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- ABSTRACT

| Nitrofurazone tNF) altefs‘the-radiafion chemistry

of nucleic acids in hypoxicoaqueous solution. (4c.nF), °
- labelled in the semicarbazone moiety, was found'fo bind in a
‘stable; covalent manner to DNA, maiimum binding occurring
' uoder hypoxic conditions. The nuclease plus alkaline phosphé—
tase hydrolysate of the products formed with L4G-NF and. DNA,
_f—RNA, ooly C, and pol& U were analysed on a cation exchaﬁge
column (AG 5OWX4) and on an anion-exchange column (Sephadex
DEAE A25). The moblll'tles of the adducts on these columns
suggésted that they are neutral and acidic compounds. _
1 Analy81s of the nucle031de digest of (140 -NF )-poly U cdducts
on DEAE anion exchange paper (W1th and without borate)
indicated that these products lack an 1ntact ribose m01ety
Analy31s of the nucle031ﬂe and nucleotlde dlgests of (140—NF)
poly U adducts by paper chromatography 1nd1cated nucleotlde-
like produots(accordlﬁg.to its chromatographlc behav;Our),
and acidic pfodﬁcts which appearedlto bé‘differenf from
bases, nucleosides or nucleotides. S;milar analysis of uracil,
_uridine. and 5'UMP'after expoéure to!krays in the presence
of 140—NF,suggested nucleotlde—llke products w1th the NF
molecule bound to the ura01l base.

R Experiments with (3H-Me)thymidine;DNA acd (3H—Me):
‘thymidine showed the existance of thymine-dcrixatives'or
break-down products which did not contain.fadioactivity
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from the 1%c_NF. Paper chromatograpy ofj(z—luc)uracil o
radiolysis_products formed with and without NF‘showed'§;T;;\\
enhance the yield of a compquﬁd tentafively identified as
uracil glycol. It is concluded tngﬁ hydrolysates of the |
| prbducts formed wheﬁ 1QC—NF reaqts with irradiafed poly-
. nuéiédﬁides consist of é,large number of compounds which
contain 14¢ and are therefore likely to be adducts. These
/ can readily be separated from.the nﬁrmal nucleosides which
are also present but not from radiolysis products. Thus the
analytical. problem of iéoiating pure adduct remains a
‘fofmidable one. ’ ’ .
The ability;of NF to increase single—étrand:brgak

(SSB) production in Tlipradiated ADNA was demonétrated'and ’
compared to,Nf binding to ADNA. Vélues of 0.64-1.08 were

found for the ratio of SSB / NF molecule bound.
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- many radlotherapy technlques are aimed at 1ncreasxng the :

INTRODUCTION

Hypoxic dell Radioseﬂ%itizers in Radiotherapy

Cancer therapy is a mﬁltidisciplinary problem which
rincludes radiotherapy as one of the major modes of treatment.
Although radiothérapy is of little ﬁelp in controllingwwide;
ly disseminated disease, it can be used for curlng locallzed
ne0plasms and eradicating mloroscoplc metastases. However, -
-the success of‘radlotherapy may be limited by extremeiy |
radiorééistant ﬂeoﬁlasgs or by arfuﬁour invading a vefy.radio-
sensitive normal tissue. In such éases‘it_is'impossible to
deliver a curative dose'of radiajion to the.tumour without

causing unacceptable damage to normal tissue. Therefore,

vulnerablllty dlfference between tumour and normal tlssue.
| The advent of dose fractlonatlon and the great
advances made in the potentiation of radiation beams héve
‘greatly-imprgved.radiotherapy. However, the.radiqresistgnce
of a tumour may still.prove to be a problem. Though the |
different radiosensitivities of tumoursvmainly'depeﬁd on the
. \radiosensitivities of their pelis of origiﬁ, many oth%p

factors come into play. Finding ways of'sensitizihg irra-

diated tissues has therefore become an important part of

1
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radiotherapy research (1,2).

| The most potent modifier of radiation response
known is the degree of oxygenation of the tissue at the time'
of irradiation. In fact, cells in a solid‘tumoué are inacti-
vated By7iosizing radiation according to a multi-component
susvival curve which is related to the variation in oxXy-
gen concentretion within the tumeur (3). Cells‘irradiafed'
under well-oxygenated conditions are abeut three times more
" sensitive than hypoxic cells (see Fig. 1). Such hypoxic cells
rarely exist inawell-organized normal)tissues because the
vascular System-is weil enough‘developed‘to supply all eells
‘with ample amouﬁts of oxygen (in facf,-more than is ﬁeeded
rfor sensitization) However, in tumours the rate of pro-
duction of tumour cells may exceed the maximum rate of pro-
duction of new blood vessels. The tumour cells push the ca—'
plllarles apart, and 1ntercaplllary dlstances become teo
great for malntenance of an adequate supply of nutrients.
Necrosis begins to develop about 150 mlcrons from the
caplllarles. and as the tumour £roWs s0 does. the anox1c
center. Even very small tumours may contain hypoxic cells
and the presence of even a small proPortlon o? hypoxlc
cells dramstically?increases.the radiation dose needed to
cere tumours (2,4). Therefore, the presence of hypoxic.
cells in tumours greatly 1imits—the success of radiotﬁerapy
treatments, and,the.search'has been on for years on how to:

. o . =
overcome this problem. ~ . %,
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The use of dose fractienation has itself reduced

part of the hypoxia problem because re- oxygenatlon may

oceur beEGEEnhﬁreatments since there remains less,oxygen-
consuming cells.'However, patterns of re:qugenation in
experimental anlmals vary within the tumour line, and w1th
the dose and condltlons of 1rrad1atlon so that optimum

timing of subsequent doses of radlatlon is complex and
crltlcal More 1mportantly, in some cases (i.e. for rapldly
grow1ng sarcomas and other slowly shrlnklng tumours) re-oxygen-
aﬁlon is yery slow and hypoxic cells continue to be a- problem
even during fraetienal therapy. In overconing this hypoxia .
problem several‘different approaches are eurfently in study:
1) Hyperbaric oxygen is used in the hope of increeeing

oxygen concentration at the tumour site (an unsuccessful
eppfbaeheto‘date): 2) With densely ionizing ra&iation (fast
ﬁneutfons and .pi mesons) it is found that the presence of
enoxic cells is not so critical since they brovide lower
oxygen enhancement ratios (an expen31ve and 1mpractlcal
aproach); 3) Chemlcal radiosensitizers are used to sen31tlze
hypoxic cells (1,2) The thlrd approach seems- the most prom-
ising at present and includes many different classes of .
chemicals. By.fae the-largest and most important gFoup of |
-chemieal‘radiosensitizers is that of the "electronFaffinie‘
radlosen31t1zers" whlch are part of a group of oxygen mimics.
They are so named beeause their effectiveness as radiosen-

eltlzers appears to be related directly to their electron

4
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affiﬁitieé—(S,G). Radiosensitizers function by diffusing oﬁt
of thé tumour blood supply to be absorbed by and sensitize
distaﬁt hypoxic cells. They mimic the sensitizing effect of
oXygen oﬁly in hypoxia and so do not increase the radiation
response owaellQOxygenatgd éelis in the normal tissue irré—
diated dﬁring therapy. QOne are more éfficienf tﬁan oxygen,
but unlike .oxygen some of them have long metabolic lifetimes
in v1vo thus providing enough time for their dlffusmon from
the tumour blogd supply to the dlstant hypoxlc cells.
Therefore,ralthough they are less efficient than oxygen,
they are more effective, making them promising as potential
oxygen substitutes (1). | | |

The nitrobenzene derlvatlve, paranltroacetophenone
" (PNAP) (I) was the ‘fPirst real electron-affinic radlosen31t1zer
to show appr301able radiosensitization of hypoxic mammalian

cells in vitro (7).

L L

Other more water soluble nitrobenzenes showed sen-

1

sitization both in vitro and in vivo.

: After the sensitizing ability of nitrobenzenes
became evident a search began. for other nltro compounds
'whlch might have 31mllar sensitizing abllltles. The nltro-
furans were found to be potent hypoxlc cell sensitizers in

vitro and were generally more active than the nltrobenzenes

[
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because of their greater electron affinities (8,9). This was,

very much of practical inferest because several nitrofurans
were already in clinical use as anti-bacierials_ﬁith con-
siderafle toxicological and pharmacological information
available concerning ‘them. Howevef; in vivo studies with
nitrdfufans have since proved disappointing, mostly because of
their rapid metabolism and the toxicity of the high doses
necessary. for sensitization'(lj.

While studies With_nitrofurans were under.Way,'
another group of nitro compoﬂhds began to show.promise as
hypoxic cell radiosensitizers (1Q). These comp unds, the
nitroimidazoles.'have been shown -to b%‘reiatively less toxic
than other nitro sensitizers, and have a high degfee of meta~
bolic stability. The nitroimidazoles being‘most studied at
this time are metronidazole(II) and misonidazoie(III) both of

which are effective radiosensitizers in vitro and in vivo,

© CHCHOH - CH,CH{OHYCH)(OCHS)
o N
ON- }FHs S }N&

I 1o :

These are presently undergoing clinical evaluations

and preliminary data indicates their effectiveness in radio-

therapy, though neurotoxicity can be a problem at high doses
. i _ "

(11). .
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Effects of Tonizing Radiation on DNA and its Constituents

As sensitizers are believed td interact with DNA
radicals during irradiation as part of their mechénisms of
‘ action, knowledge of fhe.radiochemistry of DNA and ité N
:components is éssenfial-for the.study of the actions‘df'
radiosensitiZeré. Discussions of the effects of ionizing
radiation dn DﬁA therefore becomes relevant at this peint in
view of later discussion of sensitizer mechanisms of action.
| The main cellular lethal and mutagenic damage caused — -

by ionizing radiation has been shown to be on DNA or DNA-

/ h

" membrane cdmplexes.This damage manifests'itsélf as unpaired f
‘electrons (radical centers) at various sites in the macro-
molecule as a result of either direct or indirect action of
irradiation. Mosf‘leéions are cauéed indirectly (as much gs‘
70 percént (6)); being brought about by the reactiqns of
‘radiation—indﬁced prihary radicals with DNA. These fbrm sec-
- ondary rédicalé on the macromolecule. In agueous systems (as
found at the cellulér’levei) these primary radicals mainly
originate from'water ﬁolecples which yield +«H, *'OH (hydroxyl
' radicals), & aq (hydrated electrons), Hp, HoO2, aﬁd'HjC}"‘ (1).
lHydroxyl rad?cals. @ydrOgen atoms, -and hydfated.électrons
can éll féact witﬂ DNA,‘though in oxygen :H and & ag react

‘with oxygen to form unreactive sﬁecies (12)..Measurable DNA

'lesions_which have been observed include doublé-strand breaks,

single-strand breaks, base damage, and cross linking of

-4
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DNA to DNA or other molecules (1)

ESR (electron spin resonance) spectroscoPy has been
found useful in: determining the structure of radicals ¢
resultlng from the direct and 1nd1rect effects of radicals,
and in determlnlng thelr relative concentratlons. Pulse
radiolysis experlments have been used to monltor radlcal
changes (U.V. or v151ble) durlng radiolysis reactlons. Slnce
it is difficult to identify changes in nucleic acids upon
_,irfadiationfwith ionizing radiation, most exﬁerimental work
hes been done on thé‘radiation chemietfy of nucleic acid
constltuents in the hope of being able to extrapolate
- results to larger molecules. However, the sum of the ESR
gpectra of irradiated DNA nucleotides is not the same as

the spectrum of irradiated DNA. This suggests that the
' radical localization in nucleic acids involves interactions
“that are not present in the consﬁituenjs-(13)f

Hydrogen ;adicals react with orgaﬁio molecules to
give organic free radicals oy abstractiOﬁ of’a hydrogen afom
from saturated carbon atoms, and by adoition fo unsaturated

bonds:

CRaCH + He —— R,C" - H.

AL . R R R
= C—C7
& R 9(¥*~ "SR

+ H- -;—;e-b

In DNA, this results in altered bases due to the addition

of H to bases, and chain breaks or loss of bases due to
o . ) . . -

Lo -
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@ : C
. . hydrogen-abstraction from the deoxyribose molety(13).

