, agueous studies were more difficult.A

Evidence of sugar radicals iﬁ nﬁcleotides and nucleosides

in agueous solution have been found but spin-trapped

sugar radicals were very unstable at room température (72).

Deoxyribose subjected to radiation did give rise to radicals

(69), tut the spectra of decxyribose pyranose sugars (six

membered ring) appeared distiﬁctly diffefent from those of

deoxyri ose furanose (£ive membered ring) found in nucleotides

arld nucl%osides(ll?). Free déoxyribose attains a six

membered fing in seclutions. Evidence of H abstraction

followed by secondary reactions have been found in sugars (99).
In a study involving a'crystal of deoxycytiq;ne 5

phosphate monohydrate exposed to radiation, the radiation
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induced cleavage of the phosphate ester bond was demonstrated
(75). THe radical formed by scission of the Cg.-Og: vond .
was localized at the CS' position of the deoxyfibose

moiety. Subseguent post-irfﬁdiation radical transfor-
mations oceured,which were associated with fragmentation

of the furanose ring. In fragmentation the C3.-Cy. bond

was cleaved pﬁodﬁcing the following radical (59):

O\\ . -H -

R & 5NH
A radical situated at C,, position of the deoxyribose
moiety was also indicated in this study. Radical ;ites
produced in sugar moieties by H abstraction at Cg-. (7).
at Cyr (64) and at the C,. positions have been observed,
as has liberation of the phosphate group which caused a
05. radical (mentioned above) or HO- abstraction from the
Cg+ position in a nucleoside (137).

It was only recently that radicals centered on
the phosphate group in DNA constituents were observed.
Primary radicals react with phosphate at much lower rates
than with the bases: kg o= 7:7 X 10%, kg ={5 X 103, znd

€ aq
;H05=<1ﬂ7 M-l sec™t at pE 7 (51), whereas reaction rates
' 0 - -
with bases were of the order of 109-101- M l_sec l. In the

reaction wiQE/HéPOQ-, hydrated electrons are converted into
He (68):
2~

anA + HZPO'- —_—> H- + HPOL}
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Black and Hayen pfoposed this mechanism for pulse. radio-
lysis of phosphate anion in agueols solution (20):

HO» + K POy~ —> HO™ + HpPOy®
4 low temperature E.S.R. study examining a'numberuof
crystalline deoxyribcnucleofides exposed fo radiation
demonstrated that phosphate centered radicals accounted for
about 0:1 to 5% of the total free radicals produced (17).
Eighteen of the 19 dinucleotides examined showed evidence
of this radical. It was proposed thaf +he .free electron
was loczlized on one or both of the -non-ester oxygens.
Tonizing radiation had been shown *o yield phosphate free
radicals which involved the loss of one electron (79, 128,
130). A phosphate radical in an irradiated crystal of
uridine 5'-phosphate has also been examiﬁ“da This radical
was formed by the scission of the C5,—05¥i¥?nd (108). The .
same bond was found o be broken in deoxycy;idine 5'-phosphate
exposed to radiéticn (75). The only diffe&ence in the two
molecules is that in the former the electron remained on
the phosphate and in the latter on the sugar molety. 'mhese
phosphate radicals were unstable ﬁt temperatures above
100°K (17, 108) and it must be kept in mind that these
phosphate radicals were produced by direct ionization.
 Another low temperature E.S.R. study with deaerated

wet DNA provided evidence for az phosphate-centered radical;

The radical was observed upen warming of the sample.

(74). Disappearance of HO: radicals and an increase

&
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inaphosphate centered radicals was observed with increasing
temperature. It seemed likely that the fprmaticn of the
phosphéte- radicals was initiated by a small fraction of
HO. located in the vicinity of.the DNA. These HO- increase,
their mobility upon heating. If such was the case, then it
would support the notion <that phosphate radicals are formed
on DNA in agueous solution.

The biological significance.of phosphate centered
radicals depends on *hel. decay or adduct products. ZEven if
these radlcals were low-probability events, their locatlon
near the crltlcaI\nhosnhodlester bond may give rise To
s;ngle strand breaks in Dolynucleot_des. The release of
inorganic phosphate from nucleoctides in irradiated agueous
solutions was thought to be largely due to HO" attack op
+he deoxyribose moiety (141, 1%2). Reaction rates of %ﬁ-
with sugar were close %o diffusion controlled (109 M Hsee™),
_ but hydrated electrons and H® react much mbre slowly
(P»107 M\":L sec_l) (51). Hence, it is believed that single
strand breaks in DNA arose mostly from deoxyribose radical
formation rather than by phosphate centered-radicals.

The radicals elucidated by these_various methods
‘are likely to constitute the secondary radicals. Thus, in

summary, using RH to represent 2 "nucleic acid molecule”

‘+he steps in these diffusion controlled reactions are as

follows: ' i
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Hydrogen_abstraction:
RH-l-H‘——-—bR"!-Hz 4
RE + HO® ———> R° + Hy0

Eydrogen addition at 2 double bond:
RE + E° ———> RE,"

Hydroxyl addition at a double Dbond:

RE + HO0+~ ——> RIOH"

In éyrimidines, adducts on tke 05-06 bond are common.
As for purines no generalizations are yet possible. Phosphaté
and deoxyribose centered radicals are produced in diminished

amounts relative $o radicals in the bases.

Role of Hvdroxvl Radicals in Nitrofuran Binding to DNA
) "

Studies indicate thatethe secondary radicals
produced by HO® were responsible for NF adduct formation
(27)}. wWhen t-butanol, -which is an effective scavenger of
HO:, was added very little binding of NF to DNA occurred
upon jrradiation. This suggests .that HO® radicals were
necessary for NF adduct formation. In contrast, nitrous
oxide,which reacts with solvated electrons at diffgsion
rates to produce HO® (20, 27, 51):

e aq + NO —> N, + KO0~ + EO"
enhanced +the binding of NF to DNA by approximately 25% (27).

Hence, it appears that HO® was the principal reactive
5 .
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species which ultimately resulted in the binding of NF to
DNA. In the presence .of tebﬁtancl and nitrous oxide, where
the prinéipal radical is H', no binding of NF to DNA cccurred
upon irradiaticn%‘

No real difference in the rates of electron transfef
with NF were apparent between purine and pyrimidine radicals
nor among nucleoctides and nucleosides. That suggéstéd that
the same species, namely the free radicals. associated with
+he bases, were principally involyedl(so).

Nit;ofurazoﬁe has been found to be an excellent -
radiosensitizer in experimentgl systems in vitro. However,
subsequent atitempts to demonstrate hypoiic cell radiosensi-
tization by NF in vivo have met with little success (111).
Several nitro compounds including'nit:ofﬁraqs,.which were
able to sensitize hypoxic cells at low cell concentrations
;g_zgggg_wefe found to lose a large fraction of their
ability +o radiosensitize when the cell density was increased
(5, 135). HEigh cell concentrations would obtvicusly be
encountered in solid tumers in vivo. Kowever, nitroimi-
dazole derivatives particularly metronidazole (2-methyl-
5-nitroimidazole-l-ethanol)sensitized cells in yitro at
both high and low cell concentrations (135). Metronidazole
has been shown to sensitize hypoxic tumor cells in vive
in a number of test systems (5, 15, 111, 127, 135) and
nitroimidazoles are'currently in clinical trizl as

5 ) o
" radiosensitizers.

~
i
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Nitrofurazone was employed in this study as it
has been the subject of much investigation and can easily

be synthesized with a 1%

C in the semicarbazone moiety, and
thus provided z means of examining the }cnizing radiztion-
induced binding.qi N¥ <o DNA. The ultimate objective of
+his work was to elucidatée the mechanism by which nitroé
._furazone ppteﬁtiates radiation induced damage to DNA. This
thesis describes i) the effect of parameters such as
nitrofurzzone and DﬁA concentration and different doses
of‘radiatioﬁ onn +the binding_of‘luc NT to DﬁA. ii) methods
Tor +the hydrolysis of labelled Q§A in‘volatile buffers and
the separation of labelled products from each other and from
normal nucleosides, and, iii) through experiments with
deoxyribohomopolymers provides @n Indication of the source

[

of the various labelled DNA derivatives seen.
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MATERIALS AND- METEQDS

l}"'C Nitrofuazene (5-nitro-2-furaldehyde semi -

carbazone; NF) labelled in the semicarbazone moiety

(s:pecifi.c activity 7.0 Ci/mole) was syn'thesizéd‘ by

. Dr. D. R. McCalla. Highly polymerized calf +thymus DNA,

-y

-

RNA, decxynucleotides, decxynucleosides, deoxyribonuclease I
(bovine pancreas) znd snake venonm dhoszhodiesterase ‘

(CroTalus adamanteus) were obtzined from Sigma Chemiecal

Company, S%t. Louls, Mo., U.S.A. Allaline phospha“aase .

Zscherichia eoli) was-pt.;f:chased i‘::on; Worthington 3iochemical
Corp., Freeheold, N.J., U.SaA- Decxyribohemopelymers o
(poly—€A. poly-dC, poly-dG, and poly-dT) were obtained

from FL Biochemical Inc., Milwaukee, Wis., U.S.A. BSusfer
constituents, chloroform, iscamyl zlcchol, Xylene, ethanol,
PP0 and POPOP were purchased from Fisher Scientific Cb. ,
Toronto, Ont., Canada. 7 Pure amgon and nitrogen (£20pmm 0s)
were obtained from Union Carbide of Canada Ltd., Oakville,

ont., Canada.

Cne ml agueous samples were counted for radioczectivity
in 2 Becknan Liquid Scintillation Commter afer additicn of
7ml of a2 mixture of 1 liter Triton X=144, 3 li<er xylene,

26
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0.8gm PP0 and 12 gm POPOP.

IT. - Puritv of 1&0 Nitroft?azcne'!N?! '
luc-NE dissolved in distilled water was aﬁplied-
<o a Sephadex G-25 columm (60 X b.9cm or 100 X 0.8em)
which was shielded from light with aluminum foil and
eluted with water. The NF was located by its absorpiion
at 254nm using an LXB UVICORD IZ. The fracticns containing
NF were then pooled, evaporated to a convenient volm&e, |
and used immediately. |
Elutants were menitored for.UV absorvtion at
254nm with the IXB UVICORD' II and fractions collected in
an ILXS Ultrurac FractionfColiector. The columms were
eluted using a peristaltic pump to maintain a constant

flow rate.

