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. . ' s o ' \
‘ABSTRACT B ' )
_' i

In ' addition ta radiolytic aden'i‘ne \ release‘, radiolysis of
adenosine S'Pmonphoephate in the absence of o:qgen,- can ‘result\
© 4in the forma\tion of 8 hydroxyadenosine 5'—mon0phosphate ‘and both

KR

the (R)— and (S)~epimer\of 8 Shcycloadenosine 5'-monophosphate
Y‘I‘he mononucleosiae derivatives of these modified nu{zleotides were .
‘also observed in irradiated eolutions- of adenosine and in the enzyme
‘hydrolysates of irradiated solu’cions : of po'lyadenylic ‘ac‘i.d (poly
- "A) using high perf‘ormance liquid chromatography (HPLC) i
" In an effort to detect 8 5'-—cyoio(dequ)adenosine f‘ormation
- .
in irradiated nucleic acids, polyclonal antiserum were raiSed with.'*
Sfpecificity to the 8, 5'—cycloadenosi\ne 5'-monophosphate moiety and
’used in an’ enzyme—.lin}ged immunosorbent assay = (ELISA). ‘The
: ‘ - \ ‘ L
| 8-,5'.-cyclo(deo)dr)adenoeine moiety could "be detected in nitrous lo'xide—;
saturated arnqueous ‘solu'tionsv cont'aining‘- unliydrolyzed .:poly, A at.‘ 10
»‘Gy and D‘IA a“ 200 . Gy, . using the colorimetric ELISA. Correlatilon".'of
product yield measmed by ELISA with HPLC analyeis .of irradiated
'enzyme—hydrolyzed solutions of‘ poly A revealed that the ELISA wasi»‘ |
precisely reflecting changes in the combined yield oI‘ (R)- andj'
K '(S) 8 5'-cycloadenosine / L ‘: ‘ ‘ |
o Radiation chemical experiments incly;_iing studies on the pH—'.
and oxygen-dependencies for product formation have revealed that
8 5'-cyclo(deo:w)nucleoside formation may serve .as an unequivocal,,_:v‘

probe\ of-' an f' itial hydro:wl radical-induced event from the

'; (deoxy)adenosine moiety in irradiated nucleic "acids.: The EL‘ISA‘,-

-

N v N 'o . e ' . : ." <o . L 4. N
st o  — . . C . ot ot L C.
L ) . e . L Lo i .
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r . -~ 0 1 v
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\

‘tec‘ique was used to aséess 'product yield (<‘1inf"irrad'iated solutions

~of poly A under conditiOne 'de"sign'ed‘ 't'o‘test 8"5'—cycloadenosine ‘

4

formation as & possible probe o.f‘ radiatiorL chemical events. In this

' context 8 5'—cycloadenosine formation was inhibited by the addition‘

. of hydromyl radical scavengers, in the presence of 'molecular oxygen ‘

| or- in the presence o}‘ a series of nitroaromatic radiosensitizers,

|

v

i

the latter in a way which generally ,increased with 1ncreasing electron

.o o

,‘ a_mnity;l -

‘Fin‘aliy, .an ultrasensitive modification of the_ conventional
ELISA permitted detection of 8 5' cyclo(deoxy)adenosine moieties

in DNA 1rradiated in solution with twenty—fold greater sensitivity

-~

this- increased Sensitivity was insufficient ‘to permit product _

4

detection in DNA extracted from oxygen~ and thiol depleted irradiated‘

V79 fibrohl_asts. }

-y

H ~
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THE HOLECULAB RADIOBIOLOGY OF N'UCI.BIC ACIDS

’ .

INTRODUCTION

Physical and chemical ' "processesl foccurring -in‘ the order of

‘picoseCOnds to milliseconds following energy deposition b)’ ‘ronizing

) radiati'on 'are ultimately responsible for phenomona such,

: mutagenesis, carcinogenesis and proliferative cell death which occur :

t

over the longer term (1 3) In the radiochemical stage, waves‘ of

» reactive radicals are generated largely from water radiolysis each

.~

© wave being less react-ive‘ .and each chemical‘ reaction being ‘more '

specific than its predecessor (4) The most . important event: to oceur.

at this stage may be the interaction of a primary radical with a

cellular molecule to produce an intermediate secondary radical on

'the biomolecule.. The consequénce of this interaction to a. living '

'cell is dependent upon the - position that the modified binmolecule'

#'D

',occupies in “the hierarchy of - critical biomolecules ultimately

responsible for the functional integrity of living cells. Evidence

reviewed by ,»Chapman and Gillespie (3) suggests that deoxyribonucleic

SN .__'acid (DNA) is' t -the apex of this hierarchy Character?zing and

"-.'examining the f te of these intermediate radicals has been of" "

‘ _-_?considerable interest in cellular radiobiology - .

@ . . ,

The radical competition model provides a conceptual——framework,

f".“'f;_.radiosensitizers, o ‘a’nd_'”., radioprotection '. associated ‘ with—“

-

for studies involving radiosensitization by oxygen or electron affinic -
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npotential use as "probes" of radical events.

.10
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‘;hydrogen donating compounds (2 3,5- 1h) Although modification lof'w

‘the secondary radioal 1s a proposed mechanism for such changes 3
f;observed at the cellular level rigorous testing of this hypothesis,
: at the biochemical level using radiation—induced molecular products

.as probes of the radical competition model has not been done The“ﬂ

aim  of" this thesis was' to develOp the use of specific molecular ‘

products as "probes" of radical events underlying the radical

competitioni model. This was' accomplished by performing experiments

.

~designed 'to - better f understandr, the : mechanism © leading to-

radiation—induced .product' formatiOn; developing a sensitive

immunochemical assays for detection of~ molecular"products in .

1 I

“irradiated DNA and testing specific molecular products for their_

®

B. WATER RADIOLYSIS: PRIMARY RADICAIS AND THEIR BELATIVE IMPORTANCE‘

IN BADIOBIOLOGY‘\

"'Radiation-induced' chemical alterations in; the ‘structure ~of.

r'critical biomolecules; nd the biochemical effects resulting from o

ny |
these events in the living organism are largely related to water‘:«

:radiolysis A typic&l mammalian cell consists of water (70%), roteinshf‘

x‘.(18%),v_DNA (0 25%), RNA (1. 1%), lipids (SZB carbohydrates (2%),?p

i

.'metabolites and 1norganic ions (3 65%) in’ 2" total volume of h xci

-2 ml (15) Due. to the high water content, of cells, a significant‘

‘extent of radiation damage results primarily from the 1ndirect effect;f”ﬁf

fvthat is,‘thejabsorptionsofﬁenergyggy a molecule such as water, leading7,,f“31




“to the formation of‘ reactive intermediateé which can 1n turn,

interact with critical molecular targets flternatively, direct

I‘ﬂ effects involving the direct - ionihation or excitation of critical

molecular targets could account for up to 30 hO% of mammalIan cell’ h

inactivation (11,16, 17)

‘ Thehu decomposition ‘of water by low linear‘ energy transfev '
radiations [<O 56 fJ/um (3 5 keV/pm)] has been extensively stud b
and}vreviewed (18 19) Incident photons set in motion photo—
‘,'Compton- electrons which initially interact ‘with target molecules .
‘to- produce ionizgtions, super excitations and excitations within e
| <1O_17jf‘10_15‘seconds (1, 3); Absorption of energy is. random (20- 22) :
withnenergy deposition occurring on: the average of 100-500 nm apart

in 3.2 - j6 aJ (20 - 100 eV) packets. In the case of water radiolysis

(eQuation“1), o S . ,:' o,

(1)

) g, OH H3O 2,\2'92.

- excited and ionized water molecules undergo rapid reactions which

result in several radical ( OH e-éé; H) and molecular (H2, 2)
’d species (Table 1) over a time scale of 10" h to 10 -8, seconds within

. a. localized volume of high concentration termed a "spur“ (23)

proposed mechanisms of formation‘ of these radical and molecular
species and their steady-state yields at neutral pH aq.10 8 seconds
is given in terms of their G values (viz., Imolecules of product

N A

produced per 16 aJ (100 eV) absorbed) in Table 1. 3
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TABLE 1: ACTION OF ION'szNd.RAﬁIATmNs ON WATER'

HO—AA= o | H

» aqr B OHHO*”H o

3 2?.
‘ Radical products '

Hgo————vugo el . S

Molecula“r products -
CHT 4 H-————»H

[ ' 2 . ‘.‘ A‘ | . k‘, — B

R e -

o 4o —%en oo

I * V‘T “” . - . ...\ ,‘ ’“ \ ‘l -W
"0H 4 "OH ———=H,0

‘e'Yieldsa o

P . [ . .." o_’ ‘ L. \1 ' | "'t‘ v. ; . ‘<_‘ ‘ . ; vm‘.

Speciese‘ue,aq _H'j‘ ,OH } H30 32:3 3202- .

G value | 2 7 .552 2 7‘ 2 7 : 0 QS 0 7 ‘:;; ;
*

1) Refers to low-lineér energx,hransfer radiations [<O 56 fJ/um (2h)]

2) G molecules per {00 eV (1 eV 0 16 aJ)



. As a result cor waterf radiolysis, - highly reactive oxidizing
| ("OH, HQO ) and reducing (e aq ';H)‘speCies are formed (18). Studies
‘in cellular radiobiology using alcohols (17)‘,Sulfhydryls (17)" and
‘dimethyl sulfoxide (11 25) to scavenge hydroxyl radicals Suggest ‘
that hydroxyl radicals are responsible for 60- 70% of cell 1nactivation
and that the, contribution of ef;q v‘.a'nd“ “H .to' tnactivation s
negligible However, Chapman and Gillespie ‘(3) point out that .
‘“cell inactivation resulting from e éq or other ‘reducing 'species'
" is difficult to study because of quick transfer of target radical
Kanions, produced from e d _attack to more electron affinic molecules
in the cell’ such as. .bxygen.  Although. the yield of quq‘ 1s
approximately that of the hydroxyl radical (Table 1), the efficiency
bof inactivation for the reaotion .af hydrated electrons with DNA
is only" 8 per cent (half that of hydroxyl radicals (26)) In addition,
ll the reaction raqé constant of hydrated electrOns«with DNA is three
times smaller ‘than that ‘of. hydroxyl radicals 27) In- the case of
t hydrogen atoms which have a steady—state yield of only twenty percent
of that of\ "OH or e aq;l the contribution to cell inactivation is
-not known. ﬁichaels and Hunt (28) suggest that a significant component'
'of the indirect effect may be attributed to hydrogen atoms.
- In the presence of molecular oxygen, the hydrated electron -
rt’( ) and the hydrogen atom (H ) will react to form the superoxide
iaradical anion (0 ) and its conjugate acid the hydroperoxyl radical “N”

‘f:(HO ) (equation 2)

' ! . L . Lo e . .
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Neither 02T nor'H02 are as effective in cell inactivation a8 the
Y ‘ , »

.,‘hyd'roxyl radica‘l. The HO'2 radical 18, producéd at low yield at
physiologicalj pH andl the O ,radical may. undergo either diSmutation
pr enzyme ' reduction with superoxide dismutase to_ form hydx‘ogenl'
perdxide which "is ‘Isub'sequentl‘y lconverted to ‘water and 'ongen b:.-
‘catalases and peroxidases (293 . | | |

~* The hydroxyl radical may, therefore be the predominant specier’s,
’resulting from water »radiolysis which is,‘ capable of 1interacting
with critical target - molecules in celllular systems ‘I‘helurate ‘voi‘ :
reaction of hydroxyl radicals with critical targets I‘or proliferative
, :v.cell death. was 9 x _108 seconds 1‘ (30) ‘ The average distance of"‘
migration of ' the hydro:qyl radical ‘is approximately '+- nm from the
site of formation with an average lifetime of .10 -9 eeconds (‘3)-'
‘Thus .a significant p:(“OpOI‘tion of the hydroxyl I‘adical ir/iduced damage,"
‘to critical targets must occur uithin this distance Chapman and

Gillespie (3) have extensively reviewed the evidence which suggests .

tha}‘, nuclear DNA is the most sensitive molecular species within'

a mammalian cell leavding 50 1oss of proliferative capacity Since

| 'wthe average lateral packing diameter of double-stranded B DNA 1s

. 93 nanometers (31), approximately one’ half the average distance ,‘ :

?of migration of the hydroxyl radical %he site of the ini'cial spur‘

- -

must be close to,- or within, the hydration layer of the nuclear

]

'7:‘.-~DNA to produce a critical lesion. o PR - “ ,:_\‘: |
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E?e 1nterhct1on of hydroxyl radicals with biological molecules

"N
results, 1n the formation of secondary radicals primarily through

\\\ hydrogen abstraction \éfgm a carbon 'atom Or addition across ‘sites

4

unsaturation (18,32) In general, distribution of hydroxyl radical

7 tack‘ i1s dependent upOn the presence or absence of unsaturation,

‘the' number and strengths of C-H bonds and, because of thé

' electrophilic nature of the hydroxyl radlcal,\the pregence or absence

.

d N
of charged groupe in the molecule (33,34). In the tase of nucleie

’

acids bhe baSe- moieEy gan undergo redoxy‘reactiolé or addition

I‘\.. .

o ' e Yo :
reaétlons with free radicals: the aliphdtlc sugar molety may only

undergo hydrogen atom abstraction reactions. Reactions of hydroxyl

f

radioals with elther the base or sugar‘ moietles can be influenced
w

by the charged state of either the base or phosphate group (35).

Y .
',?hg relative importance of hydroxyl ‘Tadical- ced events
.may be stressed by reference to studies that' have‘IQSed dimethyll
eulfoxide to scavenge the yield of hydroxyl radicals to achleve

radioprotection and studies that have used nitrous oxide to increase

the yield ~of hydroxyl radicals,A the latter condition leading to

. radiosensitization in many éystems.

Scavenging .of hydroxyl radiéals, can lead to radioprotection
« —_—

(17,36,375; D}methylxsulfoxide (DMSO) 1is an efficient 'OH scavenger

‘ which results in the conversion of the °‘OH radical to the much less

reacbive methyl radical (CH3) which, in the presence of oxygen,

reacta&ﬁy addition to form the methylperoxy ‘radical’ (CH 00°) (38, 39)

-

(equgtioﬂ 3)
&
o "_" :& ’ - v

) # )

"
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i
Clly~§-CHy 4 "OH ——=[CHy-

0
' i
“CHy)' ——=7CHy =+ CHy-S-0H (3)

H

o—~—0

»

kK = 5.8 x 107 dm>-mol” -5

Dimethyl sulfoxide has been shown to be an effectivé‘rad;oprotectop
in cellﬁlar systems (11,25,38,40-44) and 1n cells 1irradiated with
heavy charged-particle ~beanyls‘ (45), |

Potentiation of radiation damage might be anticipated 1if the
initial yield of primafy radicals ‘1s .increased. The‘ yield of tllle
‘hydroxyl radical can be ddubled relative to 1t§‘ yleld fln
nitrogen-saturated gqueous solution by perfofming the Airradiation
1n‘the présence of nitrous oxide (N,O) wherein the hydrated electron '

2
can be converted to the hydroxyl radical [Equation 4, (46)].

e + NO —— N, + ‘OH 4+ OH (4)

k5 5.6 x 107 dod-mol -8

The\ hydrated ‘electron‘——(e—aq) was reported to have a steady state.

G .value of 2.7 (20.1) based of direct measurement of the e.aq

absorption approximately one microsecond after - irradiation using
pulse radiolysis techniques (47). In the presence of nitrous oxide,
assuming total conversion (e-aa-—»:OH), the yield of the hydroxyl

-

radical should approach G = 5.4. This assumption has been used to
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| explain - the nitrous oxide-induced sensitization of irradiated

bacterial spores (48,49) and bacteriophage (50)." Howevef, 1t should

be noted that 1ncreased radiosensltlzation with nitrous oxlide has.

not been observed in Micrococcus sodonenis (51) por An any mammalian

cell system to date except in the 1nexplicab1e case where cells

- were batned in medium containing 3 mol-dm "3 dimethyl sulfoxide (4h).

Therefore, while the radiation chemistry of nitrous oxide-saturated

.

.s8olutions may be well .understood, radiosensitization of cells using

this technique 1s noc successful.
In the light of this discussion which focused upon primary
radical formation and the deleterious consequences - of radicals in

cellular 'systems, the hydroxyl radical 1is considered to be the

vpredominant species attacking critical cellular targets to produce

secondary radicals. The ‘fate of these secondary" radicals shall be

discussed in the context of the radical competition model.