In pyrimidines the 5,6 double bong is the most
r : , .o ' T ’
reactive site for radical formation. With thymine H adds

almost exclusgively to Cg, resulting in-the 5;yl.radical (1&;15).

| OH. CoE
o Pfﬁ&:]:CF433 B
WA

5,6-dihydrot

n=-5-yl
For cytoéine, 5,6-dihydrocytosiF-6-yl appeérs to be the
mﬁin product of.H—additidh, ough the-S—yl:radiEai has not
yet been excluded (13, 16) A e

- N,

ol A .
‘ 5,6~ dlhydrocyt051n— -yl '
The hydrogen Atom also adds to 05 or Cg in uracil, though

from experlme ts with poly U the 6-yl radlcal seems most
llkely (1‘ ] ?, 18’ 19)I OH

Hcylkhl H ‘
5,6-dihydro§rgcil-6-yl

_ . <
- As for purines, guanine H-adducts have been identified
. . - . b
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o OH
. ®
N~ N H
A | >‘H
HI Ry
H
Adenine H-adducts have also been found at Cg, as well as

at Cp (20):

a£'08=

Many radicals have been observed for deoxyribose
exposed to H, but few have been identified. The predominant

radiecal, resulting from H-abstraction at Cj., has the

.following proposed structure (21):

H—C <t
—C C% |
H/ \ o ‘ tf//' 0 . .
OH T H |
. T a ) OH . _ i

- ' Work on the radiation chemistry of nucéleosides
aﬁd'nucleatidés has shown the production of altered bases due
to hydrogen atoms which are fhe same as for those produced
when bases alone are irradiated. Other radicalﬁ?were also

observed and thought to be located on the sugar moiety (13)
The contrmbutlon of dlhydrothymln 5.y1 to the ESR spectrum

Q
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of irradiated thymidylic acid has been found to ve 30% (22).
Cytidylic, deoxycytidylic, and uridylic acid
exposed to hydrbgen atoms have shown ESR lines attributable
- 1o an unpaired spin on the phosphate grbup (23) TherefOre,
the phosphate moiety of‘nuclelc acids may ‘also be prone to -

"
R—O—fl’-'0°,
Nol

The study of the radiation chemistry of DNA and .

damage by hydrog n atoms:

RNA has been difficult'duédfo the. fact that different
nucléic acids from different sources, and nucleic acids:
treated in different ways have different ESR spéétra
after, reactlng with hydrogen atoms. Computer 51mulat%pn
] 4;1y51s of salmon sperm DNA has assigned the follow1ng
(jfz;oport;ons to H-lqduced radicals: 9% deoxyrlbose radicals
giviﬁg'a triplet; 9% deoxyribose radigals givingAa doublet;
23% 5, 6—dihydrothymin-5—yl radiéal; L9% radicals from. \
addltlon of H to guanine and adenlne; and 10% dlhydrocyt051n—.
iyl radlcals. That is, 18% of the radlcals were attrlbuted
" to the deoxyrlbose moiety, and 82% to the bage\m01ety w1th
| the‘radicais being distributed approximately in prdpor?ion e

-

_to base abundance (24). .
All modél studies indicate that +OH is the prih-

cipal reactive species reépoqgible for térget radical

- formation. Hydroxyl.radicals react: with organic compourids
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by abstraction of a hydrogen atom from saturated Carbon

atomé, E%a by addition to unsaturated bonds (13):
RiCH + OHs ——RCe + Hy0
R R - -

R ./ |
— e
f{ C; (; F\ *' CBH —_—_—.kat ‘9}\\9\

Hydroxyl radicals reaet mainly’wifh pyrimidines
by addition across the 05—06 double bond ‘with a predomi-
nating tendency to form the Cg adduct, though the Cgq
adduct aslwell as o#her radicals are also present_(l?,25,
26,27,28). :

5,6-dihydro-5-hydroxythymin-6-yl
It has also been obgerved that some hydroxyl
radlcals abstract hydrogen atoms ‘from the methyl group
 of thymlne (27). Similarly hyrogen abstractlon has been
oHServed for urac1l at Np and at Cg or Cé (18)

OH
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Sites of attack of *0H on adenine and guanine
are not khown exactly, but most evidence indieatee that
ﬁuch.ef the reaction occurs at the‘céhtral Cy-Cg double
bond. There ie also evidence for OH—a@ditioﬁ at the Cg of

the imidagole ring (13,25,29,30,31), and to the Cp in
‘ adenine (32):

Thymine, uracil, cytosine, and adenine, -as well as

~nucleosides and nucleotides have approximately the same
' o . : ‘ | ' ~
' ‘reactivities towards ‘OH. Attack on each base in nucleic

acids is about proportional to the relative amount of each

(13). S

Hydroxyl radlcals also cause the abstractlon of’

v

hydrOgen atoms “from the sugar m01ety. One ESR study W1th
¥ -irradiated wet DNA 1nd1cated a correlatlon during ther-
mal annealing between the dlseppearance of -OH radlcals‘
‘and the eppearance_of a signal which“eould_beraesigned
"to’eitﬁer‘a:phosphate-asseciated radical -or a fofmyl

' radical (sugar origin) It was thought érobaﬁle'fhat the

signal was associated with damage to the sugar mnlety

((32,33). , W

A proposed reactlon scheme of a Y—lrradlated

(breakage of 03.-04. bond)
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de-oxygenated aqueous solutlon of 2- deoxy—D-rlbose
1ndlcated that approx1mately 50% of attacking’ -OH and 'H
abstract hydrogen atoms from Cq« and Coe, zo%rfrom C3y,'

L 20% from g+, and 10% from 05' (34)

Through 1dent1flcatlon of stable products-of

1rrad1ated DNA and its constltuents there>1s ev1dence to

~support the productlon of 'OH—lnduced radlcals at Cqr (35).,

63. (36,37), Cie (38; 39), and Cie (26 36 40 41) A cycllc

‘nucleotluenhas been lsoaated from 5'AMP 1rrad1ated.1n an

"Nz-saturated selurion,lwhich‘not bnly supports the existance

‘3bhbsphate radlcals upon exposure to +OH radicals (32;42,

of the 5'radical'but also Shows the type'oﬁeinteractieh
p0331ble between the 5'rad1cal and the nucleotide base

(1ntramoleoular scavenging of 5! radlcals) (36)
. . 2

There 1s some ev1dence for the formation of ;

[

L3). _Puise-radiolysis~of‘pﬁosphate:anions gave bpticél'

Z'absorptlons whicdh- suggested the poss1b11r§y ef electron -

'transfer processes or hydrogen abstractlon (42)

"'.OH — + - H ‘Po., —-—-b H 'PO., (}|"

= o
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Pulse radiolysis of dinucleotideéngiVesfan ESR signal
attributable‘to-the qorreSponding ra&ical‘in nucleotides,
(R0)2202 (43).. T

For the reactlons of hydrated électrons one finds
-that tﬁﬁ main reductlon product of uridine 5'—phosphate'
is the electron adduct (anlon) radical of the base (17,19,
2, byy: | N

o“i@

"Slmllar anion radlcals are found with other pyrlmldlnes. .
Proton transfer to thls anion radical occurs for thymldlne
giving a radical which is the same as that when a hydrOgen

radlcal adds to Cg of thymlne (45 h6) ’ ‘ .

R o
N7 c.H N7 ,CH3
* +e—+ 1 “=° OH+J\' W
.0 0* O"\n/H
. !
: 2 P\ ,
Cyt081ne and deoxycytldlne react in a similar way (47).
NHt

N;
1O k\c;)l "

The Cg H-adduct radical has alsc been seen after

S'UMP reduction with the anion radical believed to be the
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i precursor. Though the Cs hydrogen adduct has also been

observed, its precursor has not been identified. Two other
radlcals seen for 5'UNMP result from deprotonatlon of 05+
W1th a prlmary cation radical as intermediate, and from

H-abstractlon from Cgr of the ribose (19).

Hydrated electrons may also cause the formation

-of redicéis on the phosphate moiety since they can react

with phosphate anions (48): R s
" 3 ag + HoPOy~——H" +HPOL;. |

In nucleos1des and nucleotldes, the bases are

the main site of attack, reactlng with 70-85% of the

available radicals. Most of the remaining radicals attack

the sugar molety. Therefore, very 1ittle attack on the

phosphate moiety can actually occur (49).

Radicals formed from the direct absorptlon of

" ionizing radiation are unlike radicals ormed by *OH and

‘H zradicals, though'they‘may decay to~gimilar structures.

Radicals formed in nucleic acids appear different in ESR

spectra from those formed by irradiation of constltuents (13)

From EPR studles of ¥- 1rrad1ated SOlld DNA it

‘was found- that the radicals produced are composed of a

mixture of 1on1c free radlcals. Direct 1onlzatlon in

target molecules produces posltlve jons and electrons,

e

g
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leaving the molecules with charges and holes. Secondary
‘ reactions'which may occur include charge recombination
amongst radiéalé, and the formation of secondary radi-
cals (29,50):
| nucleotides— cations + anions

cations + HpQ —— OH-addition radicals + H*

anions + Hp0———H-addition radicals + OH-
+ No ionic fadicals have been found for the sugar moiety.

. Pyrimidines form anion radicals (electron adducts)
(50;51,52,53).“Though cation radicals have been seen-at
pH> 12 for pyrimidines, this is not biologically signifi-
 cant ( s4). ' | |
| Cation radicals are produced on purlnes by 1on121ng
radlatlon-lnduced electron e jection . (guanlne seems par-
ticularly prone). Though generally purines are more re-
sistantltoward ionizing radiation, they may pléy an impbrtant
role in DNA such as transferingfenergy to pyriﬁidines via
the triplet state or higﬁer excited states (ﬁostleffidient ;‘
| within a base pair) (55,56). N ' x a7

Breakage of bonds 1s also a dlrect effect of
1onlzlng radiation. Scission of the C5'-05r bond durlng
1rrad1atlon forms a PO:_;,"2 radlcal in-deoxythymidine 5'-
phosphate (5?), while scission of the same bond in deoxy-
cytidine 5'-phosphate results in a radical on the sugar

moiety (58). This’ dlfference is probably due to different

charge distributions in different nucleotides (57).
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Other phosphate free radicals may be produced
by ionizing radiat}on. Free radicals have been seen as a
result of the loss of one electron by phosphate anions:

| 304"3————4-—&:04_'2

~ (OH) PO ™———»(0H) ,P0,

There is also evidence for an addition event

(though of low probability) (43):

POy "3 ————p0, ¥

The chemical modifications of irradiated DNA,
which‘follow radical formatioa, are not fully understood.

Small molecules are known to be released. such as bases,

|uncharacterlzed nucle031des, modified sugars, trltlated

water from tritiated DNA, and P; (5,33,35,45, 59, 60)

The amount of bases released from irradiated DNA -

x

_has been founnd to be about one-fourth of the total bases

destroyed {59), and is probably caused by H-abstraction from
the sugar moiety (37 60,61).

i

leferent types of reactions are known to release

‘Pl. There are 1mmed1ate breaks due to damage on the base or -

sugar((a) and (b)); there are breaks caused by the decay of
labile sugar-phosphate bonds at pH 7 (due to sugar or base
damage) ((a) and (b)); and there are alkali labile s1tes which
are due to base damage ((c) and (d)) (61):

| (a) -S*<§ —¥»BS* _+ 2P;

~ "

i
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(b) B*- s/llz———«—ﬂa*—-s + 2P;

P__alkali

(¢) B*-S P

»B*-S + 2P;

(d? Base damage leading |S*”’§ alkali 2P,

to loss .of 2 carbons

H-abstraction from the sugar moiety is thé most .
likely route to the”reiease‘of Py (from both 0;5 and 6'3)
(34,36,38,61).0f the\aqueous radical species only *OH has
been found to react with‘deoxynuoleotides to release P; (61)s
| RCHz0PO3™2 + *OH~———RCHOPO5~2—H20 §p.

The yiolds ofLradiation—inducéd.phosphato release -
have been found to be éimilar for all deoxynucleotides
and independent Ofdthe prosence:of oxygen (62)..)

Strand breakage'in DNA is a major form of damage

produced by 1onlzlng radlatlon in living cells. The chemical

' steps whlch induce this are not well understood. Through

the use of radloal scavengers, an assessment has been made
of the relative contributions of the direct and indirect

actions of ionizing radiation in odu01ng 81ngle strand

" breaks in mammallan DNA. It was estimated that. about ?0%

of single strand breaks were caused hy tho 1nd1reot actlon :
of radiation (65). Specifically hydroxyl radicais were
responsible for the indirect effect (63,64). |

- In aqueous sdlutions breékagé of the phosphate
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ester llnkages is more likely to cause most of the strand
breaks, rather than the scission of a C-C bond of the
deoxyribose m01ety (38) . w
One study suggests that 12? of radiation-induced
chain breakage in DNA is due to the liberation of an 1ntadt
nucleoside, 1§% %0 the release of an altered nucleoside,
30% %o attack on C35e (splitting of phosﬁhaﬁe ﬁond), 10%
"~ .to hydrolysis on Cs.», and;jo%'aftqr alkali treatment (18%‘
via liberation of base, and 12% openinglof furanose ring
. or oxidation on Cs+) (61). Loss of the C3r phosphate group o
predomlnates ‘over that of Cy» (60 65). _
There are two routes postulated for strand breakage
from the Clyr H-abstraction radical (resulting in 031-,
»+ phosphate ends). In one reaction the radical el%minates a
phosphate anion via a carbocatlon 1ntermed1ate whlch adds

to water with the loss of a proton (39)

9 : S .
'“"?-O'GL o B . Y o g - ' N 8
O o — + P
( o
0 -9
0-p= + 0-p=0
‘ L
In the other postulated reactlon,rlng 0pen1ng of the
. p Sugar group occurs followed by p-elimination ( 38):
- - e ,
0 'z‘o 'CH\. 0 oH H;_ o_?-o -C“Lo” ‘ 'C“,_ o
ROTEr TR p — W
-0 “0~f=0 - - ‘o}f?:o
0-?=0 ‘ ]
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Subsequent breakage in alkali following base
release and destructioﬁ of the furanose configuration
.' is mostly by 8- ellmlnatlon (cleav1ng 3'-0 llnklngs)
AAlkall breakage may also be by formation of 3'-4'.cyclo-
phosphates following base release (65,66):

P

‘ : vor e 0ugy ~CH " r=0-ci o . ;N
o-__o-g'od“" o B . g.o t-oH .. 1 H or- * H . ﬂi!'l'ure. °$
— — - S — 3 Y c\/c(o-
| ! _ ! , o\ Phosrl\ci\'cs
.—O_F;o o-P=0 ' 'Jov' e |