TIT. Trradiztiom of Samples

DNA and lkC—NF were dissolved in 0.01M NaCitrate

0.01M NaCi (pH 7.0), 0.01M Tris ECL 0.01M MgCl, (zE 7.0),
or in distilled water. The solutions were rendered hypoxic
by flushing them with water-saturated argon or nitrogeﬁ gas
for ‘one hour. The glass vessels were then sezled and

irradiated with a ~-/Cs source at a dose rate of AL290 rad/min
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as determined by Fricke dosimetry (139). All solutionms

were prepared from double glass distilled water. Additiocnal

details are presented in the figure captioms.

IV. Purification of

itrofurazone Treated DNA

A, Precivitation with =thanol

The DNA in *he *ad‘OlYSlS mixture was prec ai ated
with +three volumes of $5% ethanol and left overmight at -
-20°C 4o ensfure complete precipitation. The precipitate
was centrifgged a+t 2000 rom, the suvermatant poured off
and +the precipitazte dried by »passing air over it. The
precipitate was redissolved in water, reprecipitated and
dried as described zbove. The tTwice-precipltated DNA was
redigsolved in water and applied to 2 Sephadex G-25 column
(40 X 2.5cm) and eluted with water. Fractions containing

DNA were pooled, evaporated to 2 cenvenient velume and ;

&
+tored at -20°C un=il used.

3. Chromatogz=aphy on Sevhadex G-25 or G-350

" The radiclysis m}xture was sonicated three +times
for 20 seconds on a Branson Scnicator cperated ai-2ull
power, then zpplied %o a Sephadex columm (40 X 2.5cm).
Sonication of <he bNA pricr to applicaticn'to the columms
was necessitated by the highly pelymerized DNA that was

used. Without scnication the DNA eluted over a much larger



volume. The fracfions containing DNA ﬁg;e pooléd, evapo-
rated to approximately five m* 'and reapplied to the sanme
colum. The DNA from this second chromatographic step

was pooled, evaporated tc a convenient volume and stored

at -20°C wntil used. Approximately -10mg DNA can be isoclated
this way.

C. Dizlvsis

The radioclysis mixture was placed in a dialysis
bag which had been previously boiled to eliminate nuclease
activity. The mixture was dialyied agalnst several changes
‘of distilled water at 4°C for one day. The contents of the

dialysis‘baé were then removed and stored at -20°C until used.

V. Analvsis of Low Molecular Weight Radiolvsis Products

Chromatography on a small Sephadex G-25 column
(100 X 0.8cm), eluted with water, allowed <the sepaféiﬁg;
of the low molecularlweight radiolysis products from DNA
and from the unchanged NF¥. The relatife amounts of the
radiolysis prcéucts were estimated from thei} radicactivity.

. ,/This nethod worked best for irradiations done iIn 0.01M

\
NaCitrate 0.01M NaCl (pE 7.0).
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VI. JTonizing Radiation-Induced Bm&ing of Nitrofurazone
o DNA |

A. z.ffec't of D;f*‘eren't: Radiztion Doses

| Half a ml of the rad:.olys:.s m.rture was scn;.ca'ted
three times for 20 seconds and chromatographed on a small
Sephadex G-25 columm eluted with water. Cne ml fractions
£ ".:he -elutant were collected and a.sséyed for i'adioacti _'.‘ty.‘
T The radiocactivity eluting at the void volume of the col
(20=-30m1 e u'ted) was used to a.ssess +the er‘-en'l: of binding
of NF to DNA.

B. Effect of Different Nitrofurazone Concentraztions

DNA (1.0 mg/ml) and "u'C-NF at two concentrations:
. .
0.84 ug/ml and 4.96 ug/l, were irradiated with doses from
0 to 68.6 Erad, then treated as described in Sectieon VI (4).

[

C. Effect of Different DNA Concentrations

Double stranded DNA at concentrations rangi.ﬁg from
0 to 6.0 mg/ml and l&C—N? (8.4 ug/ml) were irradiated with
a dose of é5.7 Krad. Then 0.3m1 (or O.5mg DNA, for samples
centaining,more than 1 mg DNA/m‘l)‘ was treated as described
| in Sectiom VI (4), except that a2 Sephadex G-50 column

{100 X 0.8cm) was used.



VII. Assessment of Nitrofurazone Destruction

A. Chromatogravhv on Sephadex G-235

Chromatography ‘on a Sephadex G-25 column (100 X 0.8cm)
eluted with water separated NT fﬁcm the radiolysis products.
NF eluted at approximately 68 to 83ml. This allows an

. 14
assessment of the amount of unchanged  C-NF stiil present.

3. Absorbance Mezsurement

This method consisted of measuring the absorbance
at 375nx (Amax of NF) of the post-irradiated samples and

comparing this value to that of unirradiated sample.

VITT. Enzvmatic Hvdrolvsis of Tabelled DNA

The enzymatic hydrolysis of DNA followed the
procedure of Baird and Brookes (1%). To énsure complete
digestion to nucleosides each mg of DNA was dissolved in
1.0ml 0.01M Tris HCL 0.01M MgCl, (pE 7.0) andéd 260 XKunitz
units of deoxyrivonuclease I were added and the solution
incubated for four hours at 37°C. Then, 0.lml of 1.0M
Tris (pE 9.0) was added to railse fhe TH %o appreximately
9 and 0.1 units of snake venom phosphodiesterase added
and the solution incubated at 37°C for 24 hours. Next,
2.5 units of alkaline phosphatase were added and digestion

continued for another 24 hours at 37°C. The hydrolysate
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was stored at‘-éO°C until used. _

B Alte;natifély. hydrolysis in volatile buffers was
employed using 0 Olmﬁammonium bicarbonate, 0.01M (pH 7.0)
(pH adjusted w1th acetlc acid) and 1.0M ammonium ¢ onate

(pE 9.0) (pE ad:usted with ammonium hydroxide)}! This was

- advantageous-for large scale hydrolysis and subsequent

purloloatlon of components where tuffer salts would have been
2 hindrance. = 3Both systems were equally effective axnd

DNA coocentrations of 1.0 mg/ml and highor were digested-
without d§§ficulty. ‘ -

The stages in the hydrolysis of the labelled DNA
were followed by chroma ography on a Sephadex G=-25 column
(100 X O 8cm) eluted with water. After hydrolysis wit
deoxyribonuolease I and snake venom phospoodiesterase,
which digested DNA to nucleotides, a sample was applied to
the Sevhadex G-25 coluﬁn. Hydrolysis tc nuclecsides by
Turther digestion with alkaiine phosphatase was similarly
analyzed on the Sevhadex G-25 column. The UV and radio—'
activity profiles‘were examined to ensure that hydrclysis

had occurred. . he

IX. Chromato Zraphv

All columns were egquilibrated prior o use with

the appropriate elutant and flushed overnight. Fresh buffers
f
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were made immediately before apnlylng the samples. In
all cases .the sample volume was: 1-2% of the' colum volume.
When applying samples to the icn-exchan'ge columns (DEAE
A-25.an§‘AG_5OW14) they were adjﬁsted to the pE of the
initial elutant buffer or dissolved directly in the
initial elutant buffer: .

2

A. Sephadex G-10, G-25 and G=50 Columms

Labelled DNA, nupleoulde hydrolysate, nucleaside

hydrolysate and radiolysis mixtures were analyzed on
Sephadex G-10, G-25 and G-50 (Fine) columns of various
sizesf The conditions for elution of these columms are-
given In the captions *to the figures. DNA and radiolysis
mixtures were scnicated Three times for 20 seccnds each

before being applied +to the colums.

B. AGC S0WX4 Colums

‘

The resin, "minus Loo mes;:. was purchased frem
Bio-Rad,Richmond, Ca., U.S.A. The resin was cleaned and
charged according tc Jumowicz and Spencer (70) then equi-
lidbrated with the appropriate buffer. This resin was - |
emﬁloyed'in two fashions: 1) The columm was eluted with
0.015M: 0r 0.30M ammonium hydroxide the pH of which was
adjusted to 9.20 or 8.9 wi<h formic aéid, and 2) initial
elution with 0.015M ammponium hydroxide adjusted to p¥E 3.20

with formic acid. Then, after sufficient eluticn with this



buffer, the elutant was changed to 0.3M ammonium hydroxide
adjusted to DH 9. 20 with formic acid. .

The colummg were unpacked after each use, and the
resin washed. In the first.case, this was probably not
neéessary. However, in the. second case, due to contraction a
of the column when ﬁhe second buffer was épplied, the

resin had to be repacked before re-use.

C. Sephadex G-10: AG 50WX4 Mixed Columm

This column was prepared by mixing equal volumes of
Sephadex G-10 and AG 50WX4 equilibrated in 0.015M ammonium
hydroxi&e adjusted to pE 3.20 with formic acid. The column .
(60 X 0.9cm) was flushed overnight with 0.015M ammonium
hydroxide adjusted to pH 3.20 with formic acid prior to
its use. This colum was eluted following the second

procedure outlined in Section IX (B).

D. Sevphadex DEAE A-25 Columm

Sephadex DEAE A-25 gel was washed with several
volumes of 0.5M HC1 and then repeatedly with O.35¥ NHjOH.
" The gel was then washed extensively with 0.5M ammonium bi-
carbonate (pH 8.00)\and finally with 0.01M ammonium
bicarbonate (pH 8.00). Columns were packed and flushed
overnight prior to use. The swollen.gel, if stored, was
always washed with 0.01M ammonium bicarbenate (pE 8.00)

prior to use. Samples were applied to the column and
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a linear gradient started. Solutions consisting of 75ml

0.01M ammonium bicarbonate and 75ml 0.60M ammonium bicar- |

" bonate at pH 8.00 were mixed using a Buchler gradient

maker. The reproductibility of the Sephédex DEAE A-25
column was fairly gbod. However, peak positions did

shift from run to run due to the difficulty of maintaining
identical conéentﬁation gfadients. Howeveér, the ordexr of

t
elution of +he peaks was maintained.