C. THE RADICAL COMPETITION MODEL: INTERMEDIATE RADICALS IN MOLECULAR

RADIOBIOLOGY
The feactions' of primary radicals originating from water
radiolysis can produce secondary radicals on cellular molecules

which may react further_in the,cellular milleu. I shall adopt the '

- term "1ntermediate radical" to refer to a radical centered on &

critical cellular molecule The fate of these 1ntefmed1ate radicals
has received much attention ‘in. radiation research. A ’number of

possible . competing radical( reactions, and descriptions‘ of the



competition procéss, has resulted in the formulation of d- hypothesis

Y

amenable to experimental testing at the oellular and molecular level‘

The radical competition model 1s based on studies in polymer radiation

chemistry (5) and,has been used by others as a conceptual frameuork

to study the oxygen effect radiosensitization by electron affinic‘

compounds and radioprotection by thiol- depleting agente Excellént '

reviews are available which provide add1tional details on the model

than shall be presented in. this brief discussion (2,9, 13) ln the

context of the model, oxidizing radicals (1.e., OH) are damaging

&

because they attack critical targets (T) in the cell (DNA - being

the most important target molecule) to produce int%rmediate radicals

. (T"). As previously suggested 60~ 70% of mammalian cell inactivation'

' can be attributed to ‘oxidizing species- primarily by hydroxyl
radical ~induced addition and abstraction reactions, and the remaining
307k0% is attributed to direct effects (11,17). Both indirect and
direct erfects can lead to intermediate radicals “(T") (Equation

5).

. _yHO S
| Indirect/(l o X—TX

——+0,—>~T0O" --05) -

. Direct h Lx-—"f’h(’

. Restitution - Fixation

a
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Chemical ‘competition for the intermediate radical (T‘) occurring

over the timescale of 10 q to 1073 seconds (2, fy‘\as\been suggested

as the basis for the . observed radiobiological response at ~the

moleoular.andncellular‘level Fixation of the radical by oxidative

\

‘ processee may occur by either the addition of molecular oxygen'

PRENN

'(6 7,52- Sk) or other electron affinic compounds (9 1M1, 55) to the

‘intermediate radical (T ). Fixation of damage results in chemically

) distinct changes to the target molecules; changes that might be‘

amenable to enzymatic repair oveI' a much longer timescale If not

_repaired these molecular changes may lead to changes at the cellular

11

level including mutagenesis and proliferative death An alternative‘ .

reaction, in competition for the intermediate radical (T‘),,Ais

fast chemical repair process 1nvolving hydrogen atom donation from
\compounds such as cellular nonprotein sulfhydryls, (thiols)' [e.g.
glutathione, L*cysteine cysteamine, coenzyme A, and dipeptides
‘./56)], which’ results 1n reconstitution of the original target molecule

and radioprotection at the molecular . and cellular level (5-14).

‘ Evidence in favor of" the radical competition model comes from

.work linvolving depletion of intracellular nonprotein thiols in.

mammalian celle." Depletion of endogenous thiols leads to 1ncreased

,effectiveness .of * an exogenous ' radiation sensitizer while ~ not

appreciably affecting the response of treated ‘cells in the absenceg

of sensitizer,' an effect observed only for hypoxic cells "and no

'effects of thiol depletion or radiosensitﬁzer addition were noted

for'.aerobic- cells (57-59) . Bump et al. -(60) demonstrated a ten—fold



increase in/the/radioserat\i efficiency of misonidazole in }wpoxic .

/\
{ells depleted ( > .90%) of endogenous glutathione As a follow up,

experiment Koch ot al. (61)“demonetrated that glu't,athione deplet’ion

“resulted in"‘a T-fold decrease in the . m" '(‘c‘oncentration for,

half‘ maximal response) for radiosensitization by misonidazole, and_

g ‘ only a 2.5- fold decrease in the K for radioaensitization with oxygen

\

" The difference in' the enhanced sensitivity between oxygern., and

misonidazole was interpreted by Koch et al (61) to mean that the .
"simplest form ‘of the radical compsetition model may not accurately

model the - competition between oxygen fixation and chemical repairv

when ‘the data are rigorously scrutinized In related studies van

~der Schans ‘et al. (14) measured the effects of ‘intracellular
glutathione depletion on the expression of radiation—induced cell -

death and correlated this with the induction of radiatiominduced'

single— and double strand breaks in DNA. van der Schans et al (14)
suggest that the data "fit" a simpLe competition model involving
a competition between sensitizers and protectors with intermediate

. DNA radicals : In the oxygen cOncentration range 0. 1 - 10 umol dm 3

”izl

90% senSitization for single-' and double strand breaks and 509

sensitization f‘or cell killing were observed (1&) "The discrepancy

. in the observed sensitization for DNA strand breaks and for cell

killing 18 related to the extent to which the critical secondary

radicals participate in the oxygen-thiol competition. gFor example

"in DNA, sugar type radicals participate in- this competition, yet' '

wbase radicals do not (62) Therefore, much evidence has accumulated“‘f
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to suggest that intracellular thiols compete with oxygen, and electron
affinic radiosensitizers with respect to radiationﬂlnduced damage

to prevent damage fixation

’ Fixation of damage by - the reaction of‘ molecular oxygen with

-

“ N\
‘repair reaction by hydrogen donation fr

concentrations of oxygen and dithi th‘ itol (63) ‘ This ratio is

\

.in good agreement with the ratio of . 160 obtained in yeast (610) and

"200 300 for Escherichia coli (36) On the basis of this 200 fold

ratio of reaction rates, at least 250 mmol - dm -3 dithiothreitol would
L
be required to compete ef‘ficiently with 100 per cent o;qgen (1 3

_‘mmol dm, 3) for ‘the DNA radicals (63) The 200 fold ratio .of reaction.

rates between oxygen I‘ixation and chemical repair is an’ important

concept to bear in- mind when attempting to test predictions of the

\

radical compet'itibn model

The critical target sites of radiation induced damage involved

,.in the competition between reductive protection by sulfhydryls and

l " oxidative sensitization by oxygen or electron affinic radiosensitizere

at. the .cellular level have not been elucidated.' quever, cell

-3

dithiothreitol at equal |

: transforming DNA radicals proceeds 200 fold faster than the competing ?

‘ membranes, particularly membrane-DNA f complexes ‘(65 66) DNA., ,-,f

: double-strand breaks (67 73) and free radical sites on, or associated,

B with, nuclear DNA (2) have all been implicated. The interaction :

of sulfhydryl compounds with radiation-induced free radical sites

n Eon DNA or\ its constituents 1eading to reconstitution has been'j ke

demonstrated for nucleotides (62 714 75), polynucleotides (76-‘?_8);:5"
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//and DNA (63 79- 81) At the molecular level the radical competition -

*

model can be easily tested 1f the fate of any one of these specific

'radicals can be followed as a function 8ﬁgsensitization and protection ,

'conditions

L‘
—

D ; mm«‘o TEE R.Amcﬁ, couPB'rI'rIon nonm. BY. nom'romo 'm‘a FATE

OF SPECIFIC MOLECULAR PRODUCTS WHICH SEBVE AS UNEQUIYOCAL PROBES

OF INTERMEDIATE RADICALS ON mcmc ACIDS

‘»" The radical competition model is based on the presumption thati
‘the é@dical produced on a critical biomolecule undergoes antagonistic\

sfoompetition with sensitizing ‘(i.e.” oxygen, electron affinic_'

radiosenSitizers) and protecting (i e sulfhydryl compounds) species

Conceptually, the intermediate radical may be ‘used as a "probe"

'fof the radical oompetition model provided that a steady—state product'

e \
\can‘ be formed and assayed using a rtechnique with sufficient

R

‘:usensitivity and specificrja\§With respect to the radiation chemistny

‘of nucleic acids and their onstituents, 'a wealth of knowledge has ‘

/

“fbeen aooumulated and ’f’?iewed (32 82 86) Despite this literature,

few radiation«dnduced lesions offer unequivocalT records of‘ the"‘

}Jvinitial radioal event which led to their formation As reviewed

"}by Ward (87), DNA ‘strand breaks do not serve a8 an appropriate "probe"p_

,'for the radical competition model because the measured yield refleotsbw*

"fthe recruitment of breaks resulting from damage which results 1n -

B loss ofﬁa base, leaving an alkaline labile apurinic or apyrimidinicf;';h

_site or from the production of a base damaged product whose glycosylicf,?'o

SR Uhequivocal refers to the ability to establish the 1nit1a1 site of
- ..radical attack in a molecule based on the final radiation—induced

“1fmodification._ o



bond was easily hydrolyzed in alkali Radiation induced base releaSe_

S5

is also an inappropriate probe f‘or the radical model since release‘ o

-of the base can oceur - from radical' events at a number of centers‘
in the molecule. Most radiation—induced molecular‘lesions involving“

modirications in the sugar and/or base moieties are inappropriate

a8 probes of the radical model due to an incomplete understanding

of . the mechanism ' of formation, or 1ow product yield However, ‘“

8 5'-cyclonucleotide(side2, formation has been established as an

e

a nucleic acid constituent as a result -of’ the work presented in

this thesis and might therefore serve. as: a steady state probe of .

‘an intermediate radical centered at C(5') of the sugar moiety to

" test: predictions of the radical competition model.,

. . ‘ . . .
ﬁi@f Formation of 8 5'—cyclonucleotides(sides) from aqueous solutions

unequivocal record of an’ initial radical event which 0ccurred‘ on

of . purine containing nucleic acid constituents irradiated in the .

absence of oxygen represents a novel radiolysis product Keck (88)

‘demonstrated that an intramolecular cyclization, 'resulting in the

,formation of C(8) C(5') bond occurred in nitrogen—saturated

Y solutions of the 5'—monophosphates of adenosine, _ guanosine, inosine
' 'and deoxyadenosine using proton nuclear magnetic resonance techniques.,j.

,“{'The mschanism of formation of the 8 5'-cyclonuc1eoside(tide) (Figure7'

_ . ‘.i-;.-- , : S
' 2 The notation 8 5'-cyclonucleotide(side) 18 used to refer to
either the nucleotide or nucleoside derivatives. AT

ox
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vFigure‘ 1 Mechanilsm'of form'tion of 8',5"~cy.cloadenosine

*involves hydrogen atom abstraction from the C(S') carbon of‘ the

_(deo;qy)ribose ring by a hydroxyl radical followed by addition of‘

‘the C(S') radical to the C(8) position of the purine base (88)

A
4

\

.Blectron spin resonance .-,tudies have provided evidence for the
existence- of‘ C(S' radicalé*in .aolutions ‘of irradiated nucleotides

and nu‘cleosi‘d‘e‘s r'(89-9”*‘) and the nucleophilic 'addition of alkyl

radicals to C(8) of purine bases, a center . which has. proven to be

highly reactive (94) 1s“‘ a well- known phenomenon (95 98) rfl'he“

i

. ~N(7) centered radical is neutralized by 8 one electron oxidation,'."‘

the least understood step 1n the reaction mechanism, which results-" o

v‘S'-monophOSphate (35 102 1Q3), polyadenylic acid (101 10% 105) and ;)zv-‘

o 1n 8 5'—cyclonucleoside(tide) formation In addition to the work SRR
v ”of Keck (88); ‘formation of 8 5'-cyclonuclgptides(sides) has beenfglwf
"~reported 1n deoxygenated ‘irradiated solutions of deoxyadenosineP'_

- (99)’~L deoxyguanosine (100)"f‘ adenosine ,1 (101), ': adenosine‘\7"

‘fIDNA (100 1F4) To date, formation of 8 5'-cyclodeoxynucleosides(llx;.’“
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'has yet bo 'be“reported-fin DNA-'extracted ‘from’ irradidted cells.,

Formation of both the . (R)— and (S) epimers at the C(S')' position

! a

' \of 8 5'—cyclonucleotides(sides) 'was first demonstrated in monomers‘

by Raleigh and Fuciarelli (35) and in nucleic acids (105) for

adenine—containing compounds Similar observations have been reported'

::for the‘ formation~ of (R)- and (s ) -8, 5'—cyclodeoxyguanosine ’in

irradiated solutions of deoxyguahosine and DNA (100) The factors

A

directing stereoselective formation "of 8 5‘—cyclonucleotides(sides)'

'\

Formation of 8, 5'—cyclonucleotides(sides) is completely inhibited

in‘ aerated solutions‘ (88 103 104 Chapter 4) In mononucleotides,d
maximum yield occurs in nitrous oxide, .as compared to"

nitrogen saturated solution (103 10%) and complete inhibition of ,[‘

‘ product formation occurs at a liquid phase Oxygen concentration

of/1 6% pO with a K of 0. 08% pO (Chapter 4).

The biochemical implications cf.r 8 5'—cyclodeoxynucleoside

formation on the fidelity of information transfer by DNA ‘are perhaps

‘more subtle than 'elimination of the base or overt strand breaks.

~The ability and efficiency by which the repair enzymes operate becdmes,

ih irradiated monomers ‘and polymers are discussed in Chapter 8

17

“‘ ,‘ :
7:*;\major factor in the consequences of any type of chemical alteration'o

‘:to the DNA structure. The substrate specificity of various enzymes.‘““
l-with 8,5'-cycloAMP epimers may have implications with regard to”“' \
”*hthe efficiency by which cellular enzymes might possibly repair this”ef‘f'
"f:ﬁtyps of lesion if it is formed in irradiated cells.“ Raleigh and L.;‘

'ho Blackburn (106) were the first authors to correctly report that
“‘;‘ .'_.‘,.\.H“‘\M “\ L . ' .
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snake venom 5'~nucleotidase, - which completely hydrolyzes 5"-'AMP

to adenosine, does not hydrolyze the (S) epimer of '8 5'-cycloAMP
the identity of which was' established by X- ray crystallography (107)
On the other hand, 'the (R)- epimer is hydrolyzed by 5'—nucleotidease
(‘106,108'}.' The (R)~epimer has proven to be ‘a substra‘te for pig
. 'muvscl"e ,adenyl ) }tinase ‘and ' . the res‘ul‘t‘in‘g' .8.,5'1—cycloadenosine
d_iph‘os‘phate,‘ a’ substrate“ I‘orv rabbi't muscle pyruva‘te kinase ‘(1'0.7)
. ‘However‘, the (S) epimer is not a substrate f‘or pig ‘muscle adenyl
kinase (107) Interestingly, it is the (R)—epimer which due ‘to
’ conformati,enal constraints (see Chapter 8),‘ predominates in yield
R over the (S)\ ~epimer . in - irradiated nucleic acids (100 105). These
data raise the possibility that DNA repair~ enzymes may selectively,
hydrolyze one epimer of. 8 5'—cyc19deo;qyadenosine and not the othe‘?
o thus 1ea\.ring an unrepaired molecular lesion within the DNA mo}eeel\e_.
. A In this thesis, the radiation chemistry of adenine contailling
‘\monomers (Chapters 2 and g) and polymers (Chapters 5 and 7)"
St'udied.‘: These studies reveal that 8 5'—cyclo(deoxy)nucleotide(side)
formation is an unequivocal, steady state probe of an initial hydroxyl
rad-iea‘binduced ement on a nucleic acid constituent Using polyclonal | /_‘
antiserum raised with specificity to the 8 5'—cycloadenosine moiety . "
in an enzyme—linked immunosorbent assay (ELISA), formation ' of‘
8 5'—cyclo(deoxy)adenosine was demonstrated in irradiated nuCIeic :
- “ | acids (Chapter 6) Formation of the 8 5'-cyclonucleoside was assessed

. in the presence of hydroxyl radical scavengers and nitroaromatic

radiosensitiz,ers (Chaptera 6 and 9) Finally,k an ultrasenSitive .



modification to the basic ELISA was useq in ‘&n attempt\ to (ietept '

8 5r—cyclodeoxynucleoside formation 1n DNA extracted from—irradiated

','deoxygenated thiol- depleted V79 fibrob;asts (Chapter 10)
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CHAPTER 2 ' -,

DISTRIBUTION OF DAMAGE IN IRRADIATED 5'-AMP:

p . 8,5'-CICLOAMP, B-HYDROXYAMP AND ADENINE RELEASE -
- c
INTRODUCTION
The yields ‘ of 8,5 '~cycloadenosine 5'~moncphosphate

(8 5'-cyoloAMP) formation and phosphate ‘release 1in scluticns of
‘-adenosine 5'—monophospnat§' (5'~-AMP) 1rradiated in the absenoe ,C;
oxygen were shown to have a strcng pH dependence (1). It was suggested "
that thrs(could be due tc a !change in the rate of hydroxyl radical
attack at‘eugar and.base mcieties 1n reeponse to pH-induced changes
in the site of protenation in 5'-AMP (1). Evidence that such changes
n f:de'ettaok"does oceur has now emerged from a ‘studvy cof the

acid-stable radiolysis products of 5'-AMP, (8)-8,5'-cycloAMP (I),

(R)-8,5'-cycloAMP (I1) and B8-hydroxyAMP (III), and radiolytic adenine
-~ . . '.“ ) LTS
release It has been found that the yilelds of base damage

(8 hydroxyAMP) and sugar damage (8 5'—cycloAMP and adenine release)
| show pH degendencies ;ﬁich can be correlated with the acid- base
equilibria ‘of” 5'-AMP In addition, it has been found that the relative,
yields of the (R)-wand (S)—epimers of 8 5'—cycloAMP .are pH-dependerit
with the (S)—epimer’ predominating at high pH and the‘iLR) epimer

predominating at low pH. Finally,’ ionization of 'the adenine base

1. A version of this chapter has been ‘5ublished. Raleigh J.A. .
‘and Fuciarelli, -A,F. Distribution of demage ‘in irradiated 51-AMP:
8,5'-cycloAMP, B—hydroxyAMP and adenine release. Reprinted by permission
from Radiat Res. 102: 165 -175, 1985 (Academic Press, Inc.). .
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at low pH 1s accompanied by a decrease in "OH attack away from
adenine. Thils 1s consistent with Aincreases in phosphate release;

8,5'-cycloAMP formation and adenine release.
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MATERTALS AND METHODS | : . '

Adenosine 5'—monophospmate and 8~bromoedenos{ine~5'—monopmosphate'
were purchased from the Sigma Chemical Co. and wused- as recelved.
The ’8~hydpoxyadenosine »'-moncphosphate was 'synthesiz‘ed' ;iccordirng
te e published procedure (2) end oharecterized by infrared"and‘
ultpaviolet spectrcscopy and fast atom bombardmerit mass spectrometry.
Other chemicals were reagent grade quality amd uere used as received.