Mechanisms .of Action of Electron-Affinic Radiosehsitizérs

~ Electron-affinic. radlosen31tlzers are effective

only when present during 1rrad1ation, and in theuabsence
‘of oxygen. The molecular mechanisms involved in -the actlon -
by which they inecrease the lethal pr0pert1es of radlatlon'
in hypox1c living cells is not yet clearly established,
though -it is generally agreed that fast free-radlcal
reactlons are involved. Like oxygen they 1nteract by oxida~-
tion or add;tlon with the free-radical centers on DNA
thereby inhibiting radlcal recombination processes that
would otherwise lead to repalr (1) :

RH—3—»+R (biological damage by radiation)

‘R + 02— RO, (lethal, lesion fixafion)

‘R + XSH——RH (non-lethal, lesion-répaired)‘

‘R + *R———»RH + R (partially lethal)
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‘R* + ‘R-———3 R + R (charge fecombination)
;R + S (sensiti?ér);¥f——ﬁ>33+_ + 1S'ﬂ(oiidation)
‘R "+ S'—f—————h-RS Eaddition) | |
Molecular studies have shdwn that the electron ‘
affinity of these radiosensitizers is by far the dominant
property affecting sensiti§ation effiqigncy.(6,67,58,69), ..
It is this property which influenceé_the dnteraction of
-the sensitizer with radical centers, and they probably act
at least in part by the same processes 1nvolved in sensi- -
| tlzatlon by oxygen (70).
There are several models which have been pr0posed

to expialn the mechanism of actlon of electron-afflnlc
_radlosen51tlzers. The "direct action model" postulates that
. following dlrect ionization in a target molecule, electrons
migrate from the'iénized molecule to the electron-affinic
radiosensitizers. This irreveréibie electron transfer
1OWerthhe probability'of self repair by chargé recombi-
ﬁation ,-and favours the deéay of the cation radicals to
neutral free radicals (5): . | - | -

target | '
| . charge recombination
electron '//\v/\v/\\
transfer to

sensitizer(sS

s +¢/\/\/\——-—’/\/\/€{

;( free radical +
cell death
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_ Electron a&%gcts of DNA bases have been shown ] f;f :

by'puise rédiolysis_to uﬁdergo rapid electron transfer
to various sensitizers (71,72,73). Other evidence to
support the direct action model -includes the ESR observa-

tion that in the presence of the sensitizer, misonidazole,

_irradiated solid DNA shows an increase in the number
. of unrecombined positive charges (i.e. of (+) guanines) (51).

Misonidazole has alsc been shown to prevent the formation

of thymine and adenine H-additioﬁ radichls wﬁose precur-
éors_are anion radicals (51,71,?4).

In contrast, the "electron sequestration model"”

postulates that the role of the sensitizer is to scavenge

hydrated electroné and consequently prevent them from -
reacting with hydrqul radicals (which can be biologically
damaging)'(?5;;)Litt;é of sensitizer‘activity seems atfrif
butable to suéh reactions.

One other mddel for thé mechaniém of action of
electron-affinic radibsensitizers involves a two-step
proceés where hydroxyl radicalg first react with a bio- -
logical target to leave a radical site.'Thg sensitizer
molecﬁle then reacts with this site, either by oxidation
or addition (adduct formation) (76):

B + +Of ——PBOH" |

BOH: + § ———BOHY + S~ (oxidation charge
: _ ' transfer)

BOH* #+ § ———p (BOH)S (addition)
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Scavenging experiments have shown that +*OH is

the active radical species involved in the action of elecs

tron-éffiﬂié sensitizers. However, it is gtill not known to

what extent OH-induced DNA radicals are- involved in the
sensitization process (71). For instance, it has been
shown that hydroxyl'radical scavengers (e.g. t-butanol)’
reduce but do not totally eliginafé the sensitizing effect

of PNAP., The "non-0H" compdnent is probably attributable

to the direct action model for'sensitiﬁation (?7).'

Several sensitizers have been shown to bind to the
target molecule, such as N—oxyis (e.g. TAN(IV)) which

favour binding (73) and nitrofurans (which are also effi- .

cient radical oxidants) (78). The amount bound is usually

found to increase with dose. 0 o | '

‘O

[

0e

Blectron transfer oxidation has been reported

for neutral base radicals but the yields of transfer are’

low (40,71). A small amount of damage'has also been ob-
served on the deoxyribose moie%y which is efficiently

and rapidly oxidized (?i,?B)Q For example, at C5- the

‘sensitizer may oxidize the radicals as follows:

©
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This would cagse.an.indfease'in strand breakage, as weuld
- oxidation of a,Csg radicall, Oxidation of a C1' radical might
cause base loss (40).

The radiosensitization of mammalian cell killing
by some sensitiﬁers hds been directly correlated with
their ability to sensitize'radiation—igduced phosphate
releaee (79). PNAP and nitiofurans ha&e been shown to in-
crease the release of phosphate from 1rradiated 5'-GMP,
while the N—oxyl TAN protects from this radlatlon—induced
release effect (due to binding° ) (?6)

H20
‘0 + 5‘-GMP———>5 -GMP radicals—-————ﬁPl o

5'-GMP. + »S(sensitize'r) —» 5'-GMP radica.'L oxidized

BN

5'-GMP‘+ + ST ¢ Pi .

addition ———¥5'-GMP-S adduct

Study of the effect of nitrobenzenes on the release
of inorganic phosphate in aqueous solutions of 3' and 5'
ﬁucled%ides_under hypoxia has shown that 5'.pufine nucleo-
tides are sensitized,'as'are 5' pyrimidine nucleotides °
though they depend on sensitizer electron affinity "and con- |
centration. However, 3' purine and pyrimidine nucleotides
 were protected indicating that the binding of 3' ribose radi-
'pals_by nitrobenzenes in a seeondary’reactiOn'may be the basief

for protection. Nitrobenzenes (and nitrofurans) are known-
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to form adducts with nuc}eophilic alkyl radicals (36). -
‘Along with bhe release of inorganic phosphate,

most radlosen51tlzzrs have been shown to increase the

number of sangle strand breaks*produced in DNA during

irradiation. In vivo studles have indicated a correlation

between the amount of radiOSensitized cell killing and

the extent of s1ngle—strand breaks in cellular DNA. En--

hancement ratios for- survival plotted against the corres-

' ponding enhancement ratio for strand breakage shows two

levels of :adibsensitization (see Fig. 2). The value for

air differs from the expected one by six standard deviations, ..

- suggesting ¥Rat nitro chenical sensitizers‘have a conmon.
mechanism df action which differs at least in partﬂfroﬁf
that of oxygen (80). | _ | -
Strand breakage may therefore be the route by |
which chemical sensitizers cause cell k;lllng. Phosphate
ester eleaeage also occurs on phospholipids and so damage .
to membranes may also be 1nvolved in.cell killing (40).
Binding of gensitizers' tc DNA ‘may also® be involved since
such adducts might lead to lnteruptlons in the synthesis

x .

N of daughter strands,of cause breaks (81)

*

The Nitrofuran Group of Electron-Affinic. Rad8osensitizers

The 5-n1trofurans of the general foanula.
] 140 =NF
% Nltrofurazone-

p\,ké- J.No., . R= -E‘—N-N-C‘-NH
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NF3 A ——~ . o A
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3N -
@
S | NP2 -
~
- -
-
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W
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1 PNAP
] 1
II 2 - 3

ER (Survival) ' - , -

Corrdlation between: enhancement ratios for
survival and DNA strand-breakage for a

séries of radiosensitizers. (Closed symbols -

330 fads/min; open symbols - 2100 rads/mln.

o, o\~ Np + imM PNAP; A, A - No + 500 uM NF2;

v, - N2 + 500pM NF1; 4, & - Np + 509&1\&

NF3; B3 - Nz.

(Taken from D. L Dugle, J.D. Chapman, c.J.
Gillespie, J.Borsa, R.G.Webb, B.E.Meeker,
A.P.Reuvers: Int. J. Radiat. BlOl 22, .
545 (1972).)

W
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are a synthetic gnoup of compounds whicn have been'widély '
‘used as anti-bacterials in noman and veterinary medecine,
animal_food additives; and ontil recently as food presef—
vatives (82). The nitrofurans have a broad antibacterial
spectrum in vivo that mekes them useful in a variety of
- clinical smtuations "(83). However, since most nitrofurans
(includlng nitrofurazone) have been found to be oncOgenic,
and all are mutagenic (caused_by their interaction with
DNA), their use is now considered-onwarfanted for many
situations (84). It is relevant that_fhe structural;pro-
ngties believed essential fon carcinogenidity?(such as
the presence of.a nitrogroupjlare also thoeeAneeded for
anii—microbiai-efficacy. The two'effects heve yet to'oe
'_separated in" terms of structure—activity relatiohships (82).
‘Thé biotransformation of nit:ofurane includes
mainiy reduction,of.the 5-nitroigrou§, hydrox§iationnof..“
the furan'ring,ﬁandlsidehchain modifications (i.e. oxi-
) dation,. deacyiation).aQuentitatively, the most.ihpontant_ .
' metabolic process is the. reduction of the 5- nitro group
which is greater .under anaerobic conditions in mammallan
eystems_(SZ),_Io'has been shown that this bioreduction is
necessar&-fof fheianti—becterial (85);.mutagenic.and pro;
~ bably also for- the carcinogenicg(SZ)ieffects of‘nitrofu—
ans, though which infernediete metabolite is fhe active
compound is nct known. As well as being tox1c to cells,

intermedlates formed in the reduction of nltrofurans have

Z .
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béen sﬁown to bind_irreveréibly to@Pacromo;ecoles (85),
and to cause single-strand bregks in oacterial DNA (86).
- They also élter the radiation response of tissue by'pref-
erential cytotoxicity in hjpoxic fissué'(tﬁe redﬁcing
-engymes function under hypoxic conditiono mostly, and
produce toxic intermediates); or by altering cellular
rcspiration thus changing the size of the hypoxic poouf
lation; or by recombining with SH groups (which might
otherwise'repgir‘DNA lesions). Thereforc,'the metabolism
of nitrofurans may alsoc play an important role iﬁ their
effectiveness as radiosensitizers in vivo (82,87).
Aerobic toxicity in mammalian systemé is lower

than anaerobic toxicity and is'generalLy believed not o
- Involve toxic reducfionfintefmediates out rather.the
electron-affinic compound alters the p031tlon of the
‘electron-transport equlllbrla or acts as an electron
‘"31nk". They mlght also 1nterfere w1th the functlon of
' enzymes whlch are electron acceptors (1) Some minor
reduct;oy of nltrofurans does also occur under aerobic
coﬁditio;é; cndzés such'cah subject the cells to-furfhef
_toxic effects,including mutations.’

. 5'-Nitrofurans have been shown to-be excellent
‘in vitro radlosen81tlzers. They are ab&g to achieve almostm
) the full extent of the oxygen effect in radlosen31tlzlng

mammalian cells in viiro, as can be seen from the sur-

vival cufves in Fig. 3. This effect involvcs a dose-
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>

Fig. 3. Survival curves for Chinese hamster cells
irradiated with 250 kVp X-rays in air-
saturated conditions (x), in air saturated
conditions with 500 #M nitrofurazone (Q),
in hypoxic conditions (0), and in hypoxic
conditions with 200 uM nitrofurazone (#).

(Taken from A.P.Reuvers, J.D.Chapman; J.
Borsa: Nature 237, 402 (1972).)

o
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mﬁdifyiﬁg mechanism which, like oxygen, is effeétivé.in .
every phase of the cell cycle (90). The radiosensitizing
abilities of nitrofurans is consistent with findings that
they‘gre_highly eléctron affinic and‘have high réte‘coﬁ-
stants for eleciron transfer from.electron adducts and
free-radiéals (91). Although nitrofurans themselves can
form radicals during irradiation (réac% with‘elecfrons
and +0H), it is not.nitrofuran'radicals which interact
with DNA te cause‘radiosenéitization;\as seen from rapid
mix experimentsl(S). Unchahged'nitrofuran reacts with
DNA radicals. | |

| Both tfpes of sensitizer interaction with target
moleculeé'(addition,and oxidation) have been observed
for nitrofurans with DNA. That is, radiation-induced
binding of nitrofurazone and.other nitrofurans to DNA
has béen'reported (72,90,92), and %heir ability for electron _
transfer oxidation haé beenldemongtra;eq (72,92). Through
the use of +0H scavéngefs (e.g. t:butanol) it has been
‘estimatéd %hat 60% of the reaction of nitrofurahs_with
free radicals in DNA leads fo‘binding b and‘fhe pémainder
ﬁay"; olve electron transfer oxidation (92). The bio- -
logic significance of this has not yet been determined.

Nitrﬁfurans have also been shown to cause the |

radiation-induced release of inorganic phosphate froﬁ -
mononucleotides (76), and ihe productién of single-

strand breaks (80), which is consistent with their elec-
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tron-transfer oxidative properties and the involvement

of *OH:

R + +0H ’ 2 ‘R rad;cal

. >R oxidizéd + -NF~ + Py
‘R '+ NF '

‘ f‘Hﬁh“H‘“‘badditidn———————bR-NF

The biolOgicaf 'gnificanée of the reaéﬁidns of
nitrofurans with-DNA ;:z:Lals_is not khown, and since
both addition and oxidation may.oecur the sensitizing
:'z mechanism of action may involve binding, strand breaks,
or other damage.