X. Comparison of the Tabelled Products in DNA ?urified By

Chromatography or Ethanol Precivpitation

14 -
DNA (1.0 mg/ml) and = C-NF (0.844g/ml) were

‘irradiated with a dose of 25.7 Krad. The radiolysis mixture

was then divided intec two equal volumes. Half was purified
by the ethancl precipitation method and the other half by
chromatography on Sephadex G-25 as outlined in Section IV
(4) and (B) respectively.

Tabelled DNA isoclated using the two methods was =
hydroelyzed to the ﬁucleotide or nucleoside level and
analyzed on Sephadex G-25 column. Nucleoside hy@roiysates
were also analyzed on the AG SOWX4 columm following the.

second method in Section IX (3B).
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XI. 3Binding of Nitrofurazone to Double and Single

Strarided DNA

14c N7 (8.4 «g/ml) and double stranded or single
stranded DNA (1.0 mg/ml) were irradiated with a dose of
25.7 Krad. The two rﬁdiolysis mixtures were purified by
the "Chromatography on Sephadex G-25" method, Section IV (B).
The labelled DHA.from these two irradiations was hydrolyzed
to nucleosides and analiyzed on Sephadex G-25 and AG 50WX&4
column. The AG SOWX4 column was eluted according to the
second method in Section IX (B).

Single stranded DNA was prepared by heating
comrercial DNA in a boiling water bath for 10-15 minutes
" and then cooling it quickly in an ice bath. Alkali ' i
denaturation was used in Section IV (D). The single
stranded DNA was then dizlyzed in a bag previcusly boiled
to eliminate nuclease activity. -The material was dialyzed

against several changes of distilled water at 4°C for one day.

XIT.Separation of Nitrofurazone Derviatives from Norm%;

"Nuecleosides

DNA was digested +to nucleosides in volatile buffer,
then lyophilized to remove-the szalt and stored dry a2t -20°C
until used. A-90 X l.5cm column was packed with AG S50WX&

resin equilibrated in 0.0135M ammonium hydroxide adjusted
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to pE 8.9 with formic acid. The lyophilized nucleoside
digest was- dissolved in 0.015M ammonium hydroxide adjusted
to pﬁ 8.9 with formic acid and applied to the column. The
"NF adducts eluted earlier than the "normal" nucleosides.
Hydrolysates of ;O to 20mg'DNA were appllied to this column
without dverloading. and higher amounts could probably be
‘chromatographed. '

XITT. Binding Studies with Deoxyribohomcpolymers

The deoxyribohomopolymers were used as suppllied
and dissolved in Iml of distilled H,0. Poly-dC was not
soluble in distilled H,0 but dissolved in 0.01M NaCitrate
0.01M NaCl (pE 7.0). The dJeoxyribohomopolymers (5 OD
uhits/hl) and laC-NF (L.68 4g/ml) were irradiated with a
dose of 34.3 Krad. The radiclysis mixtures were then placed
in dialysis bags which had been previously boiled to
eliminate nuclease activity and dialyzed against several
changgghgf_zfg_fmmonium carbonate (pH $.0) at 4°C for one
day. The contents of the dialysis bags were emptied and
lyophilized. The residue was hydrolyzed %o nucleosides
iﬁ volatile buffers (Section VIII), then lyocphilized again
to remove volatile salts and stored at -20°C until used..
Immediately vrior to application to the Seprhadex DEAE A-25
colum the samplé was dissolved in 0.0lﬁ ammonium bicar-

bonate (pE 8.00).



RESULTS

I. Purity of 1% Nitrofurzzone (NF)

Chrﬁmaxcgraphy of the 1HC nitrofurazene (7.0 Ci/mole)

on 2 Sephadex G-25 columm revealed the presence of a small
amount of Impurities in a stock'solution which was approxi-
maxely_cge ﬁonth-old (Pig. 3). NF dissolved ig distilled
water or 0.0lM'NaCifrate 0.01M NaCl (pE 7.0) alsec contained
minor impurities (less *than 0.5%). Higher Dolecular
weight impurities (Y and. Z in Pig. 3), as assessed by-
Sevhadex G-25 chromztography, built up as the solution
aged. Scluticns protected from light were more stable

than illuminated ones. NF was purified by ‘chromatography
onn Sephadex (G-25 before each_axperiment to remove these

impurities.

:

——

IT. Purificstion of Nitrofurazone Treated DNA

Upon irradiaticn of NF in +he presence of DNA, a
nunber of radioclysis products were produced as the NI was
destroyed. These Included specles which were bound to
DNA. Four me+theds for the separation of this derivatized

-

DNA from low molecular weight 1%c 1abelied material were

examined. They were: ethanol precipitaticn, chrcmatography

38
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Figure 3.

3

20 30 40 50 60
Volume Eluted (ml)

Chromatography of l)'“C Nitrofurazone on a
Sephadex G-25 (60 X 0.9cm) eluted with
distilled water, 0.5 ml/min.
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on Sephadex G-25 and G-50, and dialysis.

A. Precipitation with Ethanocl

Cne precipitation-of the labelled DNA with ethanol
rema?ed_géﬁ of undeS%royed N7 and low molecular welight
radiolysis products. After the second ethanol precipi-
tation the resulting material still had 15% of the radio-
activity in low molecular weight compoirds (Fig. &, third
profile). Chxgpatography on Sephadex G-25 was used %o |
remove this m;;erial. As can be seen in Pigure &, NF was ,
removed much more effectiveiy +han its low molecular welght
radiolysis products. The three g%bfiles in Pigure &
demonstrated significant loss of label from the DNA peak.
After the second ethanol precipitate'cnly 43.4% of the

l1abel found in this peak of the initial radielysis mixture

remaineg.

4 -

8
3. Chrematography on Sephadex G-25

After‘the £irst Sephadex G~25 step, 1i4.1% of the
low moleculér weight products remained with the DNA
(Fig. 5, second profile). Eowever, after reapplication éf
«his DNA to the column ard reccvery of Ifractions containing
DNA, the labelleq}DNA was free from low molecular heighf
products (Fig. 5., third profile). The overail recovery of -
high molecular weight label was 37.6%. But this apparently

low recovery was likely due to the overlapping of the low



Tigure 4.

Purification of Nitrofurazone treated DNA by
precipitation with ethanol.

Sephadex G-25 column (60 X 0.9cem) eluted
with distilled water, 0.5 ml/min.

itial radiolysis mixture
® (1.58 ug/ml NF, 0.85 mg/ml
DNA in Na Citrate buffer,
21.4% Krad) '

- w==— Tirgt ethanol precipltation
cesehe-esAsese'Second ethancl precipitation

~<

;B
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Purification of Nitrofurazone treated DNA by
chromatography on Sephadex G-25.

Sevhadex G-25 columm (100 X 0.8cm) eluted
with distilled water, 0.5 ml/min.

mitié.l radiolysis mixture
—@——@— (0.84 ug/ml NF, 1.0 mg/ml DNA
in Na Citrate buffer, 25.7 Xrad)

Tigure 5.

—~O===~~ First application
siesfle s eoleeee Second application
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molecular weight radiolysis products with the labéllgd'DﬁA
(Fig. 5, first profile). The overlépping'iq this case was
greater than seen in FPigure 4 (first profile). There was
very little further loss of high molecular weight label
after the second chromatography step (Fig. 5, third

ﬁfofile relative to the second profile).

c. Chrdﬁatozranhv on Senhadez;g-jo

| Figure 4 demonstrates the course of remocval of
Fhe low molecular weight materiél from +the labelled DNA.
The profiles shown in Figure 6 were those obtained with a
laréé\§apH£:ex G-50 columm (40 X 2.5¢cm). The profiles of;
Pigure 5 were obtained with aliquots set ﬁside vefore and
ter the chromatography steps. On the Sephadex G-50
column mhe-separation betwé;n DNA and low molecular weight
material was much greater fhap on the Sephadex G-25 colupn.
After the first application less than 1% of the low mole-
cular weight material remained. After two preparative ruﬁs
the DNA was completely free from low molecular weight
material. The overzall recovery of high_poleculaf weight
label was 61.9% of the label found in the DNA peak of
the initizal radiolysis mixture.r—This suppdfts the notion
that the overlap of low melecular weight products inflated
thé apparent amount of NF bound to DNA in +the Sephadex G-és
chromatogram described above (Fig. 5, first profile).

The purification demonstrated in Figure 6 is



Pigure 6. Purification of Nitrofurazone treated DNA
b{ chromato phy on Sevhadex G-50 columm
(40 X 2.5cm) eluted with water, 0.87 ml/min.

—@
——{=~-—=->—Second application

@— First application
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atnormal in respect to the massive amounts of low mole-
cular weight material. The'radiglysis mixture applied

“+to this preparative Sephadex G-50 column was made up of
the regainders of many small scale irradiations which were
mixed and applied to the colum. These small scéle
irradiations involved varying DNA and,ﬁF cdncentrapions.
and doses of lonizing madiation. Much of the low ﬁolecular
weight material waé_unchanggd NF. Alsé of note is that

the DNA peak in Figure 6§ is rather broad due to overlcading
of the column with DNA. . |

D. Dialvsis

Dialysis of the radiolysis mixture against distilled
water was the easiest and fastest of the purification methods
tried. Figure 7 illustrates the effectiveness of dialysis.
Almost complete removal of low melecular weightmaterigl was
achieved after 20 hours with_seven, two liter, changes of
water. Note that the low molecular weight radiolysis
products zre different here than in Figure h'gnd'E._ In
earlier experiments DNA and NF were irradiated in 0.01M
NaCitrate 0.01M NaCl (pH 7.0) whereas in this experiment
single stranded DNA.and NT were dissolved in distilled water
at aprroximately pH 6 ‘(see Section IIT (3) which deals
with the NF radiolysis producfs formed in different media).
In this radiolysis mixture a product that elutea immediately
after DNA was found (Fig. 7, ls+t profile). Removal of this



Figure 7.

Purification of Nitrofurazone treated DNA
by Dialysis.

Sephadex G-25 columm (100 X 0.8cm) eluted
with distilied water, 0.5 ml/min.