Irradiaticns were carried out with a Gammacell 220 6‘OCo gamma
radlaticn scurce (Atomic Energy of Canada Ltd.) at =a ‘dose-rate of.
79 Gy/min as .measured by Fric}ce dosimetry (G(Fer) = 15.§). For
irradiations on a preparative scale‘ 18 \O g of‘ S'—AMP were d.i‘ssolved

in 500 ml (104 - mmol-d “3) of doubly distilled water adJusted te

pH 9 with sodium hyd;'oxide The soluticn was bubbled with' nitrous

oxide for fifteen minutes before ~and .then throughout the time of‘.,“"‘ B

. irradiation. _Typically, the sclutions were: irradiated‘to 8 tota'I
dcse of‘ 1.0, X. 105 Gy uhich converts approximately 5% of S'-AMP to
8 st-cycloAMP Nitrous oxide, which was scrubbed of . oxygen and acidic

impurities by passage through 01 mol dm -3 sodium dithionite and -

L]
A



‘0.1 mol‘dmp3 sodjum‘.carbonate solutions, was used \to ,double' t.he
yield of "OH radiclals (3) and +0 scavenge Irydrated elecprons which'
. are }mown to promote phosphate release from 8 5'~cycloAMP (14)..
Products of Airradiation and unchanged 5'—AMP were isolated by
‘chromatography on /a AG1-X8 (formate) anion exchange column '(4.5
cm x 28 cm) using Q.h N formic acid as ‘the eluent flowing at 7.0

ml/min. For the quantitative radlolysis studies, 2.0 ml samples

of 10A3 mol-dm“3 SR—AMP in doubly dtstilled water were ,irradiated'

at various pH's. Perchloric acid cor. scdium hydroxide was used tc

ad just the'pH. F,‘ollowiné i'rradvia'tion‘, the solutions were adjusted

to 0.3 N_HCl and heated’ at 100°C for 60 minutes during which time
the large excess of S'JAMP was hydrolyzed to leave three acid stable

'products which were quantified by means of high- pressure liquid‘

chromatograpliy (HPLC).

HPLC analyses vere perf‘ormed using a Milton Roy Minipump (146

- I460 ml/hr) ‘with pulse damper’ (Bioanaly‘tical Systems Inc.), a"

‘Rheodyne 7120 syringe loading sample injector, and a ' Tracor 970A\.

37

varisble wavelength detector set at 266 no for nucleotide analysis .

and 259 nm for adenine release. A Spectra Physics 14100 computing

integrator- was’ used to record- yields. For nucleotide analysis a °

Whatman Partisil 10/25 PXS QAJ{ anion exohange column (14 6 o X 25 ‘

-cm) was used with an eluent of 0 015 mol- dm 3 K HPOu buffer (pH

3.1) flowing at 1 2 ml/min. For the measurement of radiation—induced‘--' o
adenine release, a Whatman Partisil 10/25 PXS SCX cation exchange"

column (h 6 ‘oo x 25 cm) was used with an eluent of 0. 0“ mol dm 3.

=4



5'—AMP under the HPLC conditions used here,.the peak for unchanged.

'RESULTS - - - \

)’HQPOM ‘(pH 3. 3) flowing at 0. 75 ml/mip A1 HPLC analyses

performed ambient temperature 'F quantification of‘ \elds

N

the chromatographio systems were oalibrated with authentie samples.

of 8 5'~oycloAMP 8~ hydrOxyAMP and. adenine
‘ Infrared ‘spectra were recorded " with a Unicam ' SP1000 IR

spectrophotometer and ultraviolet spectra with a Beckman DU 7 UV/VIS

spectrophotometer Nuclear \ magnetic . resonance (NMR) and mass

spectrometry ‘'was carried out in the Spectroscopy Laboratory of - the
Chemistry Department University or Alberta with a Briker WH- 200
200 MHz: NMR- spectrometer. and & Kra,tos‘ MS-50 mass spectrometer,'

. respectively.

4

- In the chromatogram of‘ an 1rradiated sclution of 10 3 mol-dm

Lo}

L 5'—AMP completely masks the presence of one of- the radiolysis products’

-3

38

‘(peak I, Figure 1. vThis was revealed when the irradiated samples

(ot

—

were hydrclyzed in 0 3 N hydr0chlor*c acid as desqribed previously.'
N

(‘ ).‘, Under these ccnditions, the hydrolysis cf unchanged S'-AMP__

{

v(with release of adenine) reveals the presence cf three acid stable
UV-abscrb:Lng products (I, II and 111, Figure—i) -In-. addition to

‘the three acid stable products, which are unchanged even after'

prolonged aqid hydrolysis, there 13 an~ acid labile product whiph -

cochromatographs with the acid stable product III - The 'Stmcture-

> ofy the, acid . -labi‘.le -pr_oduct has n‘ot" been_ ‘determined'. Upor. . _
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identification of compounds'»l, II ‘and III their quantificrat\ion
; :

14

" of chromatograms as ‘in Figure 1. The yield ‘of 8, 5'—cycloAMP as a

function of pH 18 in good agreement with previous values (1)

The acid stable product _(I)—-«was chromatographically and’

| }spectroscopically identical to the (8)- epimer of 8, 5'—cycloAMP studied
' )

previously (1 4-6). The NMR spectrum (Figure 2, Tables 1 and 5

' of‘ compound 11 is clearly that of the (R) epimer of 8 5'—cycloAMP

In particular, there 1s no signal from the proton in the C(8) position

of adenine which is lost in the cyclization process. In addition,b

\

the c(5') proton experiences a very " small cpupling to the C(ht)

proton (Table 2) which, because of stereochemical considerations,
1s just what. is expected of the (R) epimer (5- 7) he doublet signal

for the 5! proton is due to coupling with the phosphorus atcm of

.~ the 5'-phosphate ‘group and not to the C(h‘) proton,. which appears‘

"as a broadened singlet at k. 92 ppm. The assignment of C(2') and

C(3") protons (Table 1), which differs from an earlier assignment

";(8), ,was made on the basis of three observations. First the 1bwer

field doublet of the two doublets corresponding to C(2') and 0(3')

39
y
/

/
was achieved with a good degree of precision by peak area integrati\‘{. /fr

: ."protons is broadened relative to the higher field doublet in both.‘- |

" (R)- and (S) epimers oi‘ 8, 5'~cycloAMPa This distinguishes the two~

“_.protons in that ‘one- of them is experiencing a small additionalv\vl .

coupling to an adjacent proton in the molecule.' Secondly, the i-
. broadened doublet is at higher“:fiield in' the (R)-epimer _that in the

.~(s>-ep1mer of 8 5'-cycloAMP (h 38 ppm vs.- ‘!a 71 ppm in D20 and 4. 21"



<
" ppm vs. h 48 ppm in deuterated dimethyl sulf‘oxide), whereas the
sharper doublet has a similar chemical shift in both epimers As

the only change in the (R)—‘and (S)-epimers 'is the orientation of‘.‘

O

the phosphate group which ‘should. aff‘ect the 0(3') proton with the '

»

‘ broadening being accounted for by a. small coupling to the C(le')'

proton Finally, in a spin decoupling experiment, it ‘was found that

saturation of - the C(h') proton signal led to a sharpening -of -the_ .-

"_ broadened C(3') doublet by 27, per cent whereas the sharper c(2")
Idoublet was further sharpened by only 6 per cent. t‘l‘hese-'.data reveal
‘»that the previous assignment (8) ‘of c(2') and C(3")"protons An

‘8~5'-‘-cycloAMP which is opposite to that recorded in Table 1, yas
‘ made on the basis of insufficient evidence.' |

The third acid, stable radiolysis product (product I1F, "Figure

B "1) proved to@) 8 hydroxyAMé ‘upon comparison with an authentic sample‘ '

prepared by the hydrolysis of' 8 bromoAMP ‘(2) In particular, the

’,

isolated ‘ radiolysis product cochromatographed with' authentic;_

8- hydroxyAMP possessed 1nfrared signals at 1740 and 1710 cm1 and

- a characteristic pH-dependent ultraviolet spectrum (A v263._5 nm, -

40

o 2814 nm (shoulder) (pH 1) ) and ()\ 279 5 nn (pH 9) PR Alk’alin'e‘l.

$

phosphate hydrolysis of compound III 1n pH 10. 5 Sorensen's glycine o

g‘buff‘er | as described previously (5) gave ,@Ewi product which' '

cechromatdgraphed with 8-hydroxyadenosine formed by the ' aline o

,'phosphatase hydrolysis of authentic 8-hydr0xyAMP

We had shown previously (1) that the yield of 8 5'-cycloAMP ‘ :

"'-is strongly pH-dependent. However, we have now found that not only‘

4 Lo .~
G ' B



1s the overall yield of 8 5'—cycloAMP pH- dependent but that the
}

‘relative yields of 1its (R)- and (S)-epimers are also p,H dependent.

(Figure 3). At pH 3, the (R)- epimer predominates while at. pH greater

‘than 7, the’ (S)-epimer predominates. It wOuld appear that the HPch

system used in an earlier ‘study (1) was incapable of resolving (R)-

and (S)—8 5'—cvcloAMP and that the combined'yields o’f the epimers - ‘

. 8, 5'-cycloAMP in the earlier studles (1 5,6) the (S )—epimer'.had

. and’ that “of 8- hydro:qAMP show an inverse relationship (Figure 14)

been obtained free of‘ the (R) epimer

\

The pH dependence of the yields of‘ the two’ 8 5 cycloAMP epimers '

'\At pH 5'.0 where _the yield of 8 5'~cycloAMP is ‘at a minimum, that

for 8-hydroxyAMP 1s close to a maximum At PH- 9 0. the situation ‘

-’

‘is reversed and 8 5'-cycloAMP is .at a . maximum whereas the yield -

.of 8-hydr6xyAMP 18 1ow e . : -
At low pH (less than 3) the yield of both &_h;zquzAME__and_

,8 5'-cycloAMP decreases, but this is offset by an increased yield

oY

had been recorded It is also clear that in the purification of_m

: ‘of adenine release (Figure 5) In fact the sum of G values for

- adenine release over the pH range 2 9 is reasonably constant. : Only :

‘?

the two 8 5'-cycloAMP epimers, ,&,_bydro:qrAMP phosphate release andj :

| . decrease (Figures 3 5 and Table 3)

The release of adenine from irradiated 5'-AMP (Figure"\S');'

| at very high pH (> 10) does the combined yield of these products“‘f‘“

\increases over the pH range (5 to 3) in yhich adenine 1s protonated .

Vot

2,

}CﬁK’ =3 9) and direot oR attack ou adenine (B-hydroxyAMP formation)_"\



O

decreases Adenine release 1s, however, very much’ less af‘fected

by changes An the ionization state of the phosphate group being

< |

relativel'y unchanged over . the pH range .5 ‘to 11 where the

‘.“l‘-g‘.‘.

l'phosphomonoester 1s converted from the singly to doubly charged o

e

. form (P, = 6.6). B T

DISCUSSION : e
‘ . 2,

- The distribution of "OH attack within" simple organic molecules - -

h is dependent on the presence or: absence of‘ unsaturation, the number '

'and strengths of C-H bonds: and because of‘ the electrophilic nature"

of OH the’ presence or absence of charged gnoups such as ammonium

or carboxylate ions in the molecule (9 10) All of these f‘actors:“:

must‘ be considered when C“OH attacks 5'-AMP or more complex systems“

v oe

‘such4as nucleic ‘a‘cids In the latter . case,‘ stereochemical factors .

s .I

,‘ : 'could also be importa(lt Pulse radiolysis studies have shown that
qthe reaction rate of‘ “OH with 5'—AMP decreases at low pH (11) Thisv*

is possibly due to the fact that pretenatierof adenine greatly".

’ldecreases its rate of‘ reaction with .’OH resulting in a smaller" : "

' “" contribution from the adenine moiety to the overall reaction rate '
:.of 5'-AMP with OH at low pH. What is not clear\f‘rom the pulse

radiolysis studies of 5'-AMP is the effect that the changing rate'

f OH reaction at the base moiety has on the radiolysis bf‘ the_"‘:f

.:sugar moiety. The steady-state radiolysis study reported here provides*m‘w:""vfl

some insight to this question. The nucleotide analog,' -hydroxyAMP.,._,v -

' jcan be considered a steady- state probe of OH reacti'n at the adenine"’-' L A




base in S'-—AMP in‘analogy withlearlier studies with adenine (12 1‘#)‘ |
"while 8 5'-cycloAMP formation( (1 15), phosphate ‘ releas!'f (1)
' ‘\'adenine release can be considered probes of radiolysis events in'
‘the sugar moiety in .a model compound which incorporates the basic
~‘f‘eatures of structures occurring in nucleic acids. While 8 5'-cycloAMP -'! _—
‘_is classified here as ribose damage because it originates with OH |
“attack at the sugar moiety, it could also be classified as base
’.-‘fdamage and be( of particular significance in double—stranded nucleic{\‘v"
| "acids where"the sugar ;hosphate backbone is exposed to and the bases '.
N shielded from direct OH attack (16) ’, ’ |
' It is noteworthy that the pH-dependenQe for the formation of :
:8 5'-cycloAMP parallels that for phosphate release from 5'—AMP [(1),-_ o
f';ITable 3] This tends to rule out the possibility,‘ on one hand that
‘ivan acid base catalyzed hydrolysis of. a radical intermediate forma
the basis for the pH-—dependence of phosphate release and on the
'I other hand that pH has an eff‘ect on the cyclization process involving ' » Q:
'1 ,the C(5') radical and the C(8) position ‘of adenine. .The most logical‘
-‘.”"explanation for the parallel pH dependency for these different end | )
'“:points is that hydrogen abstractjon by OH radicals at the carbon
‘ .bearing the phosphate group is the crucial step in bo‘gh cases and‘ "

: / \’\”that this process is dependent on the charged state of the phosphate":“‘"

sroup.; N
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| o ) gy
Phosphate roup ionization cannot totally account for yields““.

in the pH range of 3 to 5 however because the monoionized phosphate |

\

group predominates at both pH 3 and pH 5 where a maximum and a minimum -
yield of phosphate release and 8 5'—cycloAMP formation ogours. - In '