. Alihough nitrofurans show little promlse as in
vivo ?adlosen31tlzers. they can be used to eluc;date thé,

* mechanism of\action.of électron—affinio'radiosénsitizers.‘
Nitrofurazone which can easily be labelled in its semi-
carbazone moiety with;luc is found particularly useful in
the studyof the reaction it'undergagg'with DNA duriﬁg
irradiafion (i.e. binding) Enzyme-catalysed binding'of
14c-NF to DNA (via reductlon of NF) also occurs and can
be used for comparlson'w1th radlatlon-lnduced blndlng.“
Nltrofurazone can also serve to examine the production

. of DNAisingle-stfand breaks in‘its_presence during ifra—
diation.

‘Pfevious work on the study 6f nitrofurazone bind- -

ing to DNA under hypoxia durinngLirradiatioh'has con-
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firmed that binding is'directlé proportional to radiation
dose and to DNA coﬁcentretion (though NF bound / mg DNA
remains constant). Binding was however found independent
of sensiticer'concentration provided it was pfesent in
excess {i.,e. at least 0.84 ug NF per mg DNA per ml).
Th;:.study also prov1ded the means of separatlon by column

chromatOgraphy (cation exchange Bio-Rad AG 50WX4, and -

anion exchange Sephadex DEAE A25) of nucleoside hydro-

.lysates of NF-labelied DNA where the normal. nucleosides

were separated from each other and from the NF-labelled

‘derivatives (93). These princi?les and technigues are

—

described in the methods section and applied in this

. present study.-

./

o

In this study the radlatlon-lnduced blndlng of
140—NF to several nucleic acids was examined using various
chromatographlc techniques. This was done in the hope

of achiecing some degree of understanding as 1o the chem-

jeal interactions of DNA with NP during $-irradiation -

which leads these two molecules to form an adduct. At the

very least, one hoﬁed to determine the nature of the

NF derivatives obtained with simple molecules (e.g. nu-

cleotides)-or with nucleic acids (hydrolysed before

chromatography) . BY discovering where exactly NF binds |

on the DNA molecule, we would advance one step further

in understandlng the radlcal process which 1n1t1ates the

final adduct ﬁormatlon. Furthermore, such information
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would be indispensable in the study of radiosensitizer
mechanism of action, should adduct formation prove to be
a major route of sensitization for nitfofurans.

TIn looking at the oxidative abilities of NF,
the radiolysis products of uracil were examined in the
absence and presence of ﬁF, to determine ﬁhether NF
would increase the production of any product. ‘Such a
finding would euggest oéidation of DNA radicals as a
potentially important route. of sensitization for nitro-
furans. In the same vein, it was also 'thought pertinent
to_look at the productien of single-strand breaks in DNA
.caused'by NF over and above those formed'by radiation
itself. Binding,relative to such breaks, wae'aleo-deter—
mined so as to eetimete_the relative importance of binding
as opposed to.breaks. Should there be a great'deal more.
breaks than bound molecules, one would suspect that the
p;bduction.of single-strand breaks via oxidatioﬁ might be
of Televant importance in the mechenism of.acfion ef NF

. as a radiosensitizer.



MATERIALS AND METHODS

- 14@—nitrofurazone (5-nitro-2-furaldehyde semi-
carbazone; NF) labelled in the semicarbazone moiety was
synthetized by Dr. D.R.McCalla (7 Ci/mole) and by B.Wentzell
(13.8 Ci/mole). (3H-Mé)thyﬁidine (48 Ci/mmole) was from |
Amersham/Searle (Arlington Heights, Ill.). (U-140)5'— |
uridine-monoﬁhosphate (280 mCi/mM) was obtained from ICN
(Montreal, P.Q.). (2-14€)uracil (b6.1 mCi/hmmle)ras well
- as the Omnifluor came from New-Englaqd Nuclear (Boston,
‘Mass.). The following chemicals were obtained from the
Sigma Chemical Co. (St} Louis,.Mo.):‘ﬁighly pblymerized
calf thymus‘DNA. polyuridylic acid, uracil, uridine,
"thyminé,;thymidine, calf infestine alkaline phosphatase
(type VII), micrococcal nuclease (Staph. aureus), snake

venom phoéphodiesterase I (Crotalus adamanteus), bovine .

pancreatic deoxyribonuclease I (type II), boviné'panére-
-actic ribonuclease A (type ITA). Uridine 5' monophosphate,
t-RNA (E.coli), and ultra pure sucrose” were from Schwarz

Bioresearch,Inc. (Orangeburg, N.Y.). Pronase (Streptomyces

griseus) came ‘froxp-Boéhringef Mahnheim (W.Germany). PPO
(2,5-diphenyloxazole) and POPOP (i,u;bié (2—(4-ﬁethyl;
5-phenyloxazolyl)) benzene) were obtained from the Fiéher
’Scz.entlflc Co, (Toron‘to, Ont.). lDNA and ( 2H) Aviral DNA
(3/AC14hmole) were from Miles Biochemicals (Elkhart, Ind. )
' 35
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The pure argon gas came from Union Carbide of Canada

(OakVille’ On-to ) .

I - Irradiation of Samples

- The samples to be irradiated (1-5 mg/ml)} were
dissolved in 0.01 M Tris HCl, 0.01 M MgClp (pH 7.0).
H&poxia was adhieved by flushing the solutions in sealed
glass tubes with argon. The samples were irradiated with
& 137cS,squrce at é dose rate of 558 rad/hin (10 cm from
" the shield) as determingd'by Fricke dosimetry by Marian

.Leeksma;

II - Purification of Irradiated Polynucleotides
. Aftef irradiation.'polynucleofidés ﬁere separated

from small molecular weight material by dialysis. That is;
the solutions were placed iﬁ dialySis bagé (previously

bbiled to destroy nucleases) and.diglysed aga;nstseverél
changes of distilled water at 4°C for onegday;‘An alternate

" method of purifying adducts.(though perhaps not as efficient)
"involved chromatography on‘Seﬁhadex G=50, eluted with water(93).’

III - Assessment of Stability of DNA-Nitrofurazone Adducts

" One mg DNA + 1¥G'-NF in 1.ml 0.01 M Tris HC1, 0.01 M

7
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MgClz (pH 7) was lrradlated and dlalysed as prev1ously
described. Dialysis was then continued for 12 days (with
0.2 % sodium agide in the water to prevent microbial
growth). Samples of Ou.iml. were:taken-every. second day:to

determine radioactivity.

IV - Enzymatic Hydrolysis of Polvnucleqtides to Nucleosides

A - DNA

Each mg (max. 1ml(hg) of DNA was 1ncubated for 4 hours
at 3? C W1th 260 Kunitz units: of deoxyribonuclease I. Then,
after the addition of 0.1 ml/hl Of/ifﬁ’ﬁ/;rls (pH 9)_ (to
raise -the pH to 9) and 0.1 units of snake venom phospho-.
diesterase the solution was incubated for 24 hours at 37°C.
Following this, 2.5 units of alkaline phosphatase were added
and the.digestioﬁ continued for_Apother.zulhours.at 3?‘0.-
In later.experiments the'pH of the hydrolyéate waé re-
adjusted to 7 with 1.0 M HCl, and the mixture re-incubated
at.3?5c overnight_(to ensure that deokythymidine was in a
single form). The final digest was. stored at -20°C until

'

- used.

B - RNA
Each mg RNA (max. volume of 1ml/hg) Was dlgested by
.adding 0.1 units of venom phosphodiesterase and 2. 5 units

of alkaline phosphatase, and incubating at 37°C for 24 hours
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at pH 9.0, Re-adjusting the pH to 7 and incubating over-

night at 37°C left uridine in oné main form.

C - Poly C. _ ‘ o

'Each mg of poly C was digested at 25°C three times
for three houfs,'and onde ovérnight with a dixture of 10
units micrococcal nuclease and Q.B units alkaline phos-

| phatase.

D -Poly U - - |

Eac;i§:i;};;I§”U/;:: digested three tlmes for 2 hours’
at 25 C w1th a mlxtura of 10 units ribonuclease A and 0.8 units
alkallne phosphatase, along with an equal volume of 1.0 M |

Tris.pH 9. After the digestion waéké%mpleted the pH was
.re-adjusted to 7.

V - Detection Methods

A - Ligquid Seintillation Counting

-To 1 ml aqueous samples was added 7 ml of a.
mixture of 1 llter Trlton X-1b4l, 3 llters xylene, 0.8 gm
‘POPOP, and 12 gm PPO. Thgse were then counted for radio-
activity in a Beckman liquid scintillation counter.

To dete;t radioactive areas in paper chromatograms,

1 em strlps were cut and eluted in 1 ml wat?r and thus forth

treated as aqueous samples. ' —\EES o
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An alternate method of detecting radioasfive areas’
'in paper chromatograms (e.g. in paper anion exchange) was
to cut strips and‘place them in 3 ml of 0.4% Omnifluor in
toiuene.

>

B - Detectlon by Ultraviolet Absorption

In column chromatography fractlons were collected
in an LKB Ultrorac Fractlon Collector. Absorbance at 254 nm’
was monltored by an LKB UVICORD IT before fractlon collectlon,
or fractions were individually analysed at ‘260 nm on a
Beckman spectrophotometer. o . ~

v absorblng areas on paper chromatograms were
detected uSLng a short wave UV lamp.

In paper anlon exchange the. UV detectable samples
were analysed by cuttlng 1 cm strlps, elutlng 1n 0.1 N HC1 .
for two -hours, and reading 0D260 on a Beckman - spectroPhoto-

meter.

. Chromatosraphy. : - - o
. . | . | . " \.

. A - Bio-Rad AG 50WX4 Cation Exchange Column (93)

The resin (minus 400 mesh) was obtained from
Bio-Rad, Richmond, Ca.. The fesin was washed twice with 2.5 .
volumes of 1 N HCl; followed" by a wash with 2.5 volumes of
deionized water, followed by three washes with 2.5 volumes of *

-

a 0.2 dilution of concentrated NH4OH, and finally washed
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four times with 2.5 volumes of the elutant’bﬁffer, 0.015 M
NHudH PH adjusted to 8.9 with formic acid. Once the column
.was packed it could be fe-used'provided it was We;i washed -

with the elutant buffer before sample- application. .

B - Sephadex DEAE A25 Anion Exchange/Column (93)

. Before packing thelcoiuﬁh, the Sephadex DEAE AZ25
gel was pre—washed w1th the follow1ng solutlons- once with
2 volumes 0.5 M HCl; three times with 2 volumes O. 5 M
NH@OH four times with 2 volumes 0.5 M NHqHCO3,pH 8; and
finally twice with 2 volumes 0.01 M 4H003, pH 8 (1n which
the gel was stored). Equilibration ogythe_column was
.aehieved by extensive washihg with 0501 M NH@HCO3. PH 8.
Once the sample was applled to the column, a linear gra—
‘dlent was started wﬁose components con51sted of equal
volumes of 0.01 M NHuHCOg, pH 8,and 0.6 M NHyHCO3, pH 8,
mixed in awBuc@ler gradienf:maker. The columns were un-
iacked and the resin pe—washedfafter each use.

,

C - Whatman DE-81 Anion Eichange Paper

‘In the "DEAE system“ the paper was pre-ggeked
with 0.1 M sodium acetete, rH 7.5, and dried. DevelOPment‘
*was by the escendiﬁzltgghhique with O.i M sodium acetate,
pH k.5 ' . _

‘ '_in.the'"DEAE-borate system", the paper was pre-
| soaked in 0,2 M sodium borate, pH 6.% (made by adjusfing
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0.2 M borlc acid %0 pPH 6. 5 with 0.1 M sodlum borate). £

DeveloPment was with the same borate solutlon.

»

D éaper Chromafbgréjhy
Saé;les were spotted -on Whatman No. 3MM sheets and
chromatographed by the descendlng technlque. Varlous ex--
'perlments were done q81ng ﬁlfferent solvent‘systems in-

.glﬁdiﬁg 1-butanol:- glacial acetic acid: water (120:30:50; v/v/v),
'1fbutanol: water (86:14; v/v), and 1;br0pahb;: concentrated'

NHyOH: water (551201251 v/v/v).

'E - Hizh Pressure LiguidIChromatog;éphx-
These analysés ﬁefe_pérformed on a Model 332

Beckman instrumént uéing an Ultrasphere-0DS C18 reverse
phase column (25cm). Samp%ff.to be'apﬁlied ﬁére.conceﬂtfated '
‘in the smalLest possible volume, and ZOyl of each- sample'
was 1naected. Absorbance at 254 nm was mqnltored during
~each run w1th"the moblle phase belng 12% methanol in 0.01 M
(NHy JH2POR (pH 5.1).