Initial radiolysis mixture
o—o (#.62 4g/m1 NF, 2.33 mg/ml

DNA in distilled water,
3.3 Krad)

= ={=~-C—— Dost-dialysis

49
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product by Sephadex G-25 of G-50 preparative chromatography would
have been difficult. Little if any loss of DNA out of the
dialysis bag was observed éé assessed by checking the absor-
bance at 260nm befofe(lﬂo.oﬁ) and aftér‘(loz;ﬂﬁ)dialysis.

| - The labelled DNA obtained during these purification
steps showed no loss of radicactivity when extracted with

vhenol or chloroform : iscamyl alcohel= 9:1 1% SDS, nor

was label lost when the DNA was dialyzed against 5M NaCl.

ITI. Analvsis of LBw Molecuiar Weight Rzdiclvsis Products

A. - Analvsis By Chromatographv _on Sevhadex G-25 and

G-50 Columms _
Radiation of DNA and NF in 0.01M NaCitrate 0.01M

NaCl (mH 7.0) and analysis on a Sephadex G-25 colum
(100 X 0.8cm) exhibited three major low molecular weight
radiolysis products (Fig. 8). These radiolysis products

eluted between the unchanged NF and the labeliled DNA.

Chromatography of the saﬁe radiolysis mixture on a Sephadex
—50 ie}umn (100 X 0.8cm) allowed much better separation

of labelled DNA from the lcw molecular welght material

but did not allow resolutlon of the low molecular weight

materials. Both Sephadex G-25 and G-50 can be used o

assess the binding of NF +to DNA.-

VN
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Tigure 8.

Radiolysis mixture of Nitrofurazone in the
presence of DNA.

Sephadex G-25 column (100 X 0.8cm) eluted

with distilled water, 0.5 ml/min, 0.84% «g/ml

NF¥, 1 mg/ml DNA, 22.9 Xrad in Na Citrate buffer.
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B. Effect of Various Media on the Formation of Low

Molecular Weight Radiolvsis Products .

" The low molecular weight radiclysis products formed
depended upen the'mpdia.used. 'DNA and NF were dissolved in
0.01X NaCitrate 0.01¥ NaCl (pE 7.0), in 0.01¥ TrisHCL 0.0IM
Mg2612 (pE 7.0), or in'distilled water. Different radiclysis
products were formed uwder these three conditions (Fig. 9).

These products were not further characterized. 3

IV. Tonizing Radiaticn-Tnduced Binding of Nitrofurazone

to DNA

_ There waé‘no binding of NF to DNA, in 0.01M NaCitrate
0.01M NaCl (pE 7.0) media, nor any desﬁrﬁcfion of NF in the
absence of radiation. NF-alone showed some destruction
when irradiated (Fig. 10, second ﬁrofilé) but no high -
moiecular weight radiolysis product was formed. However,
in the presence of DNA, the rate of destruction of NF was

" greatly increased and a high molecula; weight product
‘which co-elute§ with DNA on Sephadex G-25 columms was
present (Fig. 10, first péofile).
The radiolysis of NF was very much reduced in the
sresence of oxygen. Under conditions where ail NF was
‘ destroyed in hypoxia (1 mg/ml DNA, 0.84,agﬁml NF, 25.7 Xrad
in NaCitrate media) less than 5% was degtroyed when +the -

*solution was saturated with air. No binding to' DNA occurred

- n



*Figure 9.
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Effect of various media on the formation of
low molecular weight radiolysis products.
Sephadex G-25 column (X006 X 0.8cm) eluted
with distilled water, 0.5 ml/min. -

-—©@ 0.01 M Na Citrate NaCl, pE 7.0
--O===- 0.01 M Tris HCL MgClp, PH 7.0
-_-'A----A--' Distilled water

~
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NITROFURAZONE

32:

52 DNA
=7 |

QO
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. B ) "

| 80
" Volume Eluted (ml)

igure 10. Radiation-induced destruction of
: Nitrofurazone in presence and
absence of DNA.
Sephadex G-25 column (60 X 0.9cm)
eluted with distilled water,
0.5 ml/min.

—@—@ — 0.87 mg/ml DNA
—-O-—-O~-= 0.0 mg/ml DNA
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in these zir saturating conditioms. Only the second and
third radiolysis products were formed and these in dimi-
nished amountsg. Binding of NF to DNA and the production

* of the first radiolysis product depend critically'cn the

absence of oxygen.

-

A. Effect of Different Radiation Doses

The production of all radiolysis products.inéreased
linearly with increasing doses of radiation, A concomitant
linear decrease of NF was also observed (Fig. 11 and 12).
Néte that the curves level off as the NP 1s exhaustedf

£ the NF destroyed in citrate media 36% was bound to N4,
6% wgnt in#o the producticn of the first radiolysis product,
2%%/¥o +he second, and 13% to the third. -
| 3

B. Effect of Different Nitrofurazone Concentrationg

Varying the concentration of NF had iittle aeffect
onn the- binding of NF¥ to DNA. Neither the destruction of
NF nor the production of low molecular weight radiolysis
vroducts were altered over a broad range of NF cencentrations.
Figure 13 illustrates that a six fold increase in NF concen-
tration did not increase the ;;aiation induced binding to

DNA at doses up to zbout 70 Xrad.

-

>

C. Effeect of Different DNA Concentraticns

Increasing DNA concentrations caused increased
' -
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‘-n\’.

Radiation-induced binding of Nitrofurazone
to DNA.

Sephadex G-25 column (60 X Ox9cm) eluted
with distilled ‘water, 0.5 ml}ﬁln

Radlatlcn-lnduced destructicn of Nitro-
furazone in the presence of DNA.
Sephadex G-25 columm (60 X 0.9cnm) eluted
with distilled water, 0.5 ml/min.

0.8% xg/ml NF, 1 mg/ml DNA in Na Citrate buffer
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Figu;e iz2.

-

Production of low-molecular weight Nitzro-
furazotie radiolysis products.

Sephadex G-~25 column (60 X 0.%cm) eluxed
with distilled water, 0.5 ml/min.

A) First radiolysis product

B) Second radiolysis product

+ C) Third radioclysis product

L 4 '
0.84% 4g/m1 NF, 1 mg/ml DNA in Na Citrate
Ifer '
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Figure 1l3. Effect of different Nitrofurazone concentration
on radiaticn-induced binding to DNA.
Sephadex G-25 column (100 X 0.8cm) eluted
with distilled water, 0.5 ml/min.

® @ 0.84 #g/ml NF
——O-—O—— 4.96 pug/ml NF

1 mg/ml DNA in Na Citrate buffer
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radiation-induced destruction of NF and increased the
amount of NF bound ‘to DNA, but the amount of NF bound
pér mg DNA remained constant. Figure 14 lllustrates the
linear relationship between total label bound tec DNA

and the concentration of DNA. Sanicatioﬁ of DNA prior
to or after exposure to ionizing radiation did not alter

the binding of NF to DNA or the radiolysis products formed.

V. Assessment of Nitrofurazone Destruction

A. Chromatography on Sephadex G-25-

mephad'ex G-25 column (100 X 0.8cm) NP eluted
at approximately 77ml , the amount of l“c radioactivity

-

that eluted there serwved to indicate the amount of NF

still present. As already mentioned (Fig. 11-B) the
gongentration of NF decreased linearly with increasing -

dose of lonizing radiation. ) '

B. Absorbance Measurement

-~

The rat? of destruction of NF can be easily assessed
by measuring the aﬁsorbgnée'at é?snm (the Amax of NF) before
and after expcsuré to ionizing radiation. The less in
absorbance at 375nm was linearly related +o the dose~of
radiaticn apnlled,regardless of +he concentratlon of NTF .

Slml_arly, blndlng uO DNA was linearly related to the dec*ease

in-absorption at 375nm (Fig. 15). This methed was applicable
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2 & 6

DNA mg/ ml
e

p—

Figure 14%. Effect of different DNA concentrations

&

on radiation-induced binding of
Nitrofurazone to DNA. .
Sephadex ¢-50 colummn, (100 X 0.8cm)
eluted with distilled water, 0.5 ml/min

8.t g g/ml NF, 25.7 Krad in Na Citrate
buffer : .

Y



Figure 15.

Radiation-induced loss of Nitrofurazone

. absorbance at 375 nmm and its binding to

DNA.
Sephadex G-25 column (100 X 0.8cm) eluted
with distilled water, 0.5 »i/min.

A) 0.84% ug/ml NF, 0.51 mg/ml DNA in Na Cit-
rate buffer

B)  4.96 ug/mi NF, 0.91 mg/ml DNA in Na Cit-
rate buffer .

2N
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to initial eancentratians as low as 0.84J(g/ml NF. ﬁowever,

accurate measurements of absorpt;an due to NF became more
dlfflcult ‘at these lower ccncentrathns Thls method was
best suited for hlgher Naﬁgsssentratlcns. whereas the.above

method . (Section VéA)_was useful for much lower NF concen=:

trations.

VI. Znzymatic Hydroivsis of Tabelled DNA

-

A. Analvsis on Sevhadex G=2%

The labelled DNA can be digested to the nucleotide

stage using deoxyribonuclease I and snakXe venom nhosnho-

-
.

dlesterase and further to the nucleoslide stage wzth allkaline

phosphatase (Fig. 16). 0Of note was the profile for the

nucleotide digest where a significant amount of material

‘eluted close to the void volume of the Sephadex G-25 coiumn.

This "Vo;d peak" dlsanneared after the addltlcn of alk=aline

phosphatase. To determine i1f this peak was undlgested DNA&,

‘another sample was dlgested with decxyribonuclease I and

snake venom phosphodiesterase for an additional two days.
Y

- ¥
The peak remained unchanéed. When the nucleotide digest™

was chromatSEraphed on a Sephadex G-50 colurm, ncne of the

l1zbel eluted near the-void volume (Fig. 17). In the nucleo-

side gest the 1'~:5|.<:1:1.oa.<:.'1::1.1:'1'!;:{'c:hrc::na ogranhed earlle* Than

most of the normal nuclecsides.

foa ity Al
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Enzymatic hydrolysis of labelled DNA to

nucleotide and nucleoside stage.
Serhadex G-25 column (180 h‘%&pm) eluted.
with distilled wa'ter. 0.5 ml/min.

——@— Nucléoside hydrolysate

== O==-~Nucleotide hydrolysate

7
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Figure 17.