'the earlier study (1) it was suggested that changing partial rate

- » factors for ' OH attack not only at the carbon bearing the’ phosphate

group, but also at’ the C(8) position of ‘ohe adenine base ~could

contribute to the pH dependence obse*-ved for the radiolysis at the-“

s

sugar moiety although direct evidence vas lacking The fact that_,_ ‘

'»the maximum in- the yield of radiation damage at adenine (8 hydroxyAf'iP)

coincides with a minimum in ‘the yield of radiation damage at the

‘ ribose moiety (Figure 4 and 5 and Table 3, pH}S data) now pnovides o

direct evidence for the basic correctness of the partial rate factor

t argument As the adenine base deprotonates in the pH range of 2 9

£6 l+ 9 (pk, 3 9), OH attack at the. C(8) vposition of adenine’ 18 R

increasingly favored over attack ‘at the 5'-phosphate moiety with.‘

: ,_the result that there is an increase in damage at the adenine base

B Following this line of reasoning, it might also appear that hydrogen,

bstraction by OH at -a carbon bearing a phosphate group with a. -

c double negative charge is favored over attack at the 0(8) position"'

':‘of the adenine base on’ the basis that the yield of 8-hydromrAMP-

l"‘"_decreases while that of 8 5'-cycloAMP increases in the pH range"“'

L ’However,,‘*P the possi‘Bility that other products arising rrom OH attack ki

L ‘.\of 5 6 to 1. 6 orver which the phosphate group becomes doubly charg:ed: :

"}"j‘f(pK 6 6) while the adenine base remains 1n this uncharged state.“ o



'

atd C(B)P of adenine such as the 5'—ribonucleotide derivatives of
thesacidslabile, ring-opened product 'h amino 5- formamidopyrimidine
or / ‘of Q ‘1_'fthe - | hydrated ‘4}‘ adenine ‘ product

e 6 amino-8 hydroxy 7 8—dihydroadenine, ‘ increase *.‘ ‘in yield

,coincidentally with the decrease in 8 roxyAMP yield over the Co

pH range 5.6 to 7:6 cannot be ruled out (12 15)

Adenine release appears to be generally insensitive to the

‘state of the phosphate group ionization and remains relatively,‘f

constant over the pH range 5 11 (Figure 5). Adenine release is,

' ‘however, very much more dependent on the ionization state of the‘

/ 1

i adenine base As‘noted above,. protonation of the adenine base and'

its conoomitant inactivation with respect to direct OB attack leads '
- lto an 1ncrease An OH attack at the ribose ring~ as measured by'
‘8 5'—cycloAMP and phosphate release An even more pronounced effect'

‘is ‘seen. in the shift to the type of ribose damage which leads: to‘f

o .
'

‘.:adenine release The radiolysis mechanisms proposed for base release

(17) 1ndicate that this process originates primarily from OH attack"w t

'ffat ribose carbons such as C(h') which do not carry an ionizableljf

'vf'comparison of yields of 8 5'—cycloAMP l8—hydroxyAMP and adsnine;“

“fifrelease at acid neutral andaalkaline pH (Table 3) indicates that"

, '~substituent under .the ,conditions of the present experiment.-;A,‘

’fothe shift in DH attack ayay from the protonated adenine base at’-fy

;f&&low pH leads to ‘a- rslatively greater increase in OH attack athf‘jf“,

- positions on the ribose ring leading to adenine release than> att]‘~3a?fif

ES

the C(S') ‘Osition”which leads to 8 5'-cycloAMP formation. A possibleﬂ}tt'°“7“
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. explanation for the apparent decrease of ribose damage and an increase

v,

"6

in adenine release at low pH is that an acid catalyzed hydrolysisﬁ

of radical intermediates ofV‘the ~sort proposed for nucleotide

degradation (17) favors adenine release when adenine Ais: protonated

This possibility is under further 1nvestigation It 1s clear that

phosphate release from 5'—AMP parallels the formation ‘of | 84% —cycloAMP

v

at 1ow pH [(1) and Table 3] and 80. an 1norease in. phosphate release
. cannot account for the relatively low yield of " 8 5'—cycloAMP compared

to the yield of adenine release over the pH. range of 2 5

'- In addition to’ the apparent pH dependent changes in the site

of OH attack predicated by the pK of moieties within 5'-AMP there,

appear to be pH dependent phenomena which only indirectly reflect

acid base‘ equilibria in the nucleotide For example, the shallow

minimum 1n the 8 5'—cycloAMP yield aro d pH 8 does not correspond

to pK 's within 5' AMP It does corre po however, to ‘a’ slight

: b
. increase in adenine release over this pH range (Figure 5) and: 1t

is tempting to specuiate that these two phenomena are related f

Finally, while the overall yield of 8 5'—cycloAMP is - determined

by acidrbase equilibria in 5'—AMP the change in the relative yields:; o

;‘\:‘,;7 L p. )

a@f@tﬁe (R)-< and (S)-epimers of 8 5'-cycloAMP as a function of pH’i L

1ndica,tés the presence of other factors. In the pH range where the

; phosphate grOUp carries a single negative charge (pK approximately, L

1 0) the (R)—epimer predominates. ‘ An examination of molecular models_‘,‘]‘;

shows 8?&hat th _j gauche trans (18) configu.ration 8t 0(5') "’hi"h “°“1d .

A“

lead to the (R)-epimer places the singly-charged 5'-ph08phat8 GTOUP"‘



R ﬁ;‘bases and supramolecular struct '

‘f”

f:in proximity to the oxygen atom contained in the ribose ring It

:may be that 1ntramolecular hydrogen bonding between the 51~ phosphate

} group and the ring oxygen at 1ow pH- favors a gauche trans 0(5 )

. .configuration~and a'predominance of the»(R) epimer ‘of 8 S'ecycloAMP

—

TAlthough an. NMR ‘study of pH dependent conformation efrects in,

7

1‘nucleotidee might have shed 11ght on this poasibility, a distinction"‘\

between gauche trans and trans -gauche configurations at C(S ) uas

not possible‘(19). o . “f '“‘

‘In'summary, the changes in'fOH‘attack in‘S'~AMP are stronglv

pH dependent in & manner which can . be 'rationalized ‘in terms of
' acid-base equilibria for, moieties -within 5'-AMP On one hand,
protonation of the adenine ring (pK2 3. 9) leads to a decrease in

'h attack at the C(8) position of adenine and a. concomitarn: increase

' ]in radiation damage to the ribose moiety as measured by the combined

- yields of phosphate release,‘ 8 5'—cycloAMP formation and adenine;‘

A

Y release. On the other hand, a 5'—phosphate group bearing two negative

rtcharges activates the ribose ring with respect to both 8 5'—cycloAMP,“

'_formation and phosphate release with a concomitant decrease in

"dradiation,damage at the C(8) position of the adenine base. Ionization;‘

h’f}of the phosphate group to the doubly negative state (pK3 6. 6) hasu?

1little effect on the ribose damage which leads to adenine release.r‘ o

K }f;";Although a doubly charged phosphate group will not occur in the‘

””ﬂfphoaphodiester structure of nucleic acids and the preaence of other.“

4

:ﬁyganticipated that the distribution of OH damage 1n irradiated nucleic‘;; .

a will have an effect it ieﬁ



o acids yill“ be sijbject to the &ame general principles described here
for‘ the mononucleotide, S1~AMP, % | L
‘ .' ,}“g' ‘ ." '.| . .
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Proton Chemical Shifts

TABLLE

\

Shift (ppry”

—

N leoredy Sotvent HeYy My Mty By Mgy Hid) Mesy  HSTy N
5'AMP' +'H,0 801 B83% 606 47 450 440 410 410 —_
()8 5'yclo-AMP MO ., 832 — 62 417 ~4,7l 491 5.66 —
(S}8.5cycl-AMP  (CIH,)80  &16 — 602 404 4 AR 3600 — 742
(R}B.5<cycloAMP  H,0 842 — " 640 43 43 492 S - -
(R}8.5'<yclo-AMP  (C’H\,SO g22 — ' 601 397 42 491 330 — 760

* From Stolanshs ¢t al (8),
TABLE 1l A

Values of Proton Vicinal Coupling Constants*

X

R I\’m'lnn:dr\

Veemnal coupling 'mmtann (k)

49

Sohvent ot 20 I3 N34 3485y Jan 5T 185y JOPST JOPST)

s'AaMP® * 'H:0 54 .50, 39 39 26 118 46 4.6
(5)8.5"<yclo-AMP 2HyO 00 ~—~ 00" s9 .~ 94 —
(5)-8.5'cyclo-AMP  (C’H,),80 00 60 00 5.7 _ — 8.4 —_
(R)}8.5<yclo-AMP 'H,O 00 . 58 0.0 0.1 —_ — — 90
*The d;:signations S’ and - refer to the two conﬁgurmioﬁs for the C(5") protons,
* Frpm Sarma ¢t al (19),
. “ -
- .. .o .
' / TABLE It .
, e .
Yield of Products from §-AMP Irradiqtcd under Nitrous Oxide at Vanoys pH's
G value ‘
Radiolysis product £ pH 2 pH S pH 7 pH 10
(5)8.5'<yclo-AMP (1) 007 0.06 038 0.30
(R)8.5'cyclo-AMP () 0.3 0.08 0.14 0.10
" 8-Hydroxy-AMP (Ill), 0.15 0.54 - .0.14 0.01
Adehine release © 089" 0.44 050 | 0.47
Phosphate release - 0.28* 0.20* 036" 0.36*
) ] . ow ’ .
* Raleigh and Whitehouse, unpublished. Measured ds described’in Ref. (20).-
¥ Ref. (20).
I .
: @
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Figure 1: HPLC chrpmafograms of the acid-stable radiolysis products
frem 5'-AMP irradiated to 1000 Gy under N20‘at (a) pH
9 and (b)' pH 5. Eollowing 1r;'ad1aticn, ~the 1irradiated

. sclﬁticns were adjusted to 0.3 N_HCl .and heatéd at 100°C
- . ‘ :

%f6r .60 minutes whereby ;5"-AMP‘ 18 hydrclyzed to adenine.

| I) 'andél‘(}i)-B,S!-éyé‘lCAMP (peak II) ‘predominate while °
‘ ‘ K A , - :

¢

at pH 5 8-hydrcxyAMP (peak III) ‘predominates.

- 3 _b Note for irradiation at"pH 9. that (S)-8,5'*cy<cléAMP'(peak'

50
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*  Figure 2; ‘Nuclear magnetic resomance spectra (200 MHz) of (R)- and .

N (S)' 8 5'-cycloAMP in. D20 The Ee\ak’ at *h 8 ppm is"due'

to partially repressed ‘HDO formed from H20 1n the sample
Sample concen*ration was 10 -2 mol dm 3 Qhemical shifts
and coupling constants are- smﬂmarized in’ Tables 1. and

.

2, respectively.

ppm | - - -
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Figure 3: Yield? cf the (R)-' and '(S)?epimefsw cf .8, '-cycloAﬁP: as,

"a functicn of pH.‘Each.pcipﬂ 1s the mean of three separate

experiments (: standard errcr).iThe sdmple, weré irradiated .

te 1000'nyunder‘n1tfous 6xide.‘
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. ‘,Figur,e‘h;-

013;-

Yield of 8-hydroxyAMP as ‘a function of pH Radiolysis

conditions were the same as 1n Figure 3 The dashed line"

‘18 the ‘P profile ror 'the yield of - (S) 8 5'-cycloAMP‘."

e from Figur‘
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o from Figure 3
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01—t .
Figure 5: Yield of adenine release as a f‘unction of pH.‘ Radiolysis .

. 54

‘ conditions were the ‘same ‘a8 1n Higure 3 ‘The dashed line

"15 the pH profile for the yield of (S) 8 5'-cycloAMP
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CCHAPTER 37 ¢ v
o “ RAPID SEPARAJ‘ION OF ADENIN“E—CONTAINING RADIOLYSIS PRODUCTS
- R USING ISOCRATIC BEVERSKD—PHASE BIGH‘PERFORHANCE

I.IQUID canmmocmm

INTRODUCTION
Loy

Due tc the chplexity of nucleic acids, analysis of a spectrum“l
o of Specif‘ic radiation induced chemical modifications 18’ formidable

Our efforts have been directed to an understanding of‘ the underlying' “

1

Aradiati(m . chemistry \occurring within nucleic acids by using

PRI

adenine based compounds as models for radiolytic damage In‘ this ‘

context we have demonstrated that upon irradiation of adenosine“.‘

5'—mcncphcsphate (5'—AMP), under conditions favoring hydroxyl radical . .

i

( OH) attack adenine release and the formation of altered nucleotides“g A

occurs These ‘ altered nucleotides include three acid stable,? RN

compounds.:, (R)— c (S) 8 5'—cycloadenosine 5'-monophcsphate "_ B

RN 8y,5'-cycchMP) and 8 hydroxyadenosine 5'—monophosphate (8 hydrc:qrAMP)l;:;;;ﬂ"-'f':

i B
1

f( ) In that earlier repcrt, anicn exchange high-performance liquid'

| chromatography (HPLC) was used tc measure the yield of the nucleotides' -

' following irradiation of 5'-AMP A limitation of that HPLC system'f,.t_-‘y‘“},

was that an acid hydrolysis step was necessar-y\to destroy unchanged'."f'é‘.j,"';_'.f-_

I A S
.‘-;‘°5!~AMP prior to HPLC analysis because 5'-AL6’ overlapped significantly-;;-_‘f”

with (S) 8,5'-cycchMP during chromatography Therefofe, . using ‘bhat:,:“‘l

HPLC system we were unable to assay acid-labile products resulting»‘

Al‘,,

.' ,? . ~,' N



from the radiolysis of 5'-AMP

In the preseht study, ‘an: isocratic, reversed phase HPLC system -

1
‘

' 59

=‘:vas i*developed‘ to separate , adenine and adenine containing o

monoribonucleosides : This system can be used to rapidly separatet

'

"adenine,v (R)— “and- (S)-8 5'—cycloadenosine ; (8 5'—cycloAdo)

8 hydroxyadenosine (8 hydroxyAdo) from adenosine This system can,‘

be extended to analyze the radiation 1nduced products from 5‘-AMP

and poly A vnthout the need for acid hydrolysis of the irradiated‘i

| solution This 1s ac/reved by enzymafic hydrolysis in the case of*

5'-AMP and chemical hydrolysis followed by enzymatic hydrolysis

in the case of pcly A, prior to direct injection of either hydrolysate,

onto the HPLC column. Not- only are the previously mentioned compounds

)

}“,easily assayed with this system, but hitherto unidentified acid- labile'

o products can now be studied H;‘ltﬁt‘l'fie : : ”r\\\w'
HETHODS AND HATERIALS

chenicals

a

Lo

Polyadenylic acid (mcl wt 140 500 kdal),. adenine, adenosine,‘

s DR
5'—AMP, 8-bromoAMP and alkaline phosphatase (Bovine Intestinal Mucosa, L

Type VII S) were purchased from the Sigma Chemioal Co (St. Louis, o

s \ .o

Aand obtained from local suppliers..

cyclization

k[* MO) and used as received All other chemicals were reagent grade’

"fpﬂtﬁéftr

Authentic samples of (R)- andy*- L

-isopropyliden 5“ydeoxy-S'-phenylthioadenosine (?): Tl“ulhe‘”qi jf'f



\by enzymatic(hydrolysis to yield the nucleoside.

j Irradiation \\-

8 bromoAMP to 8- hydrcxyAMP according to Ikehara et al (3) followedts

J 5

“ . N o o . e o
SampleS' of\\i'—AMP, ‘adenosine er poly ‘A were . irradiated as

described previously (41H) Briefly, samples were bubbled with nitrous

' 'oxide for 15 minutes prior to and then throughout the irradiation
o L

y“by passage through a 0 1 mol dm

"Nitrous oxide was scrubbed free of oxygen by passage through a 0 1

mol- dm 3 sodium dithionite trap and scrubbed free of acidic 1mpurities

- -3

)

procedure was used to double the yield of “OH radicals (5) and te.

scavenge hydrated electrcns wbich ‘are known to promota phosphate

1

f release lfrom 8, 5'—cycloAMP (B). ‘ Irradiation ‘was performed in &

60

‘Gamma -cell 220 Co radiation scurce (Atcmic Energy of Canada Ltd )

' .lG<Fe3*) Sawe (D) TR
| Chemical and Enzymatic Hydrolysis R J

sodium carbonate‘ trap This-'

I “ 60 -
8 hydroxyadenosine product uas"prepared ‘by' the hydrolysis of ..

-at . a dose rate cf 63 Yy Gy/min as determined~ by - Fricke dosimetry‘

l Following irradiation, pcly A uas( chemically digested to R

Hmononucleotides using zinc catalyzed hydrolysis (8) Digestion of7

mm i d.’ x 50 cm Varian MicroPak TSK G3000 Sw column (Varian Assoc

\‘.