VIT - (3H-Me)Thymidine-Labelling of DNA

-

Ten ml of an overnight culture of E.goli K188 celks
.(K.B Low straln thi- thi-1, pxg 3& hlS~68 trp-lt 5, thy A25, .
mtl-2, xyl-7, mal Al, gal 35 str A1182(fr0m COll_

Genetlc ‘Stock.Center #4211) was used to 1noculate one liter

T
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of Dav1s-M1ng1011 medlum which consmsted of ?50 ml water;

250 ml- salts (i.e. 2 solutlon of 2.8% KoHPOL, O. 87 KHoPOy,

0.4% (NH4)2504, o. 1% trl sodium 01trate, and 0. 047 MgS04, * 7H20).
. 20 ml 20% glucosej and 25 ml 19% casamlno acids. In addi-"

tion KL188 has growth requlrements 1nclud1ng thlamlne

(’5/.:@/1111), histidine (20/ug/ml), tryptophan (20/;g/ml), thymi-~ |
.dlne (Ll—}ag/ml), cytidine (1/ug/ml), and uridine (10/14g/ml)

' To label the DNA of the cells, 0.5 mCi (7H-Me)thymidine

(48 C;/mmole) was also added to the medium. After over-

‘night groﬁth. the DNA was extracted from the KL188 cells
aqcording to a phenol extraction method (94); The final_'_
purified DNA was re-dissolved in 1 ml 0.01 M trisHCL 6._01 M-
MeClp PH 7. o ' | o

VIIT - Detection of \DNA Single-Strand Breaks (SSB)

o
' -

A - SeYimentation . ~

¥

DNA (léss than 0.1 ml of less than 0.5 mg/ml) were

‘i applied to the tops of 5 ml'5120% (w/v)(0.1 M NaOH) alkaline

4
L3

sucrose gradients, ind centrifuged 3 to 6 hours at 45,000
rpm in a SW50.1 roto? in a Beckman Moqéi L ultracenérifuge
(95). Fractions'(o 25 mlL) were'éollected from the top of the -
gradi s onto strlps of Whatman No. 17 fllter paper

‘which were washed twice W1th 5% trlchlordacetlc acid and

then with 95% ethanol, dried and counted in 4 m1 O. 4%

, Omnlfluor in toluene (96) - _ ' ‘ ‘ A
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B - Calculation of Molecular Weight

From the relationships (9?) :
(1) (welght average molecular weight) My = (—Qg_ay‘ S_QJ_(QJ..l

,A5(2)(number average molecular weight) Mn = 0.5 Mw (for more than
, 5 breaks)

(3) d; = dp i (F; - 0.5) = distance - (c¥
T mlddle of i fractlon.c7

the number average molecular weight can be calculated
accordlng to (31nce the results of thls study gave more than
5 breaks) (96,97): | |

(%) -05 E‘S‘Sm(m-oﬂk e
' £C3 T

| where de is the distance per fraction(0,2125cm),.w the angular

veloeityA(rpm), t'the'time (hr) of sedimentation, Cj the °
fraction of “total counts in the 1M fraction, and F; the ith
fractien. k and a are conetants which have been found to be
| 2,50 and O. 0528 respectlvely 1n thls system (98), whlle‘/s
is a constant calculated from sedimentation experiments

with native ADNA as follpws:
PR
' - d ) \
where s is the sedlmentatlon coeff101ent of ADNA in alka-
line sucrose gradlents (found to be 40.1 (98)), and 4 1s
,the dlstance from the origin to the mlddle of the peak
L=

fractlon. R *

The number of SSB can be calculai;&»£nom (96): °*

Mp control DNA o
'Mp fragmented DNA B

N =

o

O
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The number of breaks per 105 nucleotides can then be cal-
culated (where molecular weightfof 105 nucleotides is taken

to be 300 x 107):

. . N " ‘ | N ~
300 x 100 x M, control DNA . :

-0

<
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RESULTS

I - Qﬂg—(@“b-NE) Adduct Formation in Hypoxia

' Irrddiation of DNA with ¥C-NF with or without
‘oxygen, and chromatography onVSephadex G-50 (see Fig. &)
confirmed that radiation-induced DNA-NF adduct formation
can only occur in the absence of oxygen. DNA and DNA-adducts
ran well apart from free 140-NF on the Sephadex G50 column.
The nitrofuran molecule is small enough that 1f bound to
DNa,_the7wﬁdle adduct.would‘eiute in a posiﬁien charac-
“teristic of DNA itself (at the void volume). It should be
.mentionedlat.this point that,any discdussion of so-called
"adducts" is based'dn‘anlassumptien. That is, we have no
- analytical chemical proof for}the'existance of fwrue - -
adducts, . but rather their presence is inferfed from the

140 counts- seen associated W1th DNA at. the void

fact that
volume are not found in the absence of DNA (1 e. when
44¢-NF alone 1s-1rra§1ated). Also, the counts remained
associated with the DNA even after dialysis (which would

remove small molecular weight products).

o

IT - Importance of DNA and-lAC—NF Presence dgging Irradiation

This experiment was carried 6ut'to determine
_ 45
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16 1204 16 13 2032 WA I I 3Y3Gag o ) |
FRACTION ELUTED (2ml/fraction)

\;ig. L, DNA + ?’LPG-NF irradiated with 7 krads .a.nd:"
) run on Sephadex G-50 column (0.9 x 60cm)
eluted with distilled water.

—Y— Irradiated with oxygen

s Irradiated-yvi'thdut oxygen (flushed with argon)
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whether both.componenfs (DNA‘end NF) must be presenr at‘the
same time dﬁring ¥-irradiation for binding to occur. Table 1 -
' shows the three possible situarions and the results after
"the components were 1ncubated, dlalysed, and counted to
estimate radioactive adducts. No adducts were apparent 1n
any of the cases, or at least no counts were dlstlngulsheble
above background (50 CPM)l These results confirmed that the
| forms in whlch £Le compinents react are short-lived, occur
_during irradiation and probably involve a free-radical
process, Neither the stable radiolysis products ‘of DNA ner
of 140 -NF seemed able to comblne with the other component
to cause blndlng. There was therefore no interference from
stable radiolysis products in the blndlng process. Although
previous work has shown radicals on DNA to be the essential
element, the reeults of this experiment do not establish
which component is reguired $0 undergo a short-lived change
before binding; or e?en if both must change.lVery‘rapid

mixing would have been needed %0 acquire such information.

- IIT -‘Assessment-og Stability of DNA-(lgc-NF) Adducts .

_ The procedure for asse351ng the stability of these
adducts prev1ously described in Methods (sectlon IIT)
involved the use of dialysis for purification of adducts
: (rempval'efrsmall molgcular weight products). The results
in Table :2 indicate that if there is loss of adducts, it

i
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Incubated after irradiation B '
under hypoxia for. 45 min. Lapelled adducts

'Irradiated " Non—ﬁrradlated
DNA ' C-NF '

Non-irradiated Irr% iated

~ DNA . - LXC-NF |

Irradiated Irradiated - '
DNA * lhgnp . NONE

oA+ CWF irvadiated 2,000

together under hypoxia.

i

TABLE 1. Importance of DNA and 1uC-NF presence
durlng 1rrad1at10n. )

# NONE = No counts over background (~50CPM) «

”

i
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DAY CPM in 0.1iml
[r—————————
1 395 1
2 REC R
o
6w
8 | | 27l
10 -1 285
) 12 | ‘283

. TABLE 2. '?iﬁermination of stability of
(I

~NF)-DNA adducts in
dialysis system. o
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is a'very slow process and should not be a significaﬁt
factor during the usual Length of time required to complete

. an experiment.

IV - Analysis of DNA-ngchE) Nucledside Adducts by Chroma%ography

1 _nr)

- After ¥-irradiation , the mixture (DNA with
was dlalysed, hydrolysed, and applled to a Blo—Rad AG 50WX4
catlon exchange column in an attempt to purify the NF-
bound derivatives. The radloactlve material appgared to be’
successfully seﬁarated‘from the normal nucléosides (seezFig.S}
prov1ded that the mixture was re-incubated at pH 7 after _
hydroly31s before chromatography. That is, if left at the
pH(9) ex1st1ng under ‘the conditions of hydr01y31s, thymidine

'is found in two or more forms which'runfas two distinct

peaks on AG 50WX4. if the pH is re-adjusted to 7, thymidine

- ‘runs as a single peak. In fact, it has been shown that

incubation at pR 9 of pure dT and U samples have caused these
nucleosides to run as 2 peaks on AG 5OWX4 while re- 1ncubat10n‘
at pH 7 resulted in their runnlng as a 51ngle peak. The
1#C—NF bound derivatives can therefore clearly be separated
from the normal nuc19031des (which are much more strongly
,retarded) It must be kept in mlnd when dlscu331ng the
character of adducts that separatlon on this type of columm

is not totally on the basis of charge but may also involve

non-ionic interactions with the resin, so that although
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Fig. 5. (C-NF)-labelled DNA (1mg with dose of 25

krads) hydrolysed to nucleosides and chroma-
tographed on AG 50WX4 columm (1.5 X 90cnm)
eluted.WithQO.OISM NHuHCOO‘pH 8;9.‘
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‘adenine and cytidine are neutral at pH 8.9, they are none

the less substantially retarded by the column (A in fact
running last of all the nucleosides). However, polynucleotides
and nucleotides are tofalfy unretafded;lin a preliminary
fashion the adducts were separated from ééeh'ofher oﬁ this
) column. runnlng in at least three dlstlnct peaks. One
maJor component(s) (peak I) was totally unretarded by the
column, suggesting an aC1dlc,nature. Two other minor com-
ponents (peaks II and III) wex\%“sllghtly retarded by the
column, suggestlng they are neutral or sllghtly acidic. In ‘
~a previous study re—chromatOgraphyjof peak I on Sephadex
DEAE ‘A25 has demonstrated the mixture of components it '
contains (93). In.coptrast, ré-chromatography here of peak IT
on Sephadex DEAE A25 (Fig. 6) showed that this component
" stillran és a'single peak and was tdtally.unretarded by

the column (1ﬁ$?cat1ng it may be of a neutral na%ure since
| it also ‘showed little in ractlon w1th the cation exchange
resin). At least for the component(s) of peak I the I‘acllo-
- active ‘material may not be c0pplefely separated'from the DNA
radiolysis products én the AG 5owx4 colum since UV-absorbing
materlal was seen at that position (v01d volume) ‘both when
DNA alone or DNA with 14C-NF was- 1rrad1ated. Also, calcu-
lated amounts of adducts present (1.4 x 1077 mmole in total
3ml fractions of peak I in Flg. 5) were too small to be ‘
expected %o show uv absorbance. -

Fig. ? shows an experlmenf which attemptéd to see

o
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. e a7
2000 | *‘
CPM . ,
in . .
0,.5mL
\ooo = .

VAN

10 a0 20 ‘o . &5 10
FRACTION ELUTED (3ml/fraction)

\pba=—y

CFM
in
0 «5mbL

o . - 3 us 50 60
FRACTION. ELUTED (3ml/fraction) . |

Pig. 7. -(14U-NF)—labelled DNA hydrolysed to nucleosides
and chromatographed on AG SRWX4 column (1.5 x
60cm) eluted with 0.015M NHyHCOO™ pH8.9.

A - 10mg DNA with dose of 34.5 krads.
B - 10mg DNA with dose of 9.5 krads.
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whether therewerevarlatlons in adduct prOportlons u51ng a
large dose (34 krads) and a much smaller dose (9.5 krads). "
There appeared to be no obvious difference in effects, both
profiles Showing the characteristic Iarge‘unretarded'peak

and two smaller peaks Just before thymldlne was eluted.
_Therefore, although an increase in rddiation dose caused an_

' increase in total productlon of adducts, the relative pro-

portlons of the dlfferent adducts appeared to remain constant.__

Labelled DNA

V - ¥-Radiation-Induced Blndlng of NF 4o (3f-Me)Thymidine-

The use of DNA.containing radicactive thymidine ”'\\\i\*\
llabelled J.n;.ts base, makes 1.1: possn.ble to attempt to -
determine if any. thymldlne bases are present in the radl-
ation -induced NF derlvatlves. (3H—Me)thym1d1ne—labelled '

DNA (2 mg in 1 ml) was K—1rrad1ated W1th and without cold

NF (4lug/hl) After -dialysis and hydroly31s the samples‘ ¥
were applied to a Blo—Rad AG 5owx4 column. The results

(Fig. 8) indicated that for the control and the DNA irra- 7
diated'with'NF there appeared to be no signiricant difference
in counts at the p031tlons where adducts are kn%ﬁﬁft° run
(from Elg- 5) The counts seen at the void volume were no.
‘doubt due to rad;olyszs products of DNA, so either the
1ncrease of products due to NF-adducts Whlch would run . there
is too small to be detected, or el%-nm adducts do not’

involve thymine bases. An 1ncrease in products due to NF

-

\ -
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 Fig. 8 . (%#-M&)thymidine-labelled DNA * cold NF_(2mg DNA-

" with dose of 34 krad) hydrolysed to nucleosides
and, chromatographed on AG 50WX4 column (1.5 x 90cm)
eluted with O OlSM NHyHCO0™; pHS. 9 .