Labelled DNA and enzymatic nucleotide
hydrolysate on a Sephadex G-50 columm
(30 X 0.9cm) eluted with distilled water,

- 0.5 ml/min.

r

—@—@— DNA S
--{—-{>—- Nucleotide hydrolysate
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B. Anzlvsis on Sevhadex G-10

Chromatography of the nucleoside digesf onn the
Sephadex G-25 column (100 X 0.8cm} showed.evidenae for 2t
least three major components (Fig. 16). -Tse of a-Sephadex
G-ld columm (100 X O.ch) showed evidence of four to five
companents. The Sephadex G-1Q; columms were equilibrated
undexr three cﬁnditicns: gci‘;c (pH 3.20), neutral (Hy0,

pE.approximately &), and alkaline (oE 9.20). Different

.profiles were obtained in each case (Fig. 18). While

correlation between the three profiles was difficult, it
was apparent that one major compcnent (the last) eluted
at approximately the same position under all three condi-

tions.

C. Anaivsis on 3io—Rad AG S0WXL

-gaéleotides and nucleosides ‘have been successfully

separated with Bio-Rad Ag 50WX4 under acidic and alkaline

conditions respectively (70).% The chromatogravhic proper-

ties of nucleotide znd nucleoside digests of the labelled

DNA were examined using this cation exchange resin. Elut%on

of the Ag 50WX4 column at éZOIEM or 0.30M. NH; OH (pH 9.20) °

gave a singie peai of rad;oactivity with a nucieotide digest.

However, 2 nucleoside digest showed some separation (Fig. léj,

giving three peaks: I, II, III. Initial elution of this
fonated resin with 0.015M NH, OH (pE 3.20) followed by

O.BOM'NH40H (pH 9.20) gave better resolution than was
A, X » — "

-

PRI SR PR I |




Enzymatic nucleoside hydrolysate on a
Sephadex G-10 column (100 X O.8cm).
Zlutant: o

A) 0.015M NH@OH PE 9.20, pH adjusted with
formic acid, 0.5 ml/min.

B) - Distilled water, 0.5 ml/min.

C) 0.015M NE4OE pE 3.20, pH adjusted
with formic acid, 0.5 ml/min.
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Tigure 19. Enzymatic hydrolysis of labelled

DNA +to nucleotide and nucleoside
stage.

AG 50WX4 column (30 X 0.9cm)

elutedéd with 0.015M NHLOH »H 9.20,
pH adjusted) with formic acid,
0.5 ml/min.

—@—@— Nucleoside hydrolysate
—={—-O-~ Nucleotide hydrolysate



cbtained ét pH 9.20 only. The nucleotide digest showed

+three peaks, whereas the nuclecside diges®t showed fouxr

peaks: A, B, C, and D (Pig. 20). One of the peaks Jound

in

both the nucleotide znd nucleoside digest showed a

strong affinity for the columm at PH 3.20 and was not

recovered even afier prolonged elution of the colum at

+he low DHE but was readily removed upen changing the DE

to

9.20. Measuring the pE of the fractions showed that

4 -~
this peak eluted at approximately DHE 9.

. Eenceforth, for convenience, +the AG 50WXL colum

eluted at 0.013M N, OH (pE 9.20) will be referred to -as the

"AG SO0WXY4 pH 9.20 columm”. The AG 50WK% columm for which

the PH of the eluting buffer was changed from 0.013M

NH, OE (pH 3.20) o 0.30M NHyO0H (pH $.20) will be referred

gvie]

as the "AG S50WXK4 .pH 3.20-9.20 colum”.

D. Analvsis on 2 Sevhadex G-10: AG 30WX4 Mixed

Columm

A columm composed of half Sephadex G-10 gel and

half AG 50wWX4, by volume, was prepared in order to determine

the A and D peaks of the nucleoside digest on the "AG 50WK4
~

3.20-pH 9.20 columm"™ were multicomponené.since they eluted

+he exclusion volume and the "change over™ volume of

the colum. Figure 21 shows the profile obtained. The A

’

and D peaks showed broadening and lossfof symmetry suggesting

that they céntained more than one component. While +the 3

2



Figure 20.

Enzymatic hydrolysis of. labelled DNA o
nucleotide and nucleoside stage. '
AG SO0WX4 columm (30 X 0.9cm) eluted with
0.015M NH,OE PE 3.20 changed to 0.30M
NHLOH pH .20, pH adjusted with formic
acid, 0.5 ml/min.

o—© Nucleoside hydrolysate
- === -=-Nucleotide nydrolysate
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Figure 21. Enzymatic nucleoside hydrolysate on a
Sephadex G-10: AG 50WX4 mixed columm
(60 X 0.9cm) eluted with 0.015M NHyOH
PH 3.20 changed to 0.30N_NHjyO0H pH 9.20,

-

/%

PH adjusted with formic acid, O. 5 ml/min. _
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peak was obscured by the broadening of +he A pezk, the

C pezk retained its symmetrical shape; suggesting that
s

" it was 2 single component.

VII. Comparison cf the Izbelled Products in DNA Purified

by _Chromztogravhv or Ethanol Precipitation

Labelled DNA purified by precizitation with ethanol
ielded 2,800 cpm/mg DNA whereas the materizl purified by

chromatography on Sephadex G-25 method gave 5,100 cpm/mg

DNA. ‘It was rezdily zpparent from this that losses of

DNA anéd/or of bound 14

C-NF from the DRA had cccurred in <the
case of the ethanol purified DNA. This may alisc have been
the case with the Sephadex G;25 purified DNA“but the losses
were obviously not so extreme as those suffered by ethanol
purification‘p' . In order to gain more insight in+to

these losses,.the DNA purified by the *two methods was hydro-
lyzed. Conmparison o; the various profiles indicated thgt
the individual components were 211 present, t that their
relative amounts @ere significantly different in the hydroly-
sates of the labelled DNA purified by the two methods.

Examination of the rucleoside digesf on *he .

_"AG 50WX4 pH 3.20-9.20 columm” showed that, relative o

+*he DNA purified by Sephadgx G-25 chromatograprhy, the
ethanol ﬁurified material:éxperiencéd more loss of:the A
and D components than of the 8 and C components (Fig. 22).

-

4
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Figure 22. Znzymatic nucleoside hydrolysate of labelled
DNA purified by chromatography or ethanol
precipitation. ACG 50WX4 columm (30 X 0.%cm)
eluted with 0.015M NH,0E »H 3.20 changed
to 0.30M NE4O0H pH 9.20, pH adjusted with
formic acid, 0.5 ml/min.

o—9® Seontadex G-25 chromatography

— ={~=-~~- Ethanol precipitation

83"
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This suggested that the losses of lzbel Irom DNA were no%

simply due +o rendom loss of labelled DNAI -S*ﬁﬁ’ar d*"e“e.

~

izl losses were seer in *he Senhadex G-23 chroma o-*anhy

ct

of nucleotide and nucleoside hydrolysates (Fig. 23 and 2%).

——

.

Viir. 33 ndlnz of Nitrofurazone +o0 Double z2nd Singie

Strande&'QNA

There was 27% more binding cf NE To single stranded
DNA +than to double stranded DNA. However,-the Troportions
of the low molecular welight %%diolysis products showed no
significant differences. _ _ -

Soth labelled DNA'S were hyd:olyéeq +to nucleosides ‘
and the Dyc_olysaues ana_yv ed on the "AG 50WX4 pH 3.20- ﬁ\hk;
9.20 colum*” (30 X 0. 9cm) (Fig. 25). The ssDNA appearedﬂi
tc be richer in components A aha 3 but poorer in components
C and D <thanh dsDNA. Comparison of the nucleoside hydro-
lysate anzlyzed on Sephadéx G¥25 a;so showed significant
differences in the relative amounts of the va_ious com-
ponents (Fig. 26). ' The initial peaks of the_hydrolysate
of ssDNA {19 +o &ml ) were present in greéter proportions
than theose in +the dsDNA hydrolysate; ﬁhereas, the lzater
peaks of the profile (&5 to 539ml ) were smaller in the
ssDNA hydreclysate. The "Void pezk" in <the ssDNA nucle&tide
hydrolysate profile (daté not preéented here) was -markedly

larger than the "Void peaX" seen in any dsDNA nucleotide



Tigure 23. EZnzymatic hydrolysis oI labelled DNA,
purified by ethanol precipitation, to
nucleotide a2nd nucleoside stage.

Sephadex G-25 colum (100 X 0.8cm)} eluted
with distilled water, 0.5 ml/min.

o—0 Nucleoside hydrolysate
===~ ~Nucleotide hydrolysate
& '

>
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Figure 2&.

»

Dmzymatic hydro'lysis of labelled DNA,

~purified by Sephadex G-25 chromztograrhy,

to -nucleotide and nucleoside stage.
Sephadex G-25 columm (100 X 0.8cm) elut

ed
with distilled water, 0.5 ml/min.

®— @ — Nucleoside hydrolysatie
——{—-~-- Nucleotide hydrolysate
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Tigure 25.

. 90

* Enzymatic hydrolysis of labelled double
stranded and single stranded DNA to nucleo-
side stage. .
AG SO0WX4 columm (30 X 0.9cm) eluted with
0.015M NHYOE pHE "3.20 changed to 0.30M NHLO0H

PH 9.20, DH adjusted with fermic acid,
0.5 ml/min.

—@ —@ — Double stranded DNA

~=—-O=— Single stranded DNA
. - A ) '
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Pigure 26.

92

Enzymatic hydrolysis of labelled double and single
+randed DNA to nucleoside stage. Sephadex

G-25 colum (100 X 0.8cm) eluted with

distilled water, 0.5 mi/min..

—@ — @ — Doudble stranded DNA
—-=--C~ - Single Stranded DNA
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hydérolysates.
The binding of NF to RNA was a2lso examined. =RNA -
bound 35% less NP than dsDNA, but the amounts of the

low molecular weight radiolysis products were significantly

increased such thet more NF was desiroyed than in the case

© of 4sDNA at the same

se_of Krad. ‘}

!