A

‘zﬁpoly A was followed by size exclusion chrcmatography using a 7 5»‘» '

"lﬁlnc ) The eluent was@20 nmol dm 3 K, HPOM (pH 7 0) running at a
‘@flow rate of 1‘ﬂ ml/mingand the products were monitored at 259 nm. ’

*fThe resultant mononucleotides were enzymsti' lly hydrolyzed with ﬁ'ﬁﬁd'"
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In the case of 5'—AMP radiolysis,‘ the' irradiated-;sol.utions'

“w‘ere enzymatically hydrolyzed with alkaline phosphatase to. the
‘corresponding nucleosides |

Chromatographic Procedures

' The analyses were - performed ‘on a S.pectra—‘Phy‘sics SP8160

high perf‘ormance 11quid chromatograph equipped ‘with a SP8110 automatic ‘

‘sample 1njector coupled to 1a SP8M’O variable wavelength detector

61

,and a SP‘+270 computing integrator. These components were - interfaced'~‘

)

",'with a LABNET module ‘ The |column used for ‘the . separation was a.

l

‘Waters - uB@apak O 18 (3 9 s, i d. 'x 30 cm) whieh was | protected byA o

& guard column (2‘1 mm 1.d. 10 cm) packed with Co Dell ODS (Whatman

Inc.‘). : Isocratic elution vag. carried out using a methanol- ammonium ‘

f'ormate eluent [HPLC grade methanol (Fisher Scientific Ltd ) andv

‘reagent grade ammonium formate (Mallinckrodt Inc.)} at a sflow rate'

of 15 ml/min at ambient temperature. " The' chroma‘tograms w‘ere:\

,”monitored at 266 nm.: ’which 18 the maximum absorbing wavelength of .

ithe B 5'—cycloAdo epimers. The %Of the eluent 'was adjusted with

concentrated formic acid after ‘the addition of methanol to the .

'ammOnium formate solution. L
. . e '

AT

'nmm.:l's

= Analytical Conditions ,"; I '. J:',‘ e v B '

The pH of the eluent has profound effects on the retention

o ",'\,of adenine and the nucleosides etudied (Figure 1) The capacity

\"lf"ratio (k')1 changes 1ess a

1 5 for/ (R) 8 5'-cycloAdo, a d as



great as 33 fer adenosine, as the pH of the eluent ‘is raised from

30 to 55 The retention of adenosine is of . particular concern‘

[

1n terms of separation, since this compound will be present at ‘the

'highest concentraticn in experiments designed to quantitate prcduots _

. \

resulting from radiolysis Therefore, a pH must) be selected ‘to

ensure that good resolution is achieved between adenosine and eith?,) b

LN

(S) 8 5'—cycloAdo or 8- hydroxyAdo Lowering the pH of the eluent T
" below 3 5 decreases | the separation between (S/) 8 S'—cycloAdo “and

adenoeine whereas, increasi‘ng the pH /of the/ eluent above pH h 0

decreases “'the separaticn 3 between 8~hyc’froxyAdo and ‘adenosine

Therefore lan eluent wi bh a p{l in the range of‘ 3. 5 to lo O 18 necessary L
to separate these compoxids Wr, »9.—thin this range the se'parat’on
L

of‘ (R) -8 5' cyV\loAdc from adenine is greatest at pH l& 0
pH h, O was §elecred as an Optimum condition for the - paration’ of .

~

the authentic samples and was' used in subsequent studies. o
The capacitf;g tio of adenine and\adeninehbased nucleosides I. :\2
was determined as a f*mction of the methanol content af the mobile
. phgse keeping the overall ionic strength and the pH constant (Figure

2) As the concentration of methanol is raised from 5 to 15 percent, '

che’ capa‘city ratios of . 8 hydroxyAdo, (S)-B 5"—cycloA‘do". and adenosine
‘are markedly reduced ’compare'd to‘ the relatively small decrease,"v“
in the capacity ratios of‘ adenine and (R) 8 5'-cycloAdo,. withcut,l"‘ \

significantly influencing ,the‘ selectivity for these compcunds “

"‘I'heref‘ore, adjusting the | methanol content in “bhe eluent 18

.ccn‘v‘enienth ‘means cf adjusting thq total time required for each

"
r

R



[}

-

‘ khromatographic run. The concentraticn of ammonium formate in the

‘”'eluent minimallx affects the “capacity ratios of 8‘—hydroxyAdo or

(R) -8 S'»cycloAdo over. the concentration rgnge 0.2 to 200 mmol -dm -3

Al

\(Figure 3). 'lllﬂ capacity rati®s of adenosine, (S )-8, 5'~bycloAdo

and adenine increased less than 1.0 a’s the concentration of ammonium

Ll .

--f‘ormate was decreased - Therefore, within .the c_:oncentration range

’

A 2 to 200 mmol dm -3 the .concentration of- ammoni‘um.formate within

H
N\

th\e\ eluent vas ,ngét. found to be a'. useful‘ parameter for adjusting

Yoo - . :
the »“retent'ion. : 1 B . !

In the qontext of these studies ~efficient separation Cf the o

authent.ic samples was achieved using an 1socratic 10% methanol ~

" 20 mmol-dm -3 ammonium formate (v/v) eluent at pH 4. 0 as 1llustrated,,

{ ¢

in Figure 4. -'E - | L .
Analysis clf Irradiated Mononucleotides and Polynucleotides -
As a demonstration of the usefulness c'f the HPLC assay described
- im this repox't for radiaticn chemical studies, we have irradiated
S'—AMP ana poly A to 1000 Gy, hyd,'rclyzed the resultant products

to. ‘monoribcnuclecsides, and injected the enzyme hydrclysates 1nto

'the HPLC system., The :. pattern of nucleosides resulting frem 5'—AMP'

>

"radiolysis followed P by";‘ enzyme digestion, reveals that o

N (R) -8 5'-cycloago,c adenins, (8)- -8 5'—cycloAdo and 8 hydroxyAdo can‘ "

"',be separated from Lunchanged adenosihe and are thus - amenable to

quantitation (Figure Sa) A number of uncharacterized products Ae. g.',

o .i. n " ,\ i

Products B. and D) are= aléo present and their 1dent1ty is currently'

‘xm

L Qunder 1nvestigation. . ‘ r-:_;‘,z ,



'DISCUSSION  *

hydrolysates injected directly onto the HPLC cblumn’.

In the case of poly A, chemieal and enzymatic hydrolysis 1s

'required to yleld monoribonucleosides in & mixture wvhich may be

directly injected into the HPLC to yield the chromatographic pattern
8
shown in Figure 5b, The radiolytic‘ productg (R) <8,5'-cycloAdo,

\
(8)-8,51~cycloAdo and adenine are separated from unchanged adenosine

\

The low yield of 8- hydroxyedo from this mixture is "related to

differences in.the radiation chemistry occurring in the polynucleotide §

as distinct from the monOnucledtide and 18 not the result of selective
. . AN ’ ) ‘
chemical hydrolysis of <this“;nucleoside _as’ determined in - control

experiments with autiéntic 8-hydroxyAdo.

. T . : ®
A high-performance liquid chromatographic’/ procedure was developed

_to - make possible  the analysise of adenine ' and edenine-based

' !

-ribonucleosides which are easily and rapidly .separated in | an
A

isocratic, chrcmatographic system on a Waters uBcndapak C 18 column.

This system has been used .to separate therradiation induced products

P ~...f

of both 5'-AMP and poly A formed under conditions favouring hydroxyl
radical 'attack. Irradiated solutions hydrolyzed to .the

Wcorresponding monoribonucleosides under mild conditions and'!the'

L

{
4

6l

) The p;l, salt ccnceﬁtration and methanol content of _the mobilbi_.;,‘.“

.

" -:phase were systematically varied to achieve maximal resolution “of
iadenine, (R)- and (S) -8 5'-cycloAdo and 8-hydroxyAdo from adenosine

'.Consistent uith prewfious *results obtained by others studyng‘i ? the




o ‘
/ phqsphodiester backbone 'in polynucleotides, the pH ‘of the solution,

!
‘\,

)
7

v #

Lot

ANt ) ’ N

chromatographic behavrcr\of nucleosides and their heterocyclic bases

(9-12), we have observed that i 1) the pH of the mobile phase

influences the column capacity ratios and selectivity; 2) increasing\

-
the methanol content of the mobile phase reduoes the column capacity

ratics, and 3) the concentration of ammonium formate in the mobile'
phasge has only a minimal effect on the retention of compounds In

the‘ context of this work ‘we have also observed a remarkable .

‘separation of the (R)- and (S)- epimers cf 8 5'—cycchdo which differ
only'in the spatial orientation of the hydroxyl group on the S'-carbcen
of the ribose ring. ln the (R)-epimer, the gauche—trans conformation
about the C(H')JC(S')_:bond (13). places the C(s')‘ hydrexyl group

away from the ribose ring which appears to increase the hydrophilicity

since the (R)- epimer has a much lo;\r retenticn time ‘than ' the,

(S) epimer - Alternatively, a co- operative interacticn of ‘the C(S ),

C(2') and C(3') hydroxyl ,groups with exposed silica sites on the

Q

reversed-phase column could account .for‘ greater retention times

for the (S) epimer and adenosine itself v‘u,;

—

The radiation induced decomposition of purine DNA ‘medel compounds

has recently been reviewed by Cadet and Berger (14). A minimal amcunt

>

gTormation 1s- currently available to - a8sess the relative
im

65t

ortance of each type of lesion both in ‘a qualitative andi -

quantitative sense. Factors ‘such as steric contrcl imposed by the V

and the oxygen status of the 1rrad1ated solution can profoundly.

1nf1uence ’the type and yield of products observed (1 4 15) he

development of y;opatogrgégic systems such as the one described

.l-.-"" '*

e e ' R ’ A ) PR
s 2. “ . : L ) .9'3



H

‘here ppovideé for the extension of our knowledge of effects of ﬁhe

microenvircnment oﬂ'ﬁrdduét distributicn in 1rrad1ated9nuqle1cfaoidél‘
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; thfigurév1: Dependence of the capacity ratio (k') on the pH of - the .
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A ‘.' - " PR L
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CHAPTER b
: ‘;.ki' - oxxcsn—nspsnnsucs or PBODUCT FORHATION IN o " ¥

IBBADIATED ADENOSINE 5'—!0NOPHOSPHATE

INTRODUCTION E } B
The presence of molecular oxygen is an important fao$0r governing "

fn " the sensitivity of. cells to 1onizing radiation The radiation Fg
;,;sensitivity' of. mammalian cells increases with oxygen concentrations B ‘
3 -

Jin the range of 0. 3 to 30 umox dm with a K (concentration required

*Wi"to giVe\half maximal response) of 3 umol dm 3 (1). This oxygen effect .
o has been of considerable heuristic value 1n investigations of the
molecular mechanisms of the biological effects of ionising radiations
\foMolecular oxygen ,is known to alter the distribution of molecular
'damage in irradiated hucleic acids and their constituepts (2 7)
.,;;but few studies of the oxygen-dependence of‘ molecular events over

f5*7.the 0 3 to 30'umol dm 3 oxygen concentration range have been performed

* .

’hich‘might ti_,the radiobiological effect to more specific molecular |

B

gen—dependence‘
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oharacterized by maximal yield in the Absence of oXygen and complete
a4 o

o r‘ . - \$

inhibition at high oxygen concentration The second class of damage, &

N

8- hydroxynucleotide formatiop (11 15 18), is similar to the first

w

om . .
class of damage in that product formation decreases qith increasing v .

'TB}ygen 'concentration, but differs in that complete inhibition of y o

‘

product formation .does not occur at "high oxygen concentrations. E -

' The third class of damage exemplified by radiolytic adenine release o

(3), 1s ~one. 1n which product yleld is much less dependent on the

oxygen status during irradiation.. In addition to the charaoterization '
- of different ' claSses of daﬁage _on ' thef“ basis - ofll quﬁf
-‘~‘oxygen dependency, ‘the ‘yiéld ,of 8 hydroxynucleotide' and.'a'““i‘ !

\

S, ‘ » L
ﬂcomponent of adenine . release were. found to increase when the“ ™o

~

. ‘r'

5irradiation ‘was performed in the presence of increasing concentrations

. {

"of hydrogen perox1de. - —-‘ N B

4

mrmms_/monsv T S

i Reagents‘."

Authentic samples of. (R)-f'and (S) 8 5'-cxcipadenosiqe werefﬁ”ffgj

‘;synthesized by published procedure involving the rphotolytic,p'r.'

Ce cyc&ization T 'of u’rt‘ {r;‘Q',3'-O isoprop&lidene derivative ,u‘or S

: 5'-deoxy-5'—phenylthioadenosine (19) The final products of thisﬂpf
‘ Al Sie

;fprocedure were identified by combined gas chromatography mass;fr.m .

{




4‘”\ phosphatase (Bovine Intestinal Mucosa, Type VII-S),

v "

-} ‘J-.—h -
\\
A

- Y .

nucléos;@o obtained from the.f§?101ysis of adenogine‘5'—monophosphate

(5'~AMP) (11). Authentlc B8-hydroxyadenosine was synthesize& according

to a NpuBlished procedure (20) and was characterized py infrared

and ’ultraviolet ( spectroscopy and ' mass spectrqj?try. Alkaline
S :

'~AMP, hydrogen

R ‘ ‘ ) .
© \peroxide, dimethyl sulfoxide (DMSO) 'gnd catalase (Bovine. Liver)

were obtained from the Sigma Chemical Co. (St. Lodis, MO) and used
without further purification. Other chemicals were chroma tographio

-

‘or reagent grade and were obtained from local suppliers. The gas

\

mixtﬁres were preparcd using pure nitrogen (< 10 p.p.m. 02>b and

-

oxyéen,gases (Medigaﬁ,'Edmonton, Ap)}
Preparation of Gas Hlxtﬁres

Gases contalning various gas-phase oxygén concentrations were
mixed prior to each irradiation. Typically a gas cylindér waé
evacuated and partially filled with air. Nitrogen gas was then pumped
in to achieve the desired oxygen concentration. The mixed gas was
allowed to pass through a flow regulator" (Matheson, Model 621 PBV
0-15) to attain a reproducible flow rate of 588 ml/min which was
proportioned to six solutioq;‘of 5'-AMP. These solutions were bubbled
prior to 1rrad1&t1&n until equilibrlum was achieved (gt which time
the 1irradiation was initiated) and‘theﬁ fhroughout the irradiation
interval. )

Oxygen. concentrations were measured by means of a modified

Clarke electrode and"épécially constructed electronics (1). Both

17



the gas phase and liquid ‘phase oxygen concentration were measured;
AN »

the latter measurement being performea in a speciall{ designed
porcelain holder 1in which. the position of the oxygen sensor was

fixed. The liquid- phase exygen concentrat}on was measured in a

solution of 5'-~AMP prior to irrad#stion 1in order to ensure that

equilibrium was achleved, "then during fadielysis in order to establlsh‘

the new equilibrium value attained in the presence of radiochemical -

oxygen consumption, and, finally, following 1rrad1ation in order

to ensufe that the liquid-phase oxygen concentration recovered in

—

the expected way. ~

Irradiation

v
-

Irrddiations were performed 1in a Gammacel1~220 0Co gamma

radlation source (Atomic Energy of Canada Ltd.) at a dose rate of

25 Oy/min_as measured by Fricke dosimetry {G(Fe3*) = 15.6, (21)]).
Solutions of 5'~AMP‘ (1 # 10H3 mol~dmﬁ3,~ pH 7.6) were .made up‘ in
distilled water which had been purified and delonized before use
by passaée throggh a Barnstead three module NANOpure water
purification system. The temperature of the solutions during
radiolysis under the conditions described wgs 23°0.
Dy

High-Performance Liqnie Chromna tography

HIgh-performénce-liquid chromatography was performed on a Spectra

Physics systen 1ncor}orat1ngA a §§' 8100 1iquid chromatograph, SP

8110 automatic sample injector, SP 8440 variable wavelength detector

78
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set anuégz nm, and a SP- 4270 computing integrator. A reversed-phase

)

Waters rVBondapak C,g column (3.91 mm x 300 mm) waa used for ,the

chromatography with an eluent of 7{5 per cent methanol in 20 mmol-dm -3

ammoﬁium formate (pH . h 0) at a flow rate of 1.0 ml/min. Irradiated‘
solutions(j§f 5;;AMP were hydro{yzeq with alkaline phosphatase ‘as 2
‘described breviously~ (15). Adeni , adenosine, ,(R)~ -~ and
(S)~8,5'~cycloadenosine‘ and B8-hydroxyadenosine were identified as
radiolysis products by cochroaalography with authehtlc ‘samples and

the ylelds of these products were quantified with " reference _ to

. !
calibration curves using authentdc samples,
: |

Establishing the Role ofvﬂydrogen Peroxide

|
. Hydrogen peroxide- related henomena were'lnvestlgated by addlﬁf?n

of hydrogen peroxide to nitrogen-saturated . aqueous solutions of
§'~AMP er by depletion of hydregen pefoxide by_ catalase from
‘ oxygen-saturated aqueous. solptions of 5'-AMP. In tpe first case,
solutions containing 5'—AMP :(1 X 10—3, mmol-dm~3) in the presencé"
.of various concentratlons of‘hydrogen'peroxlde (3.0 to 750 umol-qu3)
were adjusted to ‘pH 7.0, saturated with nitrogen (as; des?ribed
previously) and irradiated to 1000 Gy at a dose rate of 60.7 Gy/m1n.
A second . sefies} of solutions of S'-AMP (1 .x 10_3 mmol-dm-3) was

&

_ prepared containing in parallel sets, native and denatured catalase
]

(26 ng/ml to 325 ug/ml).‘ Catalase was denatured by lowering the
k) : - »
pH into the acidic range and then.returning the pH to meutrality.