‘—-o——(QH-Me)thymldlne-DNA E ?J'
_-"*a-(3H-Me)thym1dlne-DNA +E§§§a%
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.could however be seen in the area where thymidine runs.
Thisfmay indicate some form of damage, causé? by the presence
of NF, which does not involve stable NF binding (éince no

BC-NF adducts were seen in this area; see Fig. 5)

&

VI - Analysig of (3H-Me)Thymidine-( *o-NF) Ag&hcts

The use of simple nucle0sides‘was examined as a /Ji}
i possible épproach for‘fﬁrther simplification'of'fhe NF- ’
'derivaxives.‘Ih one experiment, (3H-Me)thymidine was uséd
in an atfémpt to determine if the thymine'base is present
in radiation-induced thymidine—NF products. Thymidine w;s
chosen in pafticular sq:;s tq\Eg)comparablé with the_f3H-Me)
'éhymidiqe-labelied DNA exper%?ent in_sectioﬁ'v. Dual.labgi_
- ling with 140-NF was done 1o détérmine if adducts do oceur.
| (A -Me) thymidine (1 mg/ﬁl) with or'withput 140-NF-(5/ug/ﬁ1)
were X-irra@iated and applied to a Bio-Rad AG‘5OWX4‘column..
The results (Fiz. 9) indicated the presence of label mainly
eluting at fheﬁavpid voiume" (seen from‘1ﬁb'prdfiieg}n/‘

. Fig. 15-B). The excess of 24 counts (rgpresenting t Yminé) s

' 14

in Fig. 9-B over ~ ¢ counts. ,- which may represent NF-adducts,

exceeded 31 counts séen_when'(3é-Me)thymidiné alone was
irradiated (Fig. 9-A). This may indicate the ﬁresencé'oﬂ‘the
" thymine base in the adducts, and/or of some other base

‘damage caused by NF. In the (H-Me)thymidine-DNAsexperiment

C

_ (Fig. 8) new 3H‘--labe}.led products due to NF were seen to

>

*
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elute in the same area as dT. Such products were not seon
in this experiment with (3H—Me)thgmidine as a®sharp peak
was:evident for dT-both with and without NF. Such results
may be relaood to. the use of a nucleic acid as opposed‘to
a nuciéoside. | |

1% _NF alone on the

- - Chromatography of 1rrad1ated
Bio-Rad column has led to a modified 1nterpretatlon of the
previous results.. Irradlated.lbc -NF ran at the "void volume“

(see Fig. 10) so as to interfere with any adducts that mlght

run there. Unlrradlated NF stayed on the column 1nqef1n1tely.

Theréfore. although‘we'coulé not be certain of any NF-
thymidine adducts at the "void volume" (since free NF was

3

not separated from other material), the excess of “H counts
still indicated the presence~of some NF- 1nduced products,
_be they adducts or otherW1se.

To galn further 1nformatlon on the“vomd volume"
peaks of Flg. 9, they were re-chromatographed by HPLC (see
Figs 11) No dlfference in the 0D254 proflles was apparent
w1th or without NF, the UV ;%sorblng material being the-
radloly31s products of thymidine. Thereforo. if there were
adducts or other damage there’was very little UV absorbing

material associated with them, or the adducts were not -

resolved or eluted with this particular solvent.

VII - Analysis of qu —NF)-RNA Nucle031de Adducts on'a
-~ Bio=-Rad AG SOWX Co_ggg : _ |

1

-

%
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3n0o— ' \
. 1 ¢
UPM l L.
in A ' “
iml .
' 1000 — )

-3 L ‘ . 30 ‘ 4o -0
FRACTION ELUTED (3ml/fraction)

Fig. 10. ~15 000 ¢PM . (¥c-NP) irradiated with .
S 3 krads w-rays and chromatographed on
AG 30WX4 colum (1.5 x 90 cm) eluted with
0.015M NHqHCOO pHB.9.
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'~ Though DNA is the nuéleic_aciduwhich'is biolog%—
cally re;evant in terms of sensitizer binding, RNA was also
-exémined as a'prelude té homopolymer studies (ribopolymérs
having been-choéen becguse they ére inexpensive).'Affer,
‘Q.gg;; t=-RNA with (140-NF).was K;irradiéted. dialysed} and
hydrolysed'to'hucleosidéé, the hydrolysate was applied o a
-Bio-Rad AG 5OWX4 column Flg. 12 shows that adducts were
also formed between t-RNA and NF, but appeared to be only
about one half of that seen‘w1th the‘same;concentratlon of

w0

DNA at the same dose. The ( C-NF )RNA addﬁcts.rah as one
broad peak at the."void volume", well aﬁéj from'uridine

- (the closest nucleosiﬁe).,Unlike DNA it thebefore éppeared
that all the adducts havé a negafivé charactef, causihg them‘
- to be unretafded by the column. Sinée-UV-absorbing materiél
”was found at the v01d volume, thls may make it dlfflcult to f
separate different. adducts from each other and from RNA

radiolysis producxs.

2

t
\“

N .
VIII;‘Anélxsis.of (1uC-NF) -poly C Nucle031de Adducts by

Chromatography

. L)

As the complexities associated with NF-adducts of
DNA became ev1dent, we turned to a s;mpler system through-
the use of polynucleotldes. In one experlment a sample of

1&0 -NF was ¥-irradiated, dlalysed, hyd;elysed-

poly C with
and chromatographed on'a Bio-Rad AG 50WX4 colimn. Fig.13

shows that, like RNA, the radioactive adduct(s) ran as a
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g : C elutes at
. fraction 53
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« & o 12 1Y 16 13 20 2z 29

o o | :
. '\of‘mo—o-o-o—o—‘ '

FRACTION ELUTED (3ml/fraction) ™’

Fig. 13.

(1u&NF)-lab'elléd poly C (10mg at dose of 50
krad) hydrolysed to nucleosides and chromato-
graphed on AG 50WX4 column (1.5 x 90 cm) eluted

. with 0.015M NHLHCOO-, pHS.9.

.
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single acidic peak, away from the normal nucleoside, cyti- -
dine. The extent of binding was caiculated to be aﬁout one-
half that of DNA.. |

To estlmate the complex1ty of the adduct peak, it
was re-chromatographed on a Sephadex DEAE A25 column ‘The
results (Flg. 1&) indicated that the peak is multicomponent
.in nature, reflecting a variety of differént'adducts. The
‘radioactidgﬁy‘péak at the ?void volume“'is'probably a mixture
of ﬁeutralréfoducts, while the othef peaks eluting with the‘ ‘
gfad;ent'probab;y have afnet-nega%%ye chérge (since they were
unretardgd‘b&\a cation'exchange column,‘but were retarded
by an aﬁidn eXChange'column). The,amounf of Uv-absorﬁing'
_materia%,was tdo sﬁéli to_construct a profile, but spchzu
‘material is probably related‘to'the_radiolysié*products of
vpoly.C.

IX - Analysis of (14 —NF) poly U Nucle051de Ade;ts by
' Chromatography _

I3

(In these experlments the NF—blndlng proPertles of
another polynucleotide was examlned. The purified (14C—NF)-
poly U nucle031de adducts were applied to a Bio-Rad AG 50WX4

- _column. As for poly C and t-RNA, only one peak at the v01d

volume (reflecting acidic products) was. apparent in the .
radiocactivity profile (see Fig. 15). The extent of binding of
~ NF to'poly U was estimated to beféquivalept to that for DNA.
The Bio-Rad AG S50WXY radiq_abt'ivity peak, reflecting

* ..
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14 -NF)-poly U nucleoside adducts, was re- chromatographed

(
on a Sephadex DEAE A25 column for further separatlan.

From Fig. 16 it can be seen that a mixture of adducts was
‘preaent, with perhaps two main 6nes at peaks B and E. Péak.B
could well contain a mixture of neutral products, while

peak E (~one-tenth of total counts) may be a more purlfled
negatlvely charged aéduct. L;ttle or no- rad10act1v1ty corres-‘
ponded to any UV-absorbiﬁg material. Therefore.separatiop of
the adducts from each other and from the radiolysis products
of po;y'U.seems to be‘possible under‘these conditons. In-
creasing the amounts of material used in the experiment
thOmglpoly U) may however prove. difficult as preliminary .
experiments along these lines'led to prpbiems eﬂ“ineonsiStanciea '
ard hlgh background counts. | ' C - ;, \

éeaks B and E. of the Sephadex DEAE AZS proflle |

(from Fig 16) were.re—chromatographed on Whatman.DE-Sl anien
exchange paper {paper: 1mpregnated with DEAE cellulose). The
.purpose,of this experiment was %o determine if +the rlbose
moiety is'intact'in“the'adducts. This was determined by .
running identical samples simultaheously in two"different
‘eoivent systems: acetate and borate (deacribed”iﬁfMetAodsj.
Polynuclgotides and nucleotides remain at the origin in both
systems. Ribonucleoaides.are retarded in the borate as gom- '
'_pared w1th the acetate system (due tor borate complexiagmﬁath“““-
cig-0H groups of rlbose). whlle deoxyrlbonucle031des and the

‘free bases: show no such- dlfference. Fig. 17 shows’the pro- ‘

q
"~ .
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| ) 8 , 7 ,
Fig: 16. R]e_l;chromatography of "AG 504X4 column “\pof
¢  (*'¢-NF)-poly U peak I on Sephadex DEAE A25
. e - CQJ.

‘-

ium bicarb e pH8 gradient.
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files for DEAE peaks B and E in the two development systems.

For peak B we found one main component which migrated elose

"- to the solvent front (Rg=0.89 .compared to acetate Rf for

uridine = O 73) in both solvent sjstems, while only a minor
and p0531bly 1n51gn1flcant component(s) was retarded by the
borate. system (Re = 0 15) as expected for ribose compounds
(borate Ry for urldlne = 0. 08) Therefore, it would seem
‘that most or all of peak B lacked the norﬁal ribose moiety
‘suggestlng that ribose was altOgether missing, or that it . ‘
had undergone a change at position Css or C3t f‘Slmllarly, |
for peak E, a main component(s) migrated at R = 0.62 in both."
so}vent systems, while a minor component(s) may have been -

retarded in the borate system. Therefore, most or all adducts ‘

in peak E lacked an intact rlbose m01ety. For both peaks B . K \.
| and E it 1s s1gn1flcant that no counts remalned at the |
origin in elthér solvent systems. ThlS means that the ;<‘

i 1solated .adducts do not have a nucleotlde or ollgonucleotlde ’
structure (1 e, they may:: lack phosphate groups). a .
situation that could have resulted if the dlgestlng enzymes
were unable to hydrolyse the adduct eontalnlng DNA to-

'nucleosides.' ,

(1#C-NF)-poly U adducts were also ‘studied by paper.

_chromatography in order to obtaln more. sPec1f1c 1nformatlon

. as to the nature of the adducts. When these nucle051de

J,#

adducts were run oﬁ’Whatman No. BMM paper W1th n—butanol

' water (86 14), all the counts Témained at the orlgln (see Flg. 18-4),

-
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Since in this solvent system nucleosides migrate.hut nucleo-

o3

tides do not, these results indicated a nucleotide;‘oligo-
nucleotide, or phosphate—bound product at the origin; or
else it might be that‘theinitrqfuran group has a negative
charge (dué'to side—ohain breaﬁdown leaving a carboxylic
acid) causing the whole adduct 4o remain at the origin. In
order to ellmlnate the pOSSlblllty that the adduct ran at the
orlgln solely because of a negatlve charge on a derlvatlve
of NF, the same sample was run in:n-butanol:acetic aC1d.
water (60: 15: 25) in which any carboxyllcﬁa01d groups but
not the phosphate group should be protonated. Flg. 18-B
shows that all the counts stlll ran at the origin even under
these conditions, 1mply1ng that the presence of carboxyllc
acid groupswas not the reason-for the overall negative .
‘charge on the adducts. In fact, a phosphate group was probably
'respon31ble. ' 4 . |

| The same (IQC-NF)-pOly U nucle031de digest was also )
- run on paper w1th 1—propanol conoentrated ammonlum hydroxide:
fwater (55 20: 25), a solvent system in which nucleotldes
" (uMP Re =.0, 38), nucle031des (urldlne Rf = 0.66), and bases
(uracil Rf = 0. 68) mlgrate whlle lnorganlc phosphate remalns
at the orlgrn. The stablllty of adducts 1n thls solvent
was verlfled by incubation of (140-NF)-poly U in it,
followed by dialysis. and countlng for radloact1v1ty No‘
‘breakdown was apparent. Therefore, 1n trylng to separate p0531ble
phosphate-cohtalnlng or other adducts from nucleotide-adducts

4

- -
b
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- . l ) ot
the nucleoside digest of (1;C-NF)-poly U was chromatographed

in this solvent (Fig. 19-4). Most of the counts no longer

. stayed at the origin but rather a group of peaks was found

between Rf = 0.20-0.26 and Ry = 0.64-0.82 (where uridine

runs) These may represent a nucleotide-like adduct (due to

‘the 1nab111ty of the enzyme to remove the phosphate) and a

nucleos1de—type or base ~type adduct (less llkely because

dlaly51s would remove free bases). On the 0ther hand, the

-nucleotlde digest of (14C~NF)poly U in the same solvent system

dld show most oounts at the orlgln (see Fig. 19- B) with «
perhaps a group of peaks further on. The Aucleotide- -type

producits seen with the nucle081de dlgest may also be present

. here. but in addition, a phosphate-bound adduct seems posszble.‘

The reason why this adduct was not seen wlth'the nucleoside
digest may be due to the additibnal'enzyme (alkaline phos— ;jﬁ
phatase) used to.remove the phosphate groups,. whlch may also o
have hydrolysed the phosphate-bound adduct. * '

X - Ana1131s of Urac:.ll UrldlneI or UMP (}QC-NFO-Adducts
. by Paper Chromatoggaphx

Paper chromatOgraphy experlments were done using

'separate constltuents of poly U (1.e. ura01l. urldlne and

. uridine 5! mOnOphosphate) in an ‘attempt to narrow down the I

locatlon of the NF bound to the’ poly U moleoule. Separate |

Whatman No. 3MM paper W1th 1-propanol. concentrated NHuOH. -
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. .7 34 krads) + (1%c-NF), applied to Whatman No.
3MM paper eluted with 1-propancl : concentrated :
‘ammonium hydroxide : water (55: 20:25) _ //h
A -.Nucleoside digest. L i
B - Nucleotide digest. s
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water (55 20: 25) In this solvent system 1rrad1ated and
non—lrradlated 11"C-NF ran above Ry=0.61 and therefére interfered
w1th any adducts that migrated tﬁere. However, one eould-

% Y

still see, for urac1l, a group of peaks (Rf = 0.48) p0331bly

"due to adducts;_and a similar group for uridine (Rf = 0.32)

~ and UMP (Rg = 0.27) (see Pig. 20 and 21)..In. going from uracil to

uridine to UMP one found thls group of peaks gettlng

closer to the origin in the same order as uraCLl, urldlne

and UMP themselves ran. The proflles for uridine (Flg. 21-4)
and: UMP (Flg. 21—B) resembled those obtalned when (1 C-NF)-
poly U was digested to nucleosides and. nucleotldes respectlvely
(Flg._19) The profile for UMP adducts showed a 1arge peak

at the origin as was seen for the (1#0-NF)-poly U nucleotlde
dlgest. These results suggest that 51mllar'addgcts are

obtainea with the components of poly U as with poly U itself.