“IX.\ Separation of Nitrof

razone Derivatives from Normal
§hcleosides

/

»

In order <o remove the normal nucleoslides from the

NF devlvatlves the "AG 50WX4 pHE 9.20 colum” was chosen. _

This columm demonstrated the best separatidn of labelled

components from normal nucleosides EFig. 19). A larger -

column was used to achieve this, 90 X 1.5cﬁ.(Fig. 27). |

The labelled NF derivafives came out early on this col .

The profile showed 2 mﬁltidomponent'peak'(z) which eluted

first, followed b& 2 pair of peaks (II and ITI). No

radicactivity was ’ound after lZOm_ (% o'SOOml). The

elu tion D’Oﬂlle followed +that seen on the sﬁaller colum,

30 X 0. Sem (Fig. 19). On this large column onl thymidine
_-posed 2 prodlem as it chromatographed with peak II. However,
. hE

by changing the pE of the eluting buffer H 8. 90 Ifrom

TH .20 thé ch:omatogfanhic' mobility of *hymldlne was

altered, but the chromatographic mobllltles of peak 11V

III remained unchanged, so that,Apeaks ¢I and III, as weli“
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-

" Enzymatic hydrolysis of iabelled DNA to

nucleoside stage. AG 50WX4 column

(90 X 1l.5cm) eluted with 0.015M NELOH

PE 9.20/8.9 (column eluted at pH 9.20

or 8.9 with no change inmobility of peaks
I, II, and 1II), pHE adjusted with fo
formic zeid, 0.17 ml/min.  ° .

Ca el sadindd |
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as peak I eluted before thymidine (Fig. 27).

The multicompenent neak T was associated with '
absofbance 2+ 260nm which followed the radicaciivity
profile (Fig. 28-A). The radiocactivily and UV profiles
showed evidence for at least fS}r components. Thé?\max

of ezch fractlon was det e*m;ned .and this gave evidence of

-

Four to Tive components matching the posi'l ons suggested
by absorbance at 260nm and the radloactivity rrofiles

Tig. 28-B). The rﬁtio of com to absorbance 260nm units
zlso provided evidence for five-comppnents (Fig. 28-C).
Thus, four-crit&;i provided support for at least.five'
components in this multicomponent peak I.

Obviously the chromatograohlc procedures so far

described do nowT have adeguate resolving power. A search

<o better methods was made. The most successiul ol these

- - -~
is described below.

X. Mnalvsis on Sevphadex DEAE A-25

Chromatograrvhy of a nucleoside digest cn-a Sephadex
DEAE A-25 colurm (60 X 0.9cm) using a2 linear concentration -
gradient of 0.01M to 0.60M ammonium bicarbonate (PE §.00) -
provided clear evidence for at least 10 components (Fig. 29).
In separate experiments it was discovered that normal

nucleosides thymidine, deoxyadenosine, and deoxycytidine

were eluted early and without need of a concentration gradient.

g

RGN |

arwe



Figure 28.

Peak T of "AG 50WX4 pE 9.20/8.9 colum”
(90 X 1.5cm)

A) @D 260nm and cpm

-.B)” N max

~C) Ratio of cpm to 0D 260nn
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Pigure 29.

Enzymatic hydrolysis of labelled DNA to
nucleoside stage. Sephadex DEAE A-25
colum (60 X 0.9cm) eluted with 0.01M to
0.60M ammonium bicarbonate pH 8.00 gradient,
0.17 ml/min. '

1oo
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"This was also trueé of peak #2 (the largest peak) of the o
radicactivity profile. All other componentis were retained

£

onn the columm ugtlil the gradient was initiated.
o . .

XI. gipdinz Studies with Deoxyribohomovolvmers

-As.noted above, the.gephadex DEAE A-25 colum gave‘
the beét resolution of nucleoside hy§roiysate rroducts and
revezled 2 complex mixture of NF derivatives. ZExperiments
with deocxyribchomopolymers were therefore undertaken o
determine thé-origin of the various components seen with
this column. Table 1 shows the extent to which the four
éeoxyribohomopolymers bound NT¥. Poly-4T gave seven times
more binding than ssDNA, poly-dC: 1.5 times, poly-dh: equi-
valent, and poly-dG: only 0.5 times as much. With poly-dT,
+he equivalent of onelNF molecule was bound for every 224 ¢
nucleosides at the dose of 34.3 Krad. |

The lazbelled deoxyribohomopolymers were digested
+0 nucleosides and applied to the DEAE A-25 column. The ‘
positions to which the major derivatives of each deoxy-
ribohomopolymer eluted are indicated bty afrows on Figure 30.
Thus, the origin of most of +the cézponents derived from
NF treated DNA were determined. Of interest 1s the fact
that the peaks #2 and #3 were formed with all the deoxy-
ribohomopolymers. Components #1 and #+ could not be

unambiguiously assigned.
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3

. [ T . —
Table 1. Radiation in&uced binding of Nitrofurazone
+to deocxyribohomopolymers (Ns™=Nucleocside).

1.68 g/ml N7, 34.3 Xrads in distilled water——

- -} nmoles NF moles Ns/ | meles NZ/
. crm/me botnd/ g moles NT | 1000 moles
' Ns
poly &T 171,131 13.89 224 £,10
voly &C 23,750 2.97 . 1,101 0.681
poly dA 18,667 2.08 1,457 ' 0.65
poly 4G 7,709 0.96 ™\ 3,010 0.33
ss DNA 16,1%k2 2.02 1,538 0.68
_ 3

.



Figure 30.

-~

Assignment of the origin of compounds, in
an enzymatic nucleoside hydrolysis of
labelled DNA, on the Sephadex DEAZ A-25
colum (60 X 0.9cm). This is a replot of

Fig. 29..
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XII. Re-chromatographv - | L oL

In order to compare <he. various components in the
. ' . R
nucleoside hydrolysate separated on different columns some

of the peaks were re-chromatographed. _ _ .

\\-. "AG 30WXL4 pH 9.20 Columm™ Peak I on "AG SOWX4
' pE 3.20-9.20 Columm"™ ‘

Peak I of the "AG S0WXY4 DH 9.20 column” (Fig. 27)
was reapplied $o an "AG S0WX4 pH 3.20-9.20 coium” (?1g..31).

This multicomponent pezak se?arated to give the A a2nd D pezks.

B. "AG SOWX4 DE 9.20 Column®™ Peak I on Sevhadex
- DEAY A-29 Colum

Application of the mul<icomponent péak I (Figs. 27

and 28) to a Sephadex DEAE A-25 columa (60 X 0.9cm) gave
a radicactivity profile matchlng a nucleos;de hydrolysaue
of labelled DNA except that it lacked peaks #2 and #3 (the
+two major peaks) which were.common to all four‘deoxyribége
{}:
. 7 . .
C. "AG SOWX4 pH 9.20 CoXumm" Peak IT on Sevhadex

DEAE A-25 Column : .

homopolymers (Fig. 32).

Appllcatlon of the beak II of Flgu*e 27 to the
Sephadex DEAE A-25 column (&0 X 0.%cm) showed that it was
the peak #2 and major peak of a nucleoside hydrolysate of

¢



. 107



iy

Figure 31.

| -vh : ~ | E . -- - 108 ‘

Rechromatography of "AG sowiu TH 9.20 column”
peak ‘I on "AG SOWX4 pH 3.20 to 9.20 colum”

(90 X 1.5cm).
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Figure 32.

i

Rechromatography of "AG S50WX4 pH 9.20 columm”
peaks I and II on Sephadex DEAE A-25 column
(60 X 0.9cm) eluted with 0.01M o O.60M

110

ammonium bicarbonate pE 8.00 gradient, 0.10ml/min.

® ® Peak I

-=Q==0—— Peax II
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DISCUSSION

. Purification of Nitrofurazcne (NF) Bound DNA

In order to separate the labelled DNA from the low
molecular weight radiolysis products aﬂd +he undestroyed
NF,chromafography'pn Sephadex colum%§, precipitation by
ethanol and dialysis were eﬁployed. A1l these appr9aches
served to remove the unwanted contaminants, but dialysis )
pfoveé to be the most efficient method. With dialysis,
the totzl time required for removal of low molecular
weight contaminants was reduced, there was less loss of
iabelled DNA, and larger amounts of labell%d DNA could be
purified than by chromatogrﬁphy on Séphadex columns.
However, chromatogréphy on Sephadex G-25 and G-50 provided
excellent methods fqr-gssessing the extent of NF binding
+o DNA. Recovery of iabeiléd DNA from ethanol precipitation
was ﬁoor. This .was not'simply due *o loss of labelled-

DNA, but.to differentiazl losses of the NF derivatives
bound to the DNA. .

. Studies have shown that NF will bind_t? protein
and whole cells as well as to nucleic acids (26). However,
+he observation that the label bound to DNA was.not

extractable by phenol or chloroform isoamyl alcohol provided

evidence that the binding was not due to contaminating protein in

/
112
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the DNA employed. The enzymatic hydrolysis of +he ‘labelled
DNA to the nﬁcleotide and nuclecside levels altered the
chrcﬁétographic mobilities of the labelied material a%
each stage of hydrolysis;thus, providing fuftﬁer evidence
thet binﬁing <o protein was neot involved (Fig. 16).

_The dialysis of the labelled DNA against 5M NaCl
caused no leoss of l;bel indicating that the bind;ﬁg of
NF¥ to DNA was unlikely to be due to ionic interactions.
The precipitation with ethanol znd extraction with phenol_
and chloroform suggested that non-covalent hydrophobic
interactions of NF or NF radiolysis ?Qd&ucts <o DNA did £

not occur.