Solutions containing denatured catalase showed no evidence for the

e



' . \ . .
liberation of oxygen 4f0llowing addition of high concentiations of

hydrogen perdxide; The‘aqueous(eolutions of S'-AMP (pH 7.0) were

sam‘xratéd with oxygen ‘(as described p’ously) and irradiated to

80
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1000 Gy at a dose rate of 60.7 Oy/min. Following irradiation,” samples

vere treateq with alkaline phosphatase and the hydrolysates were

analyzed by reversed-phase HPLC as previously described.

One source of onqy;gen depletign in ‘radiation chemical studii\e's'
is radiochemical oxygen consumptlon ~ & process dependenﬁ‘ on -the
dose Tate. l};t reduced dose rate, radiOlytic oxygen consumption is
offset by oxygen diffusion and an equilibrium between gas -and liquid
.phasevs can ‘b'e' attained (22,23). The charaéteristics of this

equilibgium can be assessed by directly monitoring the pértial

- .-,;,/.':

pressurei of oxygen in the liquid phase during radiolysis. In this .

manner, thé{‘ oxygen concentration in the liquid phase at equilibrlum‘

at a dose’ rate of 25 Gy/min can be assessed with reference to the
o:ngen cqncentration of _the gas phase when the gas 1s bubbled

contmuously into the solution containing the substrate (i.e. 5'-AMP,

Figure 1). As 1indicated pr.evibusly (1), at hig'h gas-phase oxygen.

concentrations in a system that consumes oxygen, the différence

in oxygen concentration between gas and liquid phases 18 small at

r-
.

high concentra‘tions_ ):ut continues to increase as.the gaslphase'owgen.

concentration decreases .(Figure 1). ‘Radiochemical oxygen éonsuinptior‘i '

resulting from the high dose rate used in these experiments, coupled
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with the 1nap111ty to introduce the gas inta the solution because
. A . ' :~lﬁ‘

‘of excessive turbulence, prevented studies at equilibrium liquid-phaee‘
- . . N

oxygen concentrations below 0.15%. 3
The formation of (R)- and (S)-8,5'~cycloaMpP 1nﬁ irradiated (
solutions of 5'-AMP 1s a prooess that occurs in the absence,ogvoxygen

(8,9,11). The yleld of (R)~ ‘and (8)-8, 5n~cycid}mp under 0% (100%
. \\ '
N ), 0.15% and 0.30% oxygen concentrations was 11near'over the dose

range studied (Figure 2) ‘ Conslstent with an earlier report (11),

\

the yield of the (8)~ epimer predominated over that of thj (ﬁ ~epimer -
at neutral pH. The formation of 8 5'~cycloAMP decreased as a function

of 4increasing oxygen\ COncentration (Fiéhfes 2 and 3) énd was

‘\\

|
completely 1nh1b1tea at a liquid phase oxygen COncentration of 1. 62%
with an estlmated K, of 0. 08% (Figure 3). .. g
In _the case of 8 hydroxyAMP formation in 1rrad1ated SOlutiOﬂSl.

of 5'—AMP, the yield increased as a fnnction of deoreasing oxygen

)

o~
concentration (Figure 4). With an oxygen concentration of 100% theN

\

G value for product formation was 0.09 which 1ncreased to G = 0.16
in a solution saturated with O. 3% pO However, under 100% nitrogen, _

8-hydroxyAMP fo_rmation was undetectable in the dose range .studied

3

»(Figure 4). . ' : ‘ B
| Radiolytic adenine release f}om S'-AMP. 1$ apparently less
susceptible to changes in oxygen ooncentration (Figure 4)°¢ The G‘:v
value for adenine release varies from 0.28 (100% N ) to 0. h6 (100%

0 Data from oxygen concentrations 1ntermediate to these limits
e e e '

2).
vary systemetically in this’ range but were omipted*from the figure’

for clarity.



The absence of 8~hydroxyAMP in irradiated’ _nit%gen—saturated
aqueous Psolut\ions of 5'—AM}T’ prompted further stud};‘ into the nature
of this reaction. 'l‘he involvement of liydroxyl'radicals in ‘th.e
‘formavtion of this product is suggested by tHe observatié‘%. that DMSO
inhihi\ts product formation in a convcentration-dependent manner which
is simil‘ar." to. inhivhition of 8,5!'-cyclonucleotide :formation
(Fuciarelli unpublished) The ‘role of hydrogemperoxide in' promoting

- 8-hydroxyAMP formation was then investigated since hydrogen peroxide

‘formation cannot be measured 1in nitrogen—saturated solutions yet,

the molecular yield of hydrogen peroxide is relatively hig}? in
oxygen-saturated solutions [G (H ) = 3705 (210)]. ‘To test the
hypothesis tha?’ hydrogen peroxide night contribute "in .some way to

4
product formation, a series of 5' AMP solutions was prepared with

increasing concentrations of‘ hydrogen peroxide saturated with nitrogen

and Airradiated  to 1000 Gy. With respect to 8- hydroxyAMP formation,

the yield was found to increase as a _,ggunction of hydrogen peroxide '

concentra-tTon (Figure 5). In the course of this study, a comgpnent
'y
' ‘aesociated with radiolytic adenine release (revealed by subtracting

the yleld of adenine release in solutions that did not convtain‘

edditiOnal hydrogen ,peroxide from the yield of, 'adenine release in

' . b~ \\

’ 'solutions which contained additional hydrogen peroxide)’ was observed

"

" %o increase as a function of hydrogen peroxide concentration over

-

‘the aame range and with a G val\:,e similar to that for 8- hydroxyAMP

~tformation (Figure 5) In contrast to these observations, changes

-y
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in the yieiﬁs of the (R)-' and (S)-epimers of 8 5'-cycloAMP were‘

s
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 pot  epparsnt with increasing ‘concentrations' of‘?hydrogen peroxide

(G = 0.08 and G(S) = 0.31).

(R)
DISCUSSIOR

The ability to alter the radiosensitimity‘of cells as 8 function

¢

of the availability of molecular -oxygen during irradiation is a

well documented phenomenon Oxygen may affect either the repair

'

T4

processes (25) or ‘the type and yleld of specific molecular ‘damage‘

occurring in irradiated nucleic acids (2-7). Studies of the effect

of oxygen on product formation in irradiated nuoleic aclds, both
' qualitatively and quantitatively, may serve to identify the types

of damage‘that repair processes have to deal with in order to avoid

mutation, carcinogenesis, aging and cell lethality As a first step

towards assessing the relevance of" molecular lesions with referencey

to the radiobiological oxygen effect, the oxygen dependence of product
formation in ,the purine mononucleotige adenosine 5'—monophosphate
has been measured.

The oxygen—dependencg of. 8 5'-cyclonucleotide formation

represents one claSS of damage characterized by maximal yield in

the absence of oxygen and coqplete inhibition of product yield with

increasing liquid phase ‘oxygen concentrations. The ‘mechanism 1eading

to 8 5'—cyclonucleotide formation from purine mononucleotides 1s

: better : understood than those leading most ‘ types of‘

'radiation—induced molecular modifications./ The process is 1nitiated
by hydroxyl radical attack at the C(S') carbon of the ribose ring
N l“‘l o o o - o ". ‘x ‘“'Q
1

K f
» St
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followed, in the absence of oxygen, by addition of‘fthe C(S') radical,, .

’.

to the C(8) position of the ‘purine base and a one electron oxidation 1

to ~form the 8 ,51- cyclonucle/otide moiety (8,9,11,12, 110 15). ,The‘

involvement of the hydro;qyl radical in product formation is 1mplied
r

by the observation that product yield 16’ increased in nitrbus okide

' \

~

scavengers inhibiq product I‘ormation (9 12) Inhibition of product

f‘ormation, presumably by scavenging the C(5 ‘) radical;- intermediate, '

]

ocmurs with increasing 1iquid-phase oxygen concent'rations with a-

‘-of' O 08% pO and complete inhihition at 162% <pO F‘igures 2

*and 3). ‘l‘he oxygen effect for mammalian cell radiosensitivity is-

\

of the same 'order with a‘uK of 0. 3% pO and complete radiosensitivity‘

is achieved -with liquid phase concentrations exceeding 3% p02 It

\ ! \
' the radiobiolqgical K were to be associated with specific molecular
. events, “then the type of chemistry at the sugar phosphate backbone

7 Y
~ to qualify

The second class of damage considered is 8- hydro:qmucleotide-“

' -formation for which the oxygen dependence is much more complex thanv

that seen for 8 5'-cyclonucleotide formation. O)Qrgen is required

for 8 hydro:qynucleotide formation but ‘its diminished yield at high

0) concentrations is puzzling (Figure 14) A unique feature- of

2

“8 I.vdroxynucleotide formation is that there 18 complete 1nhibition'

as . compared to nitrogen~saturated solution and that hydrdxyl radical

’leading to the inhibition of cyclonucleotide formation would seem~

? in’ nitrogen-saturated solution, yet th:l.s product is observed in,-. “

,

nitrous oxide-saturated (11 15) and nitrogen-saturated sollutions‘.

'S

——



.containing‘ at least 0.5 ‘mmol'dm"3
However, hydrogen peroxide itself does not produce 8- hydroxyAMP

\

since this product was ' not detected in unirradiated solutions of

1

51~AMP containing similar - conod

jations of hydrogen peroxide.
‘Furthermore, the addition of ckth)dse (an enzyme known for its'ability

to destroy hydrogen peroxide), does not reduce ‘product yleld 1in

.\‘

solutions ,saturated‘ with oxygen (results not shown). However,
. incubation of purines. with, hydrogen peroxide for long  times (1.e.

'S days) has been known to yield similar‘ products as. observed in

radiolysis (26, W.F. Blakely, personal communication) o lf

The third class of damage, as represented by radiolytic adenine‘

o

hydrogen‘Aperoxide.,(Figure 'sy.

base release, is relatively independent of oxygen status in - that ,l

the ratio of G values for radiolysis in oxygen-. as compared to

- nitrogen saturated solution 1S‘ 1.64 (Figure h). Adenine» release
: f; L ‘
from purine nucleotides(sides) is\ -\ relatively complex process and

the mechanisms leading to base release are numerous and varied (2 3)
' [ -
In addition, hydrogen peroxide was observed to increase radiolytic

‘adenine release in irradiated solutions of 5' AMP with yields on

¢

the: same order as observed with 8- hydroxynucleotide formation (Figure
] A o

5.
-

a. function of the’ presence o) o absence of molecular oxygen have been

previously reported for phosphate release or:, phosphodiester cleavage-
i}in; nucleic acids.f In the case, of irradiated nitrogen—saturated,

 solutions of"DNA,V Bopp ;and ‘Hagen‘\(27) ,reportedvfa‘ predominance‘,of

: - « .
—— . ' . . .-

Qualitative and quantitative variatiohs in product yield as



o0

3'~cleavage resulting in 5'—phosphat"’~ termini whereas under~‘oxygen )

the extent . of 3'—cleavage was eignificantly reduced . (27—59) ‘

.Similarly, 3'—nucleotide bond cleavage qmas found to diminish in
the presence~ of Oxygen relative to nitrogen—saturated solutions
in the case of adenine mononucleotides (30) and dinucieotides (31).

On the other hand, Sﬂ—nucleotide bond cleavage was observed to
o ¢

increase‘ for mononucleotides (30), yet remain relatively ~constant’

forl dinucleotides .(3l)' The range of oxygen concentration over
which the changes observed in phosphate release or phosphodiester
cleavage is unknown |

The literature 1s fragmentary ’and“ incomplete concerning‘ the

. yield specific"molecular ‘modificatiods of adenine—containing

'nucleic.acid constituents other than'those-reported here. For example,'

the kramino—S?formamido—é—(ribosyl)aminopyrimidine (FAPY) has been .

reported ‘ in nitrogen-saturated solutions ;of adenine (32,33),
2'-deoxyadenosine (34), ‘polydeoxyadenylic' adid |(35)i'and‘ DNA' (34).
In . the‘ case of oxygen—saturated 1rradiated solutions, Chetsanga
and: Grigorian. (34) .report inhibition: of EAPy .formation in

2'rdeoxyadenosine, but, formation in DNA; the latter finding. also

v reported by Bonicel et al. (36)"However, vproblemS'with quantitation"

of product yield in the report of Chetsanga and Grigorian (3%) as

'nfdiscussed by Cadet and Berger (6), make these data unreliable and
ltherefore the product yield in the presence or absence of oxygen
q‘cannot fhei assessed with f confidence.' Preliminary data from

L ljhigh-performance liquid chromatography mass spectrometry studies

oy
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| S
of adenine-based compOunds 1n our léboratory suggest ‘that the FAPy
‘ A / . . . . .
derivative 1s. formed in, nitrogen— and o;qygen—‘-saturated solutions

of adenin'e 3" and 5! adenipe baséd - nucleotides and nucleosides

\

of the ribose and deoxyribose sp:ries (Euciarelli, unpublished) and

in plead\nylic actd (16). //

Changes in several }zypes of. rsdiation~1nduced modificatlons

[

to ‘DNA have previously éeen shown to oceur within a very narrow

range of oxygen concer},tratlons ‘just slightly lower than that .range .

: . VAR . ‘ - - ‘
observed for cel‘l supvival. In mammalian systems, DNA single-strand
/ - '

'break formation 15/1ncreased 25 ~ 4 fold when the 4irradiation 1s -

performed under oxygen as compared to \nitrogen (37~145)‘.' The K forv‘

‘DNA single strand break 1nduction was obse“rved to be less than 20~ fold
lower than the/ K observed with cell survival for mammalian (‘42 46)

and bacteri 1 sy ems (147) This observatlon may be due to a

‘differenc/e/ between the extracellular oxygen concentration and the'

1

effective concentration. of - O)Qrgen ‘surrounding DNA. However, no data'

/
has béen found to sub%tantiate or refute this possiblllty. In the

¢ .

case of radiation—induced BNA- protein crosslinks, an _1ncrease 1n_
tpe .yield of DNA'—protein crossl'i.nking was observed 1n"hypox1c,'ss ’

'/:ompared to‘ oxygenated, environments for mouse.i, and V719 cells (45),
p 4

puman f‘ibroblasts (148), V79 fibro'blasts"i-(li9) and CHO cells (A%)..

For DNA—protein crosslink formation the, K_ was ‘all‘so reported"toJ

, be slightly 1ower (less than a factor of 5) than the K for cell

pn

survival in the CHO system (1&6) In addition to these data, the o

K of‘ 8 5'-cyclonucleot1de formation 1s lower (K = 0 08% p02) (Figure

t

P



',2)‘than't‘he K, for cell survival [Km 0. 3% PO, (1)]. The

| significance of this pattern rema&xs open’ for question. .