<Furthermore, this'eiperiment again supports the existence"

of a phosphate-contalnlng adduct (appeaE;ng with the-use

" of UMP) A uracil-bound adduct.also seems probable since

the use of the uracil base ylelded NF adducts (i.e. the
group of peaks described earller Wthh also appeared W1th
uridine and UMP). '

mo determine if ‘the oMP adduct(s) running at the

- origin contained the uraczlxbase,~(U—140) 5% UMP (10mg/ml) -

was irradiated with or without nitrofurazone. When run on |

paper in the same solyent previously described (1-propanol:
conceﬁtra%ed NHYCH: water),_theSe samples shoWed.no apparent

W,
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Fig. 20. Uracil (2mg/mi) + (Y¥C-NF), irrvadiated- (34

" krads) and applied to Whatman No. 3MM paper

. : ‘ eluted with 1-propanol : concentrated .
e | - ammonium hydroxide : water (55@20=25). :

I



...78_'_ :

" R.Q;'O.?.«L ) - A
4
10 -
CPM
3 o xlo-z 1...
b 4
q-
q - , .
i.lrfl;ng ‘ .
. . AN
. ad E
Distance from origin (cm)
~ CPM
- xlO‘2

"\

" uMe

e 20 3o 4
Dlstance from origin (cm) :
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i-propanol : conc. ,0H : water (55 20: 25)
A - Uridine (10 ml) ¥ + (15C.-NF)
B + UMP (10mg/ml c.uF)
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XI - Analxsis_giﬁ(2-14G)Qracil—NF'Adducts by Paper Chroma-

-79-

dlfferences in their radloact1v1ty proflles (Flg. 22 and

W

23). Thls either indicates that the base was not present in -

'these adducts, or that the number of rad;oactlvely—labelled -
adducts was too small to be visible (this is in fact very

likely possible even if the Dbase was present).

.toggaphx

. ~
)

In a .previous study where (2-140)uracll was irradiated
under hypoxla. it was shown that varlous radloly51s pro-
ducts of uracil could be separated by paper chromatography
with n-butanol:" water (86: 14) (see Fig 24a). When the-

sens1t1zer,’p-nltroacetophenone (PNAP), was present durlng

irradiation the amount of one 9 ‘the radiolysis products
(uracil glycol) was 1ncreased, while the dlmerlc product

(of which ura01l glycol ‘is a preoursor) was_decreas (28).

" To see the effects with NF we first repeated with

PNAP the experlment Just mentloned to determlne what.

could be observed under our condltlons. Because of impuri-
ties in the (214 Juracil, it was first pur:.f:.ed by appli-
catlon on paper eluted with n-butanol: water (86: 14), and

the: pure compound isolated and lrradlated W1th urac1l (10mg/hl)
w1th or without PNAP (lpg/ml). Though no geparation of

radlolys1s products was visible (see F1g.-25), a small

’ 1ncrease in- rad&oact1v1ty could be.-seen at the Ru expected

for uracll glycol (Ru = 0 25), when PNAP was present. The

L
>
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_and eluted with 1-propandl : concentrated

ammonium hydroxide : water (55:20:25).
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‘ c with 34 krads, applied to Whatman No. 3MM
! paper and eluted with 1-propanol : concen- o )
' trated ammonlum hydroxlde : water (55:20 25). CNL -
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Figure 24 Relative dlstnbutmn of radioactivity on paper chmmnmgr-lms dwclupcd in

L 4

ai=butanol ; water (86 ¢ 14} of uracil (le(l 3N exposted to jonizing radiation

{75 krud) in aqueous solution at pli 5. {a) in N, () in Nyin the presence of PNAP
{(3x 10 Y7, (o) in' N.O, () in NL() in the presence of PN \l’ (5x 1077 ). 'The
chronutagrms were scanned using i Nuclear Chicigo strip scanner. | R, represents

- the relative Ry values with respect to that of urcil. “I'he m.uur pv..:ks (1, 11, .

and 1V were identified as due to, the dimer-type produce, uracil eis glycol, the trans
glyeol and 6-hydroxy-3, 6-dihwdeo aracil . rcﬂpc.ctm.ly The raclm.u.m'c arca with

R, of 1 corresponds to umul A

(Takal from A.J. Varghese._ Int. 'J. Radiat.
‘Biol. 28, L7 (1975) ) =

—
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Fig. 25. (z—ikcJﬁracil?f PNAP Y-irradiated, dpplied

~

to Whatman No. 3MM gaper and eluted with .
n-butanol : water (86:14 .

/Ef:"TR 140)urac11 (2mg/hl)

B - (2-1%C)uracil (2mg/ml) + PNAP (Lvug/ml)'
Ry = Rg values’ relatlve to urggll. IR
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results for the same expériment with NF are shown in Fig. 26,

Again, a’small increase at the expected“Rﬁ is observed with

- the sensitizer. Therefore, NF may induce an increase in

uracil glycol production as does PNAP.

XII - NF-Induced Single-Strand Breaks (SSB) and NF-Binding
to DNA , . .

8

* In this experiment thé'detefﬁination of NF~induced
SSB in excess of NF binding was considered a possible
approach in the examination of NF-induced damage of DNA

during irradiation, other than adduct formation. ADNA. was

the DNA of choice because it is a short, well-defined,

double-stranded molecule which ié-commercially available

both in unlabelled and JH-labelled form. Samples (0.26 ml)

of XDNA With (t¥C-NF); (H)ADNA; and (JH)ADNA with NF were

¥-irradiated, and the (1%c-NF) mixture dialysed and counted
to estimate (140-NF) binding. The other two samples were

 sedimented on alkaline sucrose gradients (5- 20%) for
@@stlmatlon of breaks. Flg- 27 shows typlcal alkallne sucrose
.gradlent proflles with such samples. It appears that at

‘the glven radlatlon dose (5.7 krads) radiation-induced

breaks caused the ADNA to sediment much more slowly than

‘native unirradiated ADNA, while NF-treated irradiated ADNA

ran slightly more 310w1y'than1i:radiated.ADNA,indicating the
presence of'additidnal, NF-induced breaks. The ADNA may not

%

-

' be totally homogeneoug at the start ofthe‘;?ggqégenf (as can
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be seen from the tailing end of the contro ,ADNA.in Fig. 27).
In the presence of nltrofurazone there was consistently an
.an increase in the productlon of radlatlon-lnduced SSB (Table 3)
(i.e. 2.7-%.9 NF-induced SSB / 105 nucleotides, or 11.8- ‘
21.6% increase of SSB). The ratio of NF-induced SSB to NF
molecules bound.(b.64-1.08) appeared t0 increaee with dose,
indieating that NF-inﬁuced‘SSﬁ may be more sensitive to
increages in dose than NF—binding,'or'that the margin of
error resulted in similar‘values. When considering these
results one must keep in mind that the calculations are
eubject to a considerable margih of errpr since fhe NF-
induced SSB were obtained by subtractlon of the ¥-induced
SSB {e. g. 9.8) from the ¥- and'NF—induc-ed SSB (e.g. 12.5).
The results indicated that the number of SSB produced by NF

is less than or equal *o the amount of NF molecules bound.
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—adducts and induction of single-strand
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DISCUSSION

In studies of nitrofurans as radiosensitizers;
radiation-induced=binding of nitrofurane to DNA has been
found'to.occur in the absence of oxygen (90,92). In this ‘

. study, 0.7 molecules nitrofurazdne (NF) were bound per krad.
per 195 nucleotides, which is comparable to another sﬁud&'s
findings‘ofll.d molecule NF per krad per 105 nucleotides (90).
It was aiso confirmed in this study that,in the'presenee=ef
‘oxXygen, no observable binding of NF to DNA occurs. The

highly electron—affinic oxygen molecules apparently compete
much more eff1c1ently than nitrofurans for binding gites

on DNA. Therefore, effective radiatlon-induced binding of

NF to DNA occurs only under hypoxia.

The experiment which demonstrated the need for
both components (NF and DNA) to be present during 1rrad1at10n
for binding to_occur (Table 2), supports the belief that the
reactions involveéd in the binding of NF to DNA are of a
fast free-radical nature. Indeed, NF-bindihg to.DNA has
been shown to jnvolve principally secondary radicals on the
DNA itself, wﬁich are formed from HO+ originating from the
'radielysis of water (92)..In eupp0rt of the radicals involved o
being on DNA, is thé fact that the extent of binding has
been found to be independent of NF concentration while .
directly pr0portional'£o DNA' concentration (93).

1!

Through.the use of dialysis, and eth;nql_precipitation

g

. 5
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_and extraction with phenolgof DNA-NF adducts ,. previous <
" work has eliminated the possibilities of.idnic or hydrophobic
intepactions as be}ng responsible for the binding in DNA -
NF'adducts.‘Along.with this, the relative stability of the
" adducts whicﬂ has been dembnstrated in this study indicates
the newly Tormed bond'is pro bly a covalent one. In fact,
a covalent bond is llkely 1n the case of binding between an
.electron—afflnlc molecule and a free—radlcgl.
As notéd in theAIntroduction, one of the objectives

of fhis_study was t0 isolate and characterize one or more
of the radicactive adducté which are ﬁroduced when DNA is-
- ¥-irradiated in the presence of 1""C—NF. Thié dbjectivﬁ has
not been achieved and indeed: the bulk of the results presénted
above illusfrates the‘bomplexity of the producfs which are
'fofmed.in such‘situafions. Some of the complexities'hadf
. been observed in an earlier study where é method was -
" worked out for separ&ting the,lnc-labelled adducts, found
Cin enzymatic hydrolysates qf.DNA,from_the fcu::normal-
nucleosides (93). However, this'éeparation';g now shown to
be inadequate for inéolation’of adducfs.sihce radiolySis'
proaucts of DNA also Blute in the same fractions as the
adducts. This was seen from the radlolySLS products of the
DNA contalnlng 3H-thym1d1ne (Flg. 8). .

‘ Analy51s of (140 NF)—DNA nu019031de digests on a
.catlon exchange column - (Flg. 5) has shown that one ma jor

NF—contalnlng component(s) (peak I) did not interact with
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‘esinﬂ while two.minor components (peak II and III)
‘}ghtly retarded.~By‘analysis on Sephadex DEAE A25,

I as'been shown to be a aixture of aeidic coﬁpounds
(ihe. they were retarded on this anion exchange column)(93).
icomponent nature of this peak is not sarppising a
since,vacious prooucts_not retarded oy the caticn,exchange o
column'w>u%d elute together at the "void volume";'$houghﬁ
separatefl from the normal nucleosides the adducts'were not
successiplly separated from the DNA radloly51s products ax

this poijt.. Structural Slmllarltles may in fact exist between

the NF;cerl tlves and the DNA radlolys1s products SO as

to make- separatlon very dlfflcult On the other hand, _ ’f;“;*

both peaks II and III seem to represent 31ngle products

“unassociated with UV absorbing material nor apparently -

with radiolysis products. Peak II is probably a neutral

'compound 31nce it is only slightly retarded by the catlon

exchange column (may involve non-ionic 1nteract10ns), but

is totally unretarded by #he anion exchange column (Fig 6).

' Peak ITT may be slightly acidic since it was only slightly

retarded by the cation exchange coiumn but was aIso retarded
oy the anion exchange column,being eluted soon after the
gradlent was begun (93) . _ |
Experiments with DNA radiolabelled ‘with (3H-Me)
thymidine (Flg. 8) have not succeeded in showxng any |
adducts containing the thymlne base. Cons1der1ng the wide

varletx of adducts present, some must contain the JH- -thymine
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base, however the yleld of adducts is probably too small
.relatlve to thymine radlolys1s products to be dlstlngulshable.
However, the exper1ment{d;d hlnt at NE—lnduced products
cohtaining:thymiue which does not involve stable NF binding..