Radiation-_ndﬁced Binding of N¥ +toc DNA

As outlined in the Introduction, NF binding <o

.DNA is related to the production of secondary radicals on

_the DNA produced by ionizing radiation. Primary radicals

(solvated electrons, HE* and HO*) can react with DNA, NF

and <he constituents of the medium producing secondary

radicals. 3Both reactions of secondary radicals on DNA

with NF and rezactions of NF secohdary radicals with DNA
could produce NF adducts to DNA. However, <the former‘ .
results in most of the. binding (27). :

A compariscn of the radiclysis products obtained-

using different media made it apparent that the nature of



C1l4

the low molecular weight radiolysis products were deter-
mined by the'ﬁedié used (Fig. 9). This suggests thaf some
of the radiolysis products seen could be solute adducts of
NF. The reaction rates of various biomolecules with primary
radidals.a;e kndwnf(ll).' In studies examining the rate-
of fadiolysis of NF in the presence of these biomolecules, .
it‘is evideﬁt;thgt +the £adiolysis of NF is greatest in.
the presence of Eioﬁoiecules which react fast-with primary
radicéis. ﬁere too, the secondafy‘radicals prodﬁced by
HO® are responsible for the bulk of the radiolysis of NF
(27). Thué,the reactivity of the media constituents with
primary radicals, particularly HO®; might affect the overall
binding of NF to DNA via competetive reéctions with the
available NF. ’

In the presence ef oxygen, very little, .if .amy,

binding of NF to DNA occurred. 0Oxygen, being more electron’

2ffinic, competes wvery efficiently with NF for. secondary

radical sites in DNA. This-hag the effect of protecting.'i
N7 from the secondary radicals in DNA and thus decreasing
N¥ destruction. Also, oxygen could quench any NF radical
formed with the conversion of oxygen to superoxide (19),
which could also decrease NT destruction;

The observation that increasing concentrations of
NF did not gnhance the labelling of DNA nor the appearance
of NF radiolysis products is consistant with the proposal

that the secondary radiczls on DNA are largely responsible
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-for adduct formation. If the NF binding to DNA‘occurred
via NF radicals then one would expect an increase in NF
concentration to produce more NF radicals which would
enhance binding-to DNA and NF destruction. .'However,

- the same amount of N? was destroyed and bound +to DNA
regardless of the concentratlcn of NF used (Fig. 13 and 15).
If the secondary rad;cals on DNA are respons;ble for the
binding of NF¥ +to DNA, an increase in DNA concenﬁration\
should increase the nﬁmber ofnijspﬁﬁg;y”radical sites L‘“\
produced by ionizing radiaticns’ Thus, one would expect iﬁ
increased NF binding +to DNA and ;adiqusis of NF. fhis

is precisely what was observed (Fig. 14). The rate of
binding of NF to DNA was fiz?t order with respect to the
concentration of DNA. Hence, the rate of production of

segondary radicals in DNA was likely also first order.

with respect to the concentration of DNA at any given

" dose of radiation. _ : \i’ﬁw

' Binding of NF to Double Stranded DNA Relative to Single

Stranded DNA

Studies examining the binding of nitrofurans,
"activated” via enzymatic rgductidn; to DNA héve shown
that there is greater binding to single stranded DNA (ssDNA)
than to double stranded DNA (dsDNA) (144). Examination of

‘radiation-induced binding of NF to DNA gave the same results.
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This enhsnced binding could be due to two nossmbllltles

" ssDNA might offer more 51tes ‘for secondary radical formatlon

on DNA znd hence more sites for NF adduct formation, or,
the less strpctured.ssDNA could allow a Ireer access to”the
secondary radicals on DNA some of which have been in a
sterically hindered area in dsDNA and +thus would have '
been protected from NF attack. Ward and Kuo (143),
a comnarlson o;ﬁ;adlatlon damage of double and single
stranded DNA&, suggest that bases in intact double stranded
DNA are sheltered from radical attack by virtue of being
in the centér_of the double helix. ~
Examination of the nucleoside hydrol&satgs of
ssDNA aﬁd dsDNA showed very different distribufions of

the NF derivatives formed, some components being prodﬁced

in greater amounts in dsDNA, while others” were produced

in greater amounts in ssDNA. This suggests that 1t was

not just a matter of more secdndary radicals bgng prdduced.
but rather due to production‘of different secondary radicals
or different reactivities of the secondary radicals
produced in the two situations.

Q

Nature and Separation of NF Derivatives

of thg variﬁﬁgﬂcolumns examined in search of
efficient separation .of NF derivatives in the nucleoside

hydrolysate, the Sephadex DEAE A-25 and AG S50WX4 columns



weré most successful. Combination of chrbmatography on
the AG 50WX4 pH 8.9 column and the Sephadéx DEAE column
will provide an efficient means of separating the various
NF derivatives. in nucleoside hydrolysates of thé iabelle&
DNA. Results of these columms also provided preliminary
information with respect to the nature of these NF
derivatives. | ‘

Peak I on the "AG 50WX4 pE 9.20 columm" was
2 multicomponent ﬁeak (Fig. 28). It showed evidence for
at least five components. Howeve}, upon reapplication
of this peak +o the Sephadex DEAE A-25 colﬁmn it became
epparent that if contained many'mgre +han five components.
Figure 32 provides evidence for z minimum of nine separate
components. Peak I was alse assoclated with UV absorbing
méterial, with Amax's in the region of 2?§:to 253nm
suggesting that it could contain NF-nucleoside~deri%atives.
If such is the case, these modified nucleosides show
distinct differences from normal nucleosides. On the
"AG SOWXQ pH 9.20 column” peak I eluted at close +to the
foid volume of <the co&*mn suggesting that these components
had no affinity for the resin of the column. They eluted
much sooner than normal nucleosides. On the Sephadex DEAE-
A-25 column normal nuclecosides eluted ahead of the peak I
NF derivatives. In this column they were retained and
- released after a concgntration gradient was applied. The
onl& exception waé a minor peak which eluted at 3%ml (Fig.

32). These observations made with two oppositely charged
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colums sugggsted that the peak I components are more
acidic in natuie than the normal nﬁcleosides, possessing

a net negative charge at pH 8-9.
| When peak I of the "AG S0WXL pH 9.20 column" was
feapplied to the "AG SOWX4 pH 3.20 to 9.20 columm™ the
components in peak I separated into two groups represented
by peak; A and D of 2z nucleoside hydrolysate on the "AG
SO0WX4 pH 3.20 to 9.20 columm®. This obsérvation supports
the suggestion made in Results Sections VI-D that the

peéks A and D were multicompanent. Alse, this indicates
that at pH 3.20 approximately half the NF derivafives of
peak I were negatively charged and thus not retarded

by the coluﬁn. whereas, the other half were retained and
not eluted until the buffer was changed.to pE 9.20. This
suggests that the NF derivatives in peak D of the "AG S0WX4
pE 3.20 to 9.20 columm" were positively charged at ; 3.20 .
but became negatively charged or neutrzl at pH 9.20. .
When peak II of the "AG 50WX4 pH 9.20 column* i
was re-chromatographed on the Seghadex DZEAE A-25 column,
it eluted exclﬁsively in the position of the largest peak:
42 of a nucleoside hydrolySate on the Sephadex DEAE A-25
colum (Fig. 32). This suggests strongly that this material
represents a single compound since on the two oppositely
charged columhs, "AG S50WXY4 pH 9.20 colum™ and Sephadex
DEAE $25 column, it eluted zs 2 single symmet*‘:.ca.‘l. peak.

Also, this compound did not appear +o undergo any ilonic



119

interaction with either column which suggests that at
vq“8—9 it is neutral | |

It became evident that peaks B and C on the
"AC SOWX4 pH 3.20 to 9.20 column"™ may be the same as the
. peaks II and ITI on the "AG S0WX4 PH 3.20 to 9.20 column”.
From 2 consideration of the proportion of the radiocactivity
under +these peaks, peak'B is‘equivalent to peak iII anad
and peak C is equivalent to peak II. Also, on the basils
of the ratio of radiocactivity under peaks II and III,
the pezk #3 on +the Sephadex DEAE A-25 columm is equivalent

+o peak IIT. _Tablq 2 and Figure 33 summarize these conclusions.

An additional word regarding peak IIT ié +that it
appears o be somewhat similar in nature to peék IT.
Observations from the three previously mentloned colums
suggest that these peaks represenffﬁ’égle components
present in relat tively large amounts which are apparently
neutral at both pH 3.20 and pH 9.20. However, at pE 8.00
on the Sephadex DEAE A-25 columm peak #3 (peak III) appeared
to be somewhat negatively charged as it was retained by
the gel but eluted first on the ccncentrat;dn gradient.

Corroboration of the acidic nature of peak I of
the "AG 50WX4 pH 9.20 columm”™ can be seen on the Sephadex
G-25 and G-10 columns to which nucleoside hydrolysates
were épplied. Sephadex gels have a slight cationic
exchanger cparacter due to a low content of carboxylib

groups (148). Also, with the lower G value gels (G-10,

R\ T

e
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Table 2. Peak relationship between Sephadex DEAE A-25
. and AG 50WX4 columns of nucleoside hydrolysates.

AC 5owx4 DH c AG 50WX4 DEAE A-
3.20 to 9.20 PE 9.20 A-25
AL

' qa;* Bemainder:
Third
Second

Remainder

HH
'H-

Yawie

H

Figure 33. Correlation of the peaks of various
chromatograms. X represents a group of
Ns-NP adducts, whereas Y and Z are likely
single compounds. '
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G-15, and G-25) édsofption‘bf aromatic and heterocyclic
comfounds occurs (&41). In this fespecf nucleosides and
bases are adsorbed on the column,-eluting later than the
bedAvolume of the colum. However, nuclectides elute
much earlier. The NF derivatives elute ahead of most .

' normal nucleosides on the Sephadex €-25 and

suggesting that they are more apidic. Thus,“the NF

derivatives found in nucleoside hydrolysates appe
generzl, to be more acidic and less hydrophobic

normal nucleosides.