In gummary, the oxygen dependence of product formation was
'assessed An 1rrad1ated 5' ~AMP as a function of‘ the liquid-}phase
oxygen concentration. Thnee classes of damage were 1dent1f1ed ‘on
‘th‘e ‘basis" of  their ‘oxyg‘en " dependency ae represented\ '.bya
",8 .SI'-cy.clonn;leotide ‘for'ma‘tion, '8—‘h‘ydro;qynuc1eot1de formation and
.“radiolytic adenine releaee, respectively Major changes in product
1eld occurred 1n the same o;qygen concentration range as did ma;]or
‘changes obeerved‘w others ‘An cell survival single—strand/breaks
b'and DNA-—protein crosslinks In addition, hydrogen peroxide 'present
at the time of irradiation 1ncreased the yield of 8- nydromucleotide

formation and a component of‘ radiolytic adenine release to the same

kextent whereas the yleld of‘ 8,5'-cyclonucleot1de formation remained -

[

-
¢

" constant.
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" release data.
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whereas, 8,5'-cyclonucleotide formation remained constant.

(data not shown). Each data point represents‘ the mean

{2+ S.E.M.) for three measurements.
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» on the enzymi

- CHAPTER 5 -

STEREOSELECTIVE INTRAMOLECUEKﬁ'CYCLIZATION IN IRRADIATED

NUCLEIC ACIDS:‘(R)~IAND (S)-8,5'~CYCLOADENOSINE IN POLYADENYLIp ACID
. : ' C o

IﬁTRonucrIou‘

,Hydroxyl radioal"rattsck‘ gan produce ‘eithgfﬁwbase or sugar
phosohate-demage in nucletc aci@s,’or‘hydroxyl radical"attéck'csn
‘1nitiate 8;5'—cyclouucleot1de ) formation','(14h) which | represents'
conccmitant suger phosphate and ' base dameée,‘ The :1ﬂtramoiecuiar
cyclization'l 1s' ‘effioient and 1eadsA‘jto"'bothl f(R)- |
‘(S) 8 5'—cycloadencsine 5'—uonophosbhetes‘ in” 1rradiated adenosine
‘ 5'—monophosphate (5). Given thst‘the (R)j and’ (S) epimers are not
' equally good substrates for a variety ef adenin% nucleotide enzymesf
‘(6—8) and that the sterio requirements for cyclization.are‘stringent‘
1t was of 1nterest CQ/ discover what the distrlbution of epimers'

;‘would be~ n rradiated nucleic acids. The results might have a bearing'\‘

T

-~

repair of such moleculsr lesious in irradiated . 'DNA.

Toward ~ this end, have examined the relative yieid‘ of , (R)— and“

(8)78,5;—cyoloadenosi in .1rrad1ated‘ polyadenylic acidf»(poly A)

by means cf high-~performan liquid chromatography (HPLC)

: Y |

1. A version of this chapt r has been published. Fuciarelli A. F.,
Shum,”  F.Y. "and -+ Raleigh,| J. A, Sterecselective ‘ intramolecular ‘
cycIization in’ 1rrad1ated n¥cleic acids (R)- and (S)-8 5'—cycloadenos;Lne
in polyadenylic acid. Reprinted by permission from Biochem.lBiophys. S ’
Res. Commun. 132; 883 887, 1 86 (Academic Press, Ina ) LT
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HATEBIALS ARD HBTHODS

o

g 2 ‘
: Authentic samples of (R)~ 5and (S)~ 8 5'—cyclosdenosine were

synthesized according to a published procedure which 1nvolved the

photolytic cyclization of the ' 2!',3'-0- isopropylidene derivative .

" of 5'—deoxy—S'~phenylth1oadenos1ne (9).- " The 1dentity oq'f the

synthesized cycloadenosine epimersrhuas confirmed by combined gas.

' chromatographyh"~ mass spectrometry | (Mq Dizdaroglu, ‘personal

102

communication). The synthesized compounds were found to be identical .

~to (R)- and (S ) -8 5'~cycloadenosine obtained from the radiolysiS'

of'adenosine 5‘—monophosphate (2,5,7)- Adenosine, polyadenylic acid

(mol wt. 140-500 kdal) and alkaline phosphatase (Bovine Intestinal‘

'Mucosa Type VII S) were'-purchased from; the Sigma Chemical Co.

A

. : \ o
,(St. Louis, MO); Poly A was 1rradiated at a concentration of 69%

. ug/ml in distilled water which -had been further purified and deionized“

’by passage ‘through ‘a three module,f Barnstead NANOpure water

‘purification ‘system.v The pH- of‘ the 7poly A solution‘ was adjusted.

to pH 7.0‘witﬂgsodium hydroxide and irradiated in a Gammacell 220
‘60 Co gamma'radiation*source (AtOmic Energy.of Canada”Ltd.) to various
doses at a dose-rate of 61. h Gy/min as measured by Fricke dosimetry

h[G(Fe3+) = 15. 6] The sclutions were bubbled 15 minutes prior to

: and, then, throughout the time of irradiation with nitrous oxide, )

ol -3

which had been deoxygenated by passage through a 0 1 mcl dm

sodium'

dithionite trap and then freed of acidic 1mpurities by passage throughf

a 0. 1 mol dm 3, sodium cé’bonate trap ' The 1rradiated poly A was‘;l

hydrolyzed to the mononucleotide level in h mmol dm 3 zinc nitrate ‘L

[




(0 oo . : C103
scluffion (pH 7'0)' according to a literature description (iO) '

Hydrolysis of the mononucleotides to ,the nucleoside level was achieved

<by alkaline phcsphatase treatment (% units/ml) for 18 hours at.37° o fl
in & 0.1 mol-de3 sodium carbonate/bicarbonate ‘buffer containing N
. ,—‘ ‘ ' Lo ~ ‘
1 mmolqdm‘3 magnesium chloride (pH 9,6). .’ L

HPLC of the hydrolysate was carried out on & Spectra lPhysics}
ﬁgmystem‘inoorporating a SP81OO pump, SP81iO autonatic sample injector;
SP8400" variable wavelength detector, and SP4270 computing integratcr

A Waters uBondapak O 18 reversed phase column‘(? 8 mm x 30 cm) ‘was

-« used for nucleoside analysis and a Varian MicroPak 03000 SW. steric“

exclusion column (10 mm -x 50 cm) was used to follcu the chemioal

‘hydrolysis of irradiated poly A solutions The yields of (R)= and /

(S )—8,5'~cycloadenosine “in  Arradiated solutions cf 1.0 mmol~dmﬂ3"

3

‘adencsine ‘(pH"7.0)‘ weré determined for. comparison with the pely.,

A results. o I . Co 1 S

amm:rs - SR
| Chemical hydrolysis of irradiated pely A followed by alkaline |

phosphatase hydrolysis 'produced a -mixture of ribonucleosides and

free adenine which could be separated bj reversed phase chromatography

> (Figure , ) Quantitation of (R)— and (S) 8 5'—cyc10adenosine was"

achieved by means of standard curves developed with authentic samples.,“f'

PO

In addition to the epimeric cycloadenosines, adenine and other, L

——

Tas~yet unidentified radiplysis products were observed The\'yieldst‘

"EOf,_(R)’-.and ‘(8)73,5'7cycloadenosine 1werej:linear. withf'doseégup 'to? SN ‘:

Ce




_pprcximatelv 400 Gy (Figure 2). A levelling .0i1 in the dose-yleld

-5 occurred above this dcse in a munner‘ similar to that obse‘rved

2
i\{;‘ earller studies '1n which an enszyme- linked 1mnunosorbent. assay

‘n
Y

%3 used o\ .measure the combined yield of (R)~ and
(8 )8 5'~oycloadenosine in situ in irradiated poly A (3). The datd
1n Fig\me/Q reveal that the (R)- epimer‘ pr‘edominatus to the extent
| . of 2.5 fold over «phe ('S')~ep1mer‘. in the dose rarge up to k00 Gy

increasing to 3.5 fTold at higher dcses., The combined G value
' rth

2 . BN ’ . '
+«(molecules formed .for: each 100 eV absorbed 'in the solution) for
8 5'—cy"cloadenoéin;e 1n ‘pcly A up to a dose of L00 Gy 1s 0.09. The

‘1
A

ratios~of‘ fR) and (S)—'8 5'~cycloadenoslne for adenosine, adenosine

5'~monophosphate and poly A irradiated to 400 O,[ at pH T:0 under

" ‘\ v

mitrous oxide were 1. 8 0. 36 and 2.5 respectlvely (11).

/
¥ ' .

DISCUSSIOR ‘
O ' f ‘
For‘ irradiated adenosine 5t'~-monophosphate, the .relative ylelds
<

£ H('ﬁkand (8 )—8,.5‘~<‘:ycloadenoslne 5'~moncphosphWre strbngly
. 'pH dependent (5) with the (S)-epimer predomlin‘ating ‘fm neutral PH..
The steric conqtraints_ in single%stranded poly A clearly alter the
‘ ' T A .

atereoselectivify at neutral pH strongly in favor of the (R)-epimer
(Figure 2). An 1nveék1gation of molecular models of pol# A or DNA
indicates that - the (R)- epimer could, in fact, be* expected tc
predominate‘ in . ﬂlj,cieic acids. The gauche- tranq conf‘ormation about

the .C(4')- C(S') ‘bond' (12) in the adenosine or- éeoxyadenoslne moieties

of nucleic'"ac'ids,.wh'ich 18 ccmpatible with intramolecular cyclization

.
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tc form the (R)-epimer (Figure 3), predominates 1in extended

i pol;;ﬁbleotide chains. The results in Firure 2 indicate that radical

formation at C(5') does not greatly change this{conformation even
in single-stranded poly A where there 1is the possibility of‘ chain
bending about the phosphate estér bond to produce the trans~gauch§
conformation represented by the (S)jepimer (Figure 3). The lessened
}1ex1bllity in dcuble-stranded nucleic acids would tend to favor
the formation of the.(R)~ep1m¢r as ‘weéll where it 1s known thét the
vield of 8,5'~-cyclecdecxyadenosine in irradiated - double-stranded
DNA is 2-3 times greater than that In single-stranded DNA (3) which
may bg in part due to the favcrable alignment of Sase and sug;r
mcleties in the mcre rigid, double-stranded structure. As far as

substrate requirements for adenine nuclectide enzymes such as

S5t'-nucleotidase are concerned, the (R)-epimer has been found to

4

possess the correct conformaticn whereas the (S)—epimer does nct

(7,8)”. It ﬁay be speculated on this limited basis, that the formation
of (R)—8,5'~cyclonucieot1des in irradiated nucleic acids may not
pcse ; problem fcr excisicn by repalr enzymes acting at the site
of the lesicn. ' . |

Previous claims fd} 'steréospeqiflcity in the formation -of
8,5'—cyclcnucleosiges and -nuclectides (2,4,13) appear ’now td_ be
incorrect. At bést, the process' is sterecselective with the
‘stéreoselectifity depending very much on ﬁhe{nature of the subspréte

irradiated. The stereoselectivity in irradiated poly A éppears to

originate in steric effects imposed by the conformation of the nucleic

1
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acid strand. The source of thé stereoselectivities seen for adenosine

and adenocsine >'-moncphosphate are rather less clear.



. Figure 1:

‘eluent of 10 per cent methancl 1n 20 mmol dm

-adenosine

R-8,5-cycioadenosine
adenine _

5-8,5-cycloadenosine

. A L Z 2 Y "
4 s TE 16 . 20 min.
RETENTION TIME _

.

Reversed phase liquid chromatograph& cf hydrolyzed

B 1rrad1ated poly A cn - a Waters uBondapak column witbk .an.

-3

'formate, ,pH -h.O The unmarked peaks are unidentified

: radloly51s.preducts.‘>

: ammonium
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Eiéufé 2: Yields cf {R)- and (8)-8,5'-cyclcadenosine in pely A
%rrédia;ed. to various doses’ of gamma rays at pH 7.0 in
nitrcus 'bxidq saturated scluticn. ‘Each pgint"inclﬁdes '

the mean',qnd.‘Standard de&iatiqn frem three soparate
: , o : Ve A
' .experiments. ° }
,-// ‘
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trans -

‘Figufev3:4

gouche  . - | - oS

Newman. projecticns shcwing conformations about  the' -
C(4')-C(5') bond which ccrrespond'td (R)- and‘(s)-epimefs ‘

of - 8,5{—cycloadenqsinem The  projecticn 1in brackets : 1s

the‘vpresumed- C(S')lifree radical intermediate leading

to cyclonucleoside formation.

/
’
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wo CHAPTER 6.
y IHMUHOCBEHICAL PBOBB FaR 8 5'—CYCLOADENOSINE 5'—HOROPBOSPHATE

AND ITS DKIXY ANALOG IR IRRADIATED NUCLEIC ACIDS

_ INTRODUCTION -
A radiation induced intramolecular. cyclization of adenosine
s 5'-monophosphate (5' AMP),ioccurring in the absence of oxygen, leads
‘ .to . the | formation “of . '8 5'-cycloadenosine ‘5'-monophosphate'
(8, 5'—cycloAMP) (2-%) : A similar process has also been’ observed»“
“with irradiated solutions of guanosine 5'—monophosphate or its deoxy
I* analog, as 3well, as inosine 5'—monophosphate and’ deryadenosine
Sl—monophosphate' (2 S) Preliminary 4 reports l. indicate  that
B intramolecular cyclization of this kind may also occur in irradiated“‘
nucleic acids (6 7) and it seems that such modifications might be
used as probes‘for the study of radiation damage in nucleic‘acids;
| Immunochemical assays have considerable pOtential‘ for'.the
detection of radiation induced modifications in nucleic acids because
of their ability to measure damage with good Specificity and
sensitivity In this ‘context, phage neutralization assays 3—9),
radioimmunoassays (10 11) and an enzyme-linked immunosorbent assay
(12 13) have been used to ‘assess radiation-induced modifications.>
"lin‘nucleic acide, 'M f : . o o
1. A versien of this chapter has‘been published Fuciarelli; A. F.,,,‘<
Miller, G.G. and ‘Raleigh, J.A. An immunochemical probe for 8, giscyelos . o
. adenosine 5'-monophosphate and its deoxy analog in drradiated nucleic
. acids. Reprintedgby permission from Radiat. Res. 10h 272 283, 1985

(Academic Press, Inc )




In  the present "report, an enzyme-linked. ximmunosorbent rassay

13

@@LISA ‘with specificity for 8 ,5'-cycloAMP and. its deoxy analog -

(8 5'—cyclodAMP) is described Formation of these products are

assessed in irradiated solutions of polyadenylic acid (poly A) and

DNA saturated with nitrous oxide nitrogen ;or oxygen..»Preliminary '

- reports of these data have;been presented (13-15).

MATERIALS AND METHODS . .. o
Reagents o ; S - N

?

& Bovine se“um albumin BXA) Fraction V, Limulus pglyphemus

hemolymph Tyue VIII (hemocyanin) poly A (mol. wt}‘-140¥500 ,kdal),h‘\

calf thymus DNA Sigma 10% phosphatase substrate carbonyldiimidazole,

"dimethyl sulfoxide , (DMSO) tri—n—octylamine triethylamine xand

polyoxyethylenesorbitan monolaurate (Tween 20) ‘were purchased from

_ the Sigma Chemical Co. (St. Louis, 'MO); polyvinyl chloride 96— well
microtiter plates . were purchased from - Dynatech Laboratories Inc.
- (Chantilly, VA)V'fetal calf serunm, goat serum and Freund's adjuvants

:‘.were purchased from Gibco Laboratories an; '(Grand‘ Island, NY)'

ny

Agoat .anti- rabbit IgG alkaline phosphatase conjugate Was purchased"

' from Miles Laboratories Ine. (Naperville, IL) and Spectrapor dialysis. ’

f membfanes (molecular weight cut off 6 000 % 8 000) were purchased

from Spectrum Medical Industries Inc. (Los Angeles,'CA). All other

reagents were research grade chemicals purchased from local suppliers{, o

'W:Preparation of Protein—Hapten Conjugatea

B The (R)- and (S)-epimers cf 8 5'-cycloAMP were prepared as .