_ Experiments with the'nucleoside'(3H—Me)thyuidine
(Fig. 9) gave 'similar results in that thRy did not demonstrate
the preseucs of thymine in adducts, though‘there was an |
excess of thyminew3H'counts which mighf indicate thymine-
cohtainihg adducts or some other type of NF:Enduoed products.
The other NF-induced products unrelafed to adducts (i.e. which
lack 140 counts hence are not adducts), which were seen %o
run close to dT in. the (3H-Me)thym1d1ne-DNA experlment
(Fig. 8), were not seen w1th the radiolabelled nucleoside.
This may be due. tot&he use of a nucleoside as opposed to
.a nucleic acid. leferent radloly51s products are obtained
‘with DNA than with its oSnstltuents (13). Also, the phos-
~ phate group might be part of these NF-Induced products o
iseen with DNA. The phosPhate group mlght be just aShtructural
part of the product although this Q\ﬂunlzkely because the
compamd is not highly negatively charged, or the phOSphate'
group mlght play a dlrect role in the interaction with NF
-and so be altered (and the negatlve charge masked)

Chromatography of 1rrad1ated and digested samples

ofﬂﬁq C-NF W1th RNA, poly C, and poly U gave a smngle
'AG 50WX4 peak at the void volume for all three nuclelc |
acids. Por poly U, poly C and to a !ball extent t-RNA(which is

only 30% SLngle-stranded) the lack of minor peaks of a less acidic .
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nature as aeen with DNA could bevdue to their being single
stranded rather than to their having a rlbose instead of

a deoxyrlbose moiety. It has been shown that as well as
there being 27 % greater zhlnduced binding of NF to singlé-
stranded DNA than to donble-stranded DNA, the relative
amounts of radioactivity in the AG 50WX4 peaks for adducts

~d1ffered. In fact, the 31ngle stranded DNA showed a greater
proportlon of peak T (W1th very little of the other adducts)

" (93), which is consistent with our results with'single- -

stranded nucleic‘acidsm A s%ngle—strand molecule might

lead to the greater prodoction and ekposore of certain

radical‘sitea that might compete nore effeotively for NF

blndlng than thqose sites which result in adducts found in

peaks IT and II;470n the Othg; hand. the fact that total

blndlng with these 81ngle-stranded‘nuclelc aClds was not’

greater than with double-stranded DNA may be related to

the. presence of the ribose moiety or absence of deoryriboae.

Although the ribose and deoxyribose compounds are not expected

'to behave very differently'on'an ion exchange column,

a certain adduct(s) formed with NF may be possible with

the ribose moiety (e.g. binding at a radical on Czjnof‘

deoxyribose which might not occur-in'ribose) of codiéé,;

peak I for DNA and r1b0polymers mnay conta;n totally dlf—

ferent'adducts since llttle lnformatlon can be obtadned

from unretarded peaks. Different ribose products might also . -

explain the lack of smaller, legs acidic peaka .for t-RNA.
Re-chromatography of hydrolysates of poly U and
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poly C NF-derivatives has showh that’a variety of neutral

- to acidic adducts are present. Re—chromatography on DEAE.A25
of the (140—NF)-poly U nucleoside adducts (Fig.-16) has

shown two main products: peak B at the void volume and x |
_peak E at the gradient conCentration 0.25M. Peak E appeared
to have very similar sfructural properies o the.major
radiolysis product(s) of poly U in tha#% their maoallties were

similar. Re- chromatography of peak B and E on DE 81 paper

o

(Fig. 17) has shgwn that the bulk of the products lack an
intact ribose moiety. It is uniikely that-the sugar is
altogether missing due to an adducf to a free base since .
dialysis of the polymer before hydrolysis would have
removed free bases. However, an adduct on a phosphate group
alone might be possmble especially after digestion w1th
nuclease and alkaline phosphatase. It could also be that
only part of the sugar is present with C2'-0H and/br Cj--OH
missing; or that the hydroxyl group of Cga.or er has been
aiteréd. o S V

) Paper chromatography of (lHe- NF)—poly U nucleos;de
-*Iadducts (Flg. 18) has confirmed the acidic nature of these
‘adQucts because they were found to remain at the_orrgln
_while.the nucleoside migrated. Furthermore, it seems .
most.likely that;the negat'#e charge is on the nucleoside
_ part of the adduct rather than on the NF part. This mf%%t
1ndlcate the presence of a’ phosphate gjjgp)xn the major

" adduct(s) due elther to the lnablllty of the dlgestlng

-,enzymes to remove the phosphate group near the adduct
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leavmng nucleotide-like products; or to phosphate—contalnlng
NF- derl tives freed from the sugar moiety after dlgestlon.
‘The presence of nucleotlﬁe-llke products seems more probable
in this experiment 31ncerthey ran like ‘nucleotides in
one soléZnt';ysfem (Fig 19A) where nucleotides migraté
Abut lnorganlc phosphate remains at the origin. However,»a
‘nucleotide dlgest (Flg. 19B) eluted with the same solvent
T system showed a much greater proportion of counts “at -the —
-origin. One could speculate thét if an NF—derivgtivg on
~ the ﬁhoé;hate groﬁf resultedfln 5?;phosphate ends, then
digestioﬁ with'ribohﬁclease A {(a 5"en&onqc;ease)p
might cause thé release of free phosphate-cpntainiﬁg
adducté. These adducts may not be.seen.in'the nucleoside
digest becaﬁse the‘chef eﬁzyme,(alkaline phosphatase)
used to further the digestion, might also hydrolyse the
P hosphate-NF bond. A second product(s) (nucleotldeatype)
could stlll also be present in both the nucle081de and
the nucleotide digest. This gives an idea of the many :
types of reactlons possible durlng irradiation and the
experlmental treatments whlch follow.'
Paper chromatography experlments ‘with constltuents
of poly U (uracil, uridine and UMP)(Flg. 20 and 21) con- .
‘firmed the results obtained with poly U,_gﬁving similar
profiles for uridine and 5'-UMP as were obtained with the
nucleoside and huc}eotide digests respeCtiveiy: Incidently,

'~ $he fact that the UMP had 5' phosphate ends still does not
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contradict theg reviously discussed idea of free phosphate-
containing NF ducts,. as the blndlng of NF may also be able

to cause b bon Fbreaks. In fact, nltrofurans have been

shown to increase the amount of radlatlon—lnduced.release

of:inorganic phosphate from 5' nucleotides (?6).:The

~experiment with uracil (Fig. 20) strongly indicated that

there is a_baseeoound NF adduct(s), which may also be

‘preserit when uridine or UMP is used.

. In retrospect the high degree of complexity of the

NF adducts formed with nucleic acids might heve*been

-_expected because of the wide varlety of secondary radlcals

which are known to be formed when prlmary radlcals interact
with DNA. Radlatlon—lnduced blndlng of NF to DNA has been e T

shown to be predomlnantly due to’ the sen31tlzer s 1nteractlon

Wwith DNA radicals produced by the 1nd1rect actlon of HO* (92).

Radicals due to HO* have been found with all the consti-

tuents of DNA. That is, there is evidence to support HO:«-

induced radical sites on the base and sugar moieties_(lj). as

" well as possible phosphate radicals (b2,43). Therefore,

theoretically'NF-derivatives.mey form'on any part of,the
molecule. With p&rimid;ﬁelnncleotides, HO* mainly reacts
by addition across ghe’65405'double bondrof the bsse
with the €5 OH-adduct predomlnatlng. ThlS supports the

'suggestlon for an NF-uracil adduct seen in this study. and

_sensitizers to pyrimidines (78). NF could therefore con-

1n other studies Wthh have also detected blndlng of

-
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ceéivably bind to the Cg radical site,-with this being
quantitatively a major adduct produced by NF interaction ™

&

‘with DNA. Nevertheless,-adducts are no doubt'formed on

m%_\\

T
B

purine bases. and may also be formed on %he sugar and T

e’

'phosphate m01et1es. Two Sephadex DEAE AZ25 peaks Were found
common to the four deoxyhomopolymers 1rrad1ated with - 140-NF,
'-wh;ch suggests a sugar or phosphate adduct (93), as do '
paper chromatOgraphy experlments in this study.where rf
products mlgrated in a way unlike bases, nucle051des or

nucleotldes. Such adducts (or their precursors; e.g. Cqi»

‘ radlcals) may have led”’ to the release of“unorganlc phosphate

or bases, SO that a wide. varr"y of resultlng adduct

compounds is posslble. Further evidence for sugar-bound

adduots 1ncludes the protectlon afforded by some sensxfigersf‘u

to . the radlat on-jfd ced release of 1n .ganlc phgsphate

'from nucleotidés (?6,36), and the fact hat nitrofurans |

gave 1.1- 1. 2, SSB_per krad per 105 nucleotldes.

These values are within the range obtained in other studies
ineluding calf thymus DNA 1rrad1ated in air (8. 5 SSB/krad/
ﬁ‘f1o5 nucleot1des)(99); bacteriophage B3 DNA (21*x 106 daltons)
irradiated.in air (9.9 SSB/krad/105nucleot1des), and PM2 DNA
(6 x 106 daltons) 1rrad1ated in air (0.62. SSB/krad/105

nucleot1des)(101) It is not surp 151ng that the prOductlon
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of SSB is greaten~1n alr, since oxygen is known to 1ncrease

, radlatlon—lnduced SSB productlon in DNA (with ap enhancement

ﬁiratlo of 2. 9)(97). and although SSB values may vary amongst

dlfferenf experlments they appgar to be contained within a

.llmltEd range. The small amount of SSB observed is probably

reasonable 1n the llght of what we know about SSB verses

other damage (1nclud1ng base degradatlon which predominates)

(99).

t. 'In the presence of NF we consistently found aﬁs~

increase in the productlon of radlatlon-lnduced SSB in DNA

(see Table 3)}. This inditates that at the concentratlon

used (4 x 1075M) NF does not protect against DNA breakage

as do the N-oxyl”sensitizers which at concentrations as
high as 1. x 10~2M do not increase radiation-induced SSB
and, in'fact, decrease'SSB at higher doses (102). Since N-

oXyls are known to . 1nteract with DNA during 1rrad1at10n .

© almost entlrely by covalent hlndlng {73), and since they do

[
not.cause SSB, this suggests that in addltlon to blndlng,

'NF 1nteract10ns W1th DNA may involve oxldatlve electron-,

transfer which in turn may lead to SSB. Purthermore, our

 results showed NF-induced SSB to be 0.64 to 1.08 times -

the amount of bound NF molecules. Assuming the validity
of these values (although they approach a one to one ratio),

. this may 1nd1cate blndlng of NF to dlfferent siteg of tHL

DNA w1th only certaln sltes leadlng to SSB ‘and therefore -

' ,resultlng 1n more blnding than SSB However, it is generally

.- \
7



=99~

believed that bindihg.of a sensitizer would brotect from -
'rathér.than cause SSB, this preventing the radical from
. further deterioration that might lead to SSB (76). on the .
- other hand, a radlatlon-lnduced 1nteractlon of NF W1th
\DNA, unrelated to binding" (whlcn may prevall), and involving ;
eledtron—tranSfer bxidgtidn may.be occurring and leading to
SSB. "In fact, %he ability of nitrofurans .:E‘or electror}-,
transfer oxidation is well known (72,92); and consiséent
wifh this they: have Been shown_to cause the radiation- -
induced yelease-of_inorgahicwz;:ébhate from monenucleotides

(76),i§s-well asg to produce SSB in PNA(80). Other expepiments

“other: ox1dlzlng reactlons could have taken plac v ose
;‘lcau31ng strand breaks (e e oxldatlon of radicals at C3n /?
or 05-, or radicals resulting 1n ring open;ng)
The (2-14C)ura011 experlment (Flg. 26) in whlch |
- various rad101y31s products of urac1l produced with. and
?\\; W1thout NF were chromatographed on paper, 1nd1cated that
the presence of NF caused an 1ncrease in the productxon of
~-one of the radiolysis products,-urac1l glycol (keeping in

‘mind that the identification of this prdduct was. someyhat

-
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tentati%e).IOne proposed mechanism for the higher yield )
of glycol in the presence of a sensmtlzer 1nvolved the
’transfer of an electron from a pyrlmldlne,ﬂg_ radical to
the sensmtlzer, thereby creating a carbonlum ion lntermedlate
which is hydrqused to. the gly%fl compound (28). This was_
préppsed for PNAP,but from our evidence the same may hold

for NF:

'-PerH + N ———> PyrOHt + NP
. Pyrog* + Hzo——————b-Pyr(OH)z + HY

This may be further evidence to involve oxidative electron
transfer‘as one of the chemical interactions NF undergoes
w1th nuclelc acids under Y—lrradlatlonf
'The types of DNA damage (i.e. NF blndlng and NF-

indﬁced SSB) we detected with radlat;on also occurs when

NF is.enzyﬁatically "activated". Though binding is proportional
'to NF concentration, at 30/M the extent of binding Qf
‘activated NF to DNA (2.5 NF molecules/105 nucleotides) was
similar to our results (4.2 NF molecules/107 nucleotides).
While the amountﬂbf SSB at that concentratlon was not
calculated, it was estlmated to. be less .than 0.095 per 105
.nucleotldes, thus g1v1ng a ratio greater than 25.9 molecules
bound per SSB (96). Since iIn oy system thlS ratio is 1 to
1.6, the extent of SSB seems to be greater in the radiation-
1nduced rather than the enzymatlcally activated system._The |

'chem;cal 1nteractlons in .the two systems are different in

that the enzymatlcallyhactlvated NF yields a reactive
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‘NFﬁderivative which reacts with normal ﬁNA (proﬁably.
entirely by binding), whefeas'in the radioiysis systeﬁ
unchanged NF ?éacts with radical sites in DﬁA where binding
O#Aotheffxeggfig?s may occur. The enzyme-activatéd'system
_is in fact a much simpler system of adduct formation gince -
guanine-appears to 5e'the principle site of reacfioh;

and the adduct pattern is a simpler one showing two majo} |
‘peaké'whiﬁh‘aﬁﬁear ﬁure on "HFLC (103), In contrast, the
compiexity of the products which are formed in our system
requires more effective means of separation than have been

used to date.
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