Binding Studies With Deoxvribohomopolvmers

Analysis of the itreated deoxyribohomopolymers
demonstrated that the pyrimidine homopolymers were-more
susceﬁtable to attack by NF resulting in adduct forma-.
tion than weré the purine homopolymers. This implies
that secondary radicals on pyrimidines were more reactive
towards NF ory élternatively, were present in’greater
amounts t secondary raaicals on pufines. This agrees
with the Mnown rates of destruction of pyrimidines and
pufines by ionizing radiation (57, 121). Among the
pyrimidines, thymine derivatives show significantly grgatér
destruction by ionizing radiation than do cytidine deri-
vatives (57). The NF binding to DNA agreed with this
also, poly-dT bound 4.3 times more NF than poly-dC

U
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(fable 1). The order of binding of NF %o the deoxy-
ribohomopolymers was: thymine, cytidine, adenine and
guanine. Thls is in gene*al agreement with the order of

-

susceptability o destruction by ionizing rad:.a'tlon (57,

121).°
. The radicactivity profiles of the nucleoside

hydrélysates of the deoxyribohomopclymers on Sephadex
DEAE A-25 column showed a number of major and minor peaks.
It is g;pected that a great variety dfGNF derivatives would
result from even z single _debxyribohomopolymerS, consi-
deriﬁg +he number of possible seécndary radicals that i
could be formed. However, in each nucleoside hydrolysate
of the dedxyriboﬁomopolymers there were present major
components which ccfrespénded to the peaks seen in a’
nuecleoside hydrolysate of treated ssDNA. Poly-dT showed
five major peaks, poly-dC exhibited four, poly—di and ﬁ?
poly-dG showed three each. Each of the deoxyribochomo-—
polymers shared two common peaks, these being peak #2 and
#3 of the nucleoside hydrol ysate of trea%ed ssDNA on the
Sephadex DEAE A-25 columm. In both the ssDNA and deoxy-
ribohomopolymers - nucleoside hydrolysat? they were
‘the largest peéks. '

from a consideration of the various secondary
ra@ical sites in DNA by ionizing radiation somé tentative
pfedicticns concerning the-sites of NF adducts can be

attempted. The rates for the reactions of sclvated
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electrons, H*, H0* with nuclelc acid constituents have been
extensively measured and 2l1l are close to diffusiom
controlled. For so;va ted electrons the rate constants
are in the ~znge of 0.5 4o 2 X 10 (&6, 122, 124}, for
Z+ 1 to 5 108 (95, 122) ama fox HO- 2 to 8 X 109 M+ sec 1
(46, 122). mhese Treaction rates represent +he mean rates
fer formaficn*of 2li the varlious seccndary radicals
produced in DNA. Seccndary radicals- p*oduced by solvated
e“eg;rcﬂs\are not belleved <o give rise to N? adducts (27).
this rgspect +the numbe: ¢f secondary radicals produced
by‘EO' ari, in general.'an order of magnitude higher than
_the number produced by':'. Thﬁs,we would expect a pre-
dominence of secondary radicals produced by HO* and
thegefore 2 predominence of NT éﬁducts <o secondary radi-
cals produced by HO-. fhis assumes that Nrf reacts at
similzr rates with 211 seécndary radicals.

The sites of zttachment of NF adducts in pyrimi-
diﬁes-can'be readily zredicted. Secondar§ racgicals zre
most commen on the Cg5-Cg band (69, 72, 98, 100, 113, 114,
126). Those produced by HO° appear-toibe.in predominance.
The EO+ were found <o add mainly <o <the C5 position anhd
+o 2 lesser ext 5t the Cg position of pyrimidines (1314).
Radical addltlonwto the position would introduce <the
*ad;cal site at the 06 position. Thus, in the case of
<hymidine and eyt e, .2 "3S-hydroxy, 6-pyrimidine adduct"

. could be expected in major amounts.



- Since the éxaminaticn of purine secondary radi-
cals ig not as advanced as pyrimidines, no easy predic-
tions as to the major NF adducts can be made. But NF
add%cts can’bé made. These ‘adducts could occur on all _
secondary radiéal sites on purines elaborgted in the
Introduction. | '

The nature of the addu;t formed with NF is
another matter. Presumably the adduct linkage is_some
type of reduced nitro moiety.\“Alternatively, the DNA
secondary radicals could adé to the carbon bearing the
nitro-goiety in NF resulting in loss of the nitro mojety .
as nitrous -acid (HNO,). This type of reaction does occur
with HO+ addition to nitrofurans (52, 353).

Analysis of the nucleoside hydrolysates of the
deoxyribohomopolymers showed the two largest pg?ks,
peaks #2 and #3 of the nucleoside hydrolysate of ssDNA
on the Sephadex DEAE A-25 columm, to be common to all
four ﬁomopolymgrs. Iﬁ light of the existence of secon-
dar& radicals on phosphate and deoxyribose moieties‘it is
possible these peaks represent phosphate or deoxyribose
adducts with NTF.

- The repor?_thqéhbases are released from-DNA after
exposure o ionizing radiation (57, 136, 1l43) suggests
that NF might attack the deoxyribose moiety vacated by
the base. Additional evidence shows that thymine and

uracil bearing radical sites on the Ny position are

| \ 124



125

released from their corresponding nucleotides (72, 113)
indicates rgdical cleavage of the N-glycosidic bond. Such
a_dleavagé could leave a deox&ribose qadical at the_Cl-
pésition which might in turn react with NF. K abstraction
from the Cqs positions has also been suggested, and would-
produce a radical in proximity to the N—glycosidié bond
(59). If this is a case éf cleavage of the N-glycosidic
bond followed-by NF adduct formation, it would produce a
‘common derivative regardless of the original base. Hence,
2 I-deoxyribose adduct is a possibility. Alternativeljh
thére could be a number ,of other deoxyribose-NF adducts
with or without an attached base. Also NF adducts attached
to fragments of the deoxyribose molety could exist. In
short, as with NF base adducts, a great variety of com-
-poﬁnds are theoretically possible.
Recent evidence for phosphate centered radicalé

support the idea of NF-phosphate adducts (17, 20, 7%, 79,
108, 128, 130). However, the common derivatives seen. on
the DEAZ A-25 column do not appear to be appreciably
acidic as would .be eﬁpected of a phosphate derivative.
However, a NF-phosvhate adduct might have a sufficiently
different pKa so zas.to behave guite differently from

ordinary Phosphate esters. One struéture.éf this nature

could be:
e

I :
X —0—P=0—X

O-NF
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wﬁere X and X' are nucleosides; »In this case, the acidic
nature of the phosphate is masked and the NF adduct might
prevent enzymatic hydro;ysislof +he phosphate-sugar

bond. However, there are sixteen possible triester deri-
vatives and due to the chargeé on the bases of the'ﬁucleQ-

side moieties they should be 'easily separable on the ion

exchange columms. NF—phosphate—deoxyriboée adducts having

an intact or fragmented deoxyribose moiety are also possible.



CONCTLUSIONS AND FROSTECTS

It is apparent that a great number of NF adducts
are'forméd when NF 1s irradizted with DN2&. 'However, from
the deta in this thesis it is clear +that = few of‘thgse
appear in substantial amounts. The "AG SOWX# oE 3.20 o
$.20 colum" provides a good clean prelimina»y separation
of the NI derivatives ﬁfom normal nucleosides and allows
an easy separation of the two major NF derivatives, peaks
3 and C. Also; it provides a preliminary separation of
the rest of the NF derivatives into two groups, peaks:A
and D. Re-chromatogrzphy of fhese meiticomponent pezks
on the Sephadex DEAE A-25 colwrm zllows a2 more complete
separation of the remaining NF derivetives. These two
columns together ﬁrovide 2 convenient means of separating
of +he NF derivetives (Fig. 34).

The two major derivatlves, which are common to all
+he decxyribohomopolymers, zppear to hold +the best promise
for futurg_identification. Their ¢ommon nature suggests

they may be phosphate or sugar derivatives. Experiments

could be scaled up to provide the greater amounts of-these
derivatives which would be necessary for their charac-

- terizaticn. Using phosphate radiolabelled DNA +the possibi-
1ity that some oflthejde:ivatives contain phosphorous as
well as ¥C from NF co%}d be examined. |

\\ 127
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DNA . + NF
¥ -Radiation

low molecular
. - DNA-NF adducts + NF + weight radiolysis
© products

Dialysis
DNA-NF adducts

1) DNAase
2) Phosphodiesterase
3) Alkaline Phosphatase

Ns + Ns-NF zadducts

AGS50WX4 column

Ns-NF adducts
AGSOUWXL4  colum \\\\\\\\\\A -25 column

Figure 34%. Procedure for the binding of NF to DNA,
- purification and hydrolysis of labelled
DNA, a2nd isolation of the Ns-NF adducts.
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Pur'ther charac'ter:l.za'tn.on of the peak I compcnen'ts
from the "AG 50WX4 pH 9.20 column. is possible.. These
NF derivatives demonstra:ted U.V absorp‘tn.on. Better sepa-
ration of these on the Sephadex DEAE A-25 column, used
in conjunction with the "AG SOWKL PH 3.20 to §.20 colimm",
could be accomplished using less steep g,radien"ts, lon_ger

columns or alterations in the pH of the eluting buffer. /



APFENDIX

Correlation of Sephadex G-25 and "AG S0WX4 pH 3.20 to 9.20

. ) Colums"

Comparisqn of Sephadex G-25 ‘columm profiles of
labelled nucleotideland nucleoside hydrolysates with -
-“AG 50WX4 DPH 3.20 to 9.20 column” profiles for the same
nucleos;de hydrolysate allow some correlations to be made
between the amount of radicactivity ;n-peaks of the_
gifferent colums' peaks. The difficulties with this
approach are that the peaks A and D of the "AG 50WX 4
PHE 3.20 ‘o 9.20 column” are muiti;omponent and resolution
‘on the Sephadex G-25 colums was rather poor. Nevertheless,
some generalizations are possible based on peak heights
in the various profiles (Figs. 16,  22-26). For comparisons,
the Sepﬁadex G-25 columm nucleotide hydrolysate profile
was divided into two'parts: 1) Void peak, 18<36mls eluted;
and 2) Latter peak,-37-56ml eluted. The Sephadex G-25
- column nucleoside hydrolysate profile was divided into
three parts: 1) First peaks, 19-43ml eluted: 2) Middle
peak, 44-L48ml' eluted; 3) Last peaks, 49-60ml. eluted.
The "AG 50WX4 pE 3.20 to 9.20 colum” nucleoside hydrolysate
profile was divided into peaks 4, 3B, C, and D. Table 3

summarizes the correlations. Consistant agreement was

- 130
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seen between the various sets of column profilés (Figs. 16,

22-26).

-Table 3: Peak Correlations Between Sephadex G-25 and
"AG 50WK4 pH 3.20 to 9.20 Columns* |

"AG SOWKS DH 3.20 to . Sephadex G-25 | Sephadex G-25
pH 3.20 Column" Nuc- Nucleoside . Nucleotide
leoside HydTolysate Hydrolysate Hydrolysate
A First feaks Void pezk
B Middle peak - Latter peak
c Middle peak | Both -i
D Last peaks f/’—F' Both ’

,f\»_<>
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