‘
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described previohsly (3,4).‘.The two conpounds ‘were greater than
95 per cent pure by ‘high—pressure liquid chromatography with the
Jor‘“impurity in each case belng the opposite epimer, No 5!-AMP

jllwas detectable in either sample, The protein~hapten conJugates were
\ \prepared by a modification of the procedure reported by’ Johnston
‘ et al. >(1) using carbonyldiimidazole as the' coupling agent. A"
“a'protein ~hapten. conjugate prepared by .the periodate oxidation method
‘(16) failed to form antibodies with specificity to 8 5'~cycloAMP
A. Preparation of Hemocyanin— (R) 8 5'—CycloAHP for Immunization
(R) -8 5'—cycloAMP (13. 8 mg) was . dried in ‘nggg_ with three‘
'consecutive additions and evaporations ‘of dry pyridine followed '
‘by dry‘benzene The reSidue was dissolved in a mixture of dry DMSO l
(2.0 nl) triethylamine (Oal ml) and tri- nroctylamine (O 05 ml)
| Carbonyldiimidazole (30 mg) was added, and the reaction mixture
" was Btirred for 60 min at room temperature Th15<solution~was added
‘)to a solution of Nal (57 3. mg) in 5.0 ml of dry acetone The resultanf
'white precipitate was vortexed pelleted by centrifugation,' and.
" washed twice with dry acetone. The imidazolide of (R) 8 S'—cyoloAMP'
"uwas evaporated tp dryness and then dried cver P205 for 2 hr beforer
l ,further reaction | The yield of the imidazolide derivative of ;j
‘*'.‘(R) -8 5'-cycloAMP Vs 58% (102 mg) N | | '
A solution of hemocyanin (50 O mg) in dry DMSO (h 0 ml) was '_ .’
“_",added to the imidazolide derivative of (R) 8 5'-cycloAMP and stirred“';-,
}.'f‘or 60 min in a 70°C water bath The solution was then placed in“,kv‘_f

an dialysis membrane and extensively dialyzed with O 124 mol dm -3

3-‘?‘ Lo B
- iy . R " . N + " N . . . . N E ] Lo .
g S . C oo .

5 »
.
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NaCl, 1 mmol-dm> Ki,P0,, 8 mpol-dm 3 Na HPoh, 3 mmol-dm > KCl,

pH' 7.4 (PBS). The protein-hapten conjugate was oObtained as a

15

precipitate and suspended in 10 0 ml of PBS. Aliquots of this mixture

(0.5 ml) were diépen into tubes and stored‘frozen at “17°C

“B. Preparation of BSA~ (N-8,5'- *CycloAMP for ELISA
~'The 1imidazoltde deriyative of ()-8 5'—cycloAM? ¥as prepared
- from (S)—B,S'—bycloAMP (36,

by methods similar to thos for the conjugation of the 1midazolide

derivative of (R ) 8 5'~cycloAMP to, hemocyanin as described abcve.‘
‘ The ‘yield of the imidazolide derivative of‘ the 8,5'-cycloAMP -

intermediate was 61% Twc. ‘moles of (S)~8 5'-cycloAMP~ were bound -

per mcle of BSA as estimated by spectrophotcmetry (19).

Immunization and Treatment of Antisera

‘ Two New: Zealand white ﬁemale rabbits were 1njected w*ﬂﬁxfﬁhe

,hemocyanin (R)- -8 5'—cycloAMP conjugate Prior to the 1nitial'

mg) and; conjugated to BSA (50.8 mg)

fimmunization, 30 ml of blood were 'collected from each rabbit by .

\

cardiac punctur_e.~ These preimmune serum‘samples were-used as contrcl

sera in“eugsequent assays‘ Each rabbit received a total ofl0;5 ml

of the antigen (6 mg/ml), emulsified with an- equal volume of Freund’s '

ucomplete adjuvant injected at 'multiple subscapular sites. Similar,“

bccster injections, emulsified 1n‘ Freund' 1ncomplete adjuvant

_were administered by the same route on, days 21 and 26 Sera (30'.

ml) were collected by cardiac puncture on days 21 43, 60 and 89

,:»

| the blood was allowed to clot the supernatant was drawn off andf

Uy

Immediately following collection of biood by cardiac puncture{gf
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1

4Ahrice. Aliquots of 2.0 ml verg stored

W‘theuserum was recentkifu

‘ng and.refreezing were avoidedg

[

L at ~17°C. Repeated
.BLISAKHethodOlOgy‘ | ' e | - o
A. Beagent Dilution Aasay ' o | | | |
The reagent dilution assay was carried out in order to determine
"the titer of the antiserum, the cptimal dilution of conjugate used
to coat. the wells cf the microtiter plates, and the dilution at
which an ELISA reading of 50% maximum value occurs. Negative controls
vincorporated into . each microtiter plate for thlsi screening assay

+and competitive inhibition assays consisted of wells ccntaining

2‘dilutions

| o) no protein—hapten conjugate: 2) 0.5 mg/ml'BSA and'3) 10
id;of preimmune“serum The remaining wells on the microtiter plate
.. Were coated with BSAe(S) 8 5‘—cycloAMP by means of treatment with
0. 2 ml aliquots of the conjugate, serially.diluted in coating buffer‘:
(15 nmol dm -3 Na2003, 35 mmol dm‘3 NaHCO3, pH 9. 6), for 1y hr at
+ 4°C." The wells of the plates were' each washed five times with PBS,h"

|
—
. Ve

0.05%‘ Tween 20 3 mmol-dm -3 NaN3 (PBS Tween) with a plastic waShpl‘,z' 3
bottle. To prevent non specific binding to the wells of the goat‘Vl‘;
anti—rabbit IgG ‘alkaline phosphatase conjugated: antiserum . each
‘well was exposed to 0 2 ml of 1% goat serum in. PBS Tween Serum
Iobtained f‘rom the same rabbit before and after immunization (day
g "'60) was serially diluted in PBS~Tween and 01 ml of the diluted
4vﬁ;serum was added to each well After a 2 hr incubation at 37°C h“h
plates were washed five time with PBS Tween and incubated with 0 1 f‘]
y ml of goat anti-rabbit IgG alkaline phcsphatase conjugate per well

R
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" spectrophctometer was zeroed on. an ‘uncoated well ‘containing a 10

" B. Competitive Inhibition Assay

of a pctentidl

| L

1"

(1:400 dilution in PBS Tween supplemented with 1% fetal calf serum

to prevent nonspecific binding) The plates 'were washed five more f

times with PBS Tween and then twice with 10% diethanolamine bufrer"
(pH 9,8) before adding to each well 0 1 mi of Sigma’ 104 phosphatase B
substrate (0.1 mg/ml) diluted in 10% diethanolamine buffer (pH 9 8).

Tne enzymatic reaction was allowed to continue for 30~60 minutes

\‘ at’ which time 0 OS ml of 3. O N NaOH was added to ‘each well in order
Ito inhibit the' enzyme reaction The extent of colour development

'from ‘the phosphatase substrate was measured using a DYBatech MRéOO

R
r

’rMicroplate Reader (Dynatech Laboratories Inc ) using a reference t

| wavelength cf 610 Am and an Operating wavelength of 410 nm The

-2

dilution of" preimmune rabbit serun diluted in PBS Tween

' ! [ j
. . .

For "inhibition studies, the dilution of antiserum corresponding

‘”mto 50% of the maximal ELISA reading from the reagent dilution assay

was selected.’ In a representative experiment a' serial dilution

P

nhibitor was prepared A 0. 18 ml aliquot of each

COncentration £ inhibitor was added tc 0.020 ml of antiserum which

~

‘ had been. di’yﬁed tenfold Preimmune serum was adJusted to a final ‘

dilution corresponding to that of the test antiserum These sclutions
LA

‘were 1ncubated for 2 hr at 37°C prior to being added to the microtiter_

’ ¢

plates. The microtiter plates were exposed to these soluticns for |

W

' 2 hr at 37°C and subsequently washed from the wells with five changes?

‘fof PBS Tween Addition of". the anti rabbit*alkaline phosphatase second
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“ anfibody and subsequent expcosure of the enzyme substrate to the '

.

~  wells was as decaribed above. M

£

2

.,a>'8,5"~cycloAMP (or 1ts *deo'xy analog) was determined  from calibration

For radietion ' chemical -studies, the concentration  of

.

' ) ' ‘
curves ‘pslng (8)~8,5'~cycloAMP developed on the same microtiter

plate. 1f 8,5'~cyclonucleot1de formation 1in "the irradiated nucleic
acids 1included both (R)-~ and (S)-epimers, then the yield as méasured

| using the (S)-epimer as the competitlve inhibitor would overestimate
Al

,the; yield ;of 5'—cyélonucleot1des The question of whether

o

8 Sfﬁ?}yclonucleotides "are formed stereoselectlvely “in  irradiated

nuclelc aclds 1s presently under investigation. The binding of the

" antibodies to the ha‘pfen.was assumed to ‘be eQuiValent whether the

the hapten was 1in free soluticn or’ present as an 1ntegral part of
\

i the polynucleotide. While this assumption would ~seen suitable fcr w o

~

‘the purposes cf the present study, it would be Ainappropriate to
consider the ylelds of.!8 ,o'-cyclonucleotide expressed 1in Figures o

3, 4 and 5 as anything but relative ylelds as. 1s discussed below ﬁ" 93 :
: .- y
Irradiation of Poly A and DNA , ‘ _ ’

" Samples cof poly' A or DNA were bubbled.with nitrous cxide,

[

-nitrogen or o;qygen for 15 minutes( prior to and then throughout the

-
’,

tinme of 1rradia,tion. Nitrous-oxide and nitrogen were sorubbed free
of oxygengpy passage through a 0.1 mol dm3 sodium dithionite trap
and scrubbéd free of acidic 1mpur1t1es by passage tnroukﬂ a 0.1

' mol-dm -3 sodium carbonate. trap Oxyfen was . passed through the latter

.

straponly. T

Irradiation vas performed in & Gammacell -220 60C'c>.gamma radiation

o3

agge (At‘zgmrie Energy of Canada Ltd ) at a dose of 78. 9 Gy/min as

by

S

T 5 o "". ‘ )



determined by Frické dosimetry [G(Fe3+) = 15.6, (17)].
Pcly A (365 ug/ml) was dissolved in 100 n}x’mol-clmﬁ3 .phosphate

buffer (pH 7.0). A serles of solutions was saturated wi@h‘NéO, N2

or 02 and irradiated to various doses. Each sample -was diluted tenfold

in PBS-Tween prior to ELISA to prevent _x\GDSpeclf‘lc crossreactivity.,
, _

Calf thymus DNA (373 pg/ml) was dissclved in 100 mmol~dmﬁ3

phosphate buffer (pH 7.0). Heat-denatured DNA was prepared by heating

20 ml of the stock DNA sclution to 95°C for 5 minutes followed by

" rapid cocling cn ice (11). A seris® of native and heat-denatured

‘solutions of DNA was bubbled,“lrradiated and diluted in PBS-Tween
as described for the pcly A samples. Aliqucts of the diluted,
irradiated native DNA sam‘ples were. alsc heat-denatured by the
prccedure. Idescribed . - |
Bffect of Dimethyl Sulfoxide on the Yield of 8,5'—cycloAHP from
Irradiated Poly A |

| Solutions of DMSO were prepared containing poly A (357 ng/ml)
in’ 100 mmol-dm—3 phosphate buffer (pH 7.0). The soluticns were

saturated with_'either‘ nitrous oxide or nitrogen, irradiated to 100

Gy and dilufed tenfold in PBS-Tween prior to ELISA.
. . .

RESULTS e

>

‘A saxhple of antiserum from cne of the rabbits was screened

jlsing the BSA"—(S)—8,5"-cycloAMP conjugate to coat the wells of the

119

microtiter plates. A thousand-fold dilution of the conjugate.

~

containing 10 ug/ml protein-hapten provided_;’bptimal :'ad'sorp}xtcln (Figure.

1). Reducing /th’e concentraticn of the ccnjixgate during the adsc,rption\}
o 7 i . )

: ( .

i N

4.
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'

processlbeldw 10 pg/ml signif;cantly.redﬁced the. maximum ELISA value.
Wells coated ;1£h 0.5 | ﬁg/mi BSA exhlb;ted no .ﬁsignificant
cross~reac£1v1ty, with.* the .antieerum.. Thé titerv of the antiserunm
was 1073 and did not change after repeated immunizaticn. A 50%
positive'respgnse ccc;r§ed at a one hundred-fold dilution of antiserum
and comP;titivg 1nh1bition studies were: performed a.t this d;lutiop.

Specifici?yqqf the Antiserum
' A

120

The chcentratfbn~of‘variousﬂpucleosides, ﬁuclebtides and bases:

required tc 1inhibit the b1ndiné~ of “the antiserhm to immobilized

BSA—(S)—B,SlfcycchMP by’ 504 was determined (Figure 2). Tablé T

compares the specificity of the antiserum by listing thé'ICEb;the.

concentraticn (umol“dmﬁgz required fqr Sbi.inhibition of thé-antiserum

‘bgnding (j8) ' vaasA.éaibuiEEéa from Figuré 2. Oémpetificn for ' the
gnti-hémbc;anin~(ﬁ)-8;5[4cycloAMP antibodies. ‘waé most. feffective
with - the 1mmunizing ‘hapten—(R)~8,§'—pycloAMP.I Thé ccncentration
Tf%quired for SO%‘iﬁﬁibition (ICSb) for the (R)—epiﬁer was .28 nmol-qmj

and 250 nmol-dm-3 for the (S)—epimer. The ccntributicn of the ribose

3.

2'-0H toi the specificity of the antiserum appears‘.miniméi ‘as

determined from the similar ICSO for 5'*AMP (19 umol-dm_3) énd for“
) ' N . 1 . ' . v

5'-dAMP (10 umol-dm_3).,However, the position cf the-phosphate;group'

1s significant as demcnstrated (by the observations that the.‘IQSO

.tdr 3'-AMP and adenosine were 100 times gréatef“than that for 5';AMP.

Loss iof -both the 'ribose.IQF—OH{ group and the phcsphate group; as ?

exemplified by.2'—deoxyadencsiﬁé, resulted in a significant increase



in the< IC..  tc 3500 umcl~dm—3.‘ Adenine exhibited an IC

umcl'dm13

50 50 of 550

which is unexpectedly low considering the low Specificity

of ‘the“antiserum to ?'~deoxyadenosine Cross reactivity of the

antiserum\ with 5' GMP, guanosine and guanine, 18 insignificant

. L. .
f

The IC5 for 3' ~GMP is NQO pmol dm 3, which -is unexpectedly low

for a compéund contaihing both guanine as the base and a 31-phcsphate

\
group. . - \
-Irfadiation éf Pely A

The rela ive yield' of "8,5'-cyclocAMP in irradiated sclutions.

73 'phoSphate buffer (pH T7.0) in 'nitrous

, B
,OXide~ cr nitrcgen saturated solutions 1s a linear function cf the
A

cf "pely A 4in\100 mmol'dm

I'dcse belcw 200 Gy but drops off at higher doses (Figure 3). The
ratios cf the yields cf 8 5'~cycchMP from poly A irradiaﬁed under
nitrcus cxide to‘ﬁhcse‘under nitrogen vary frcm 1. 21 at 50 Gy to
1.35 at SOOde (Figure 3), The'icrmation of B,SiQZycloAMP was strongly

i by

inhibited in’ oxygen saturated scluticns

' - Hydroxyl Radical and - 8\5'—cyclonucleotide Formation in Poly A

To-)test the. contribution of ' the hydroxyl radical ("OH) to

121

8 5'~cyclcnuclectide fermaticen in pcly A, the 'OH scavenger, DMSO .

L]

9 1

_[kDMSO + on T 6 X 10

concentraticrs of DMSO -3
radiation dose cf 100 Gy,-

occurred .(Figuxjevh‘). Erom
1.3 x 108 dm3.-'-'mol'1v-” o per |
.. is - lcwer than the «overall

‘-.fcr polonf38x10f1 Sl

mcl -s  as det_ermined by ccmpetition

dm3'mcl- 8 ', (19)] was used. AAt}

reater than 1070 mcl'-dm , . following &

-hese data a reaction rate constant of‘ '
ucleotide can be estimated This value

eaction rate ccnstant per nucleotide

a decrease in the yield of 8 5'—cycloANPA
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| ~ kinetics (20) and a value of 9 X 108 dm3~molT1- -1 determined for
the rate cf hydroxyl radical reaction with the bases of poly A (21),
but perhaps not unreasonable for a reaction occurring at cne site,
the 5'-carbon on the phosphodiester backbone. ( l
'Irradiation of DNA

'ihe"effect of the structure of ' the ‘DNA during giiSA was .
|'inveatigated to establish if the detectability of 8 5'—cyclodAMP
' could‘be increased by heat—denaturation.‘Native DNA was irradiated_
dthen aasayed‘in the native'or heat—denatured form In éeneral the.
apparent yield'-of” 8,5[—cyclodAMP was greater ii the assay ‘waSvp
performed gh heat-denatured DNA (Figure 5) Fer example,‘ at 600
Gy the yileld cf 5'—cyclodAMP in irradiated, nitrous. cxide—saturated"
solutions of native DNA assayed in. the native form, was 60 per
cent of its yield when the DNA was. heat- denatured prior to ELISA :
(compare Fig SA and 5B).

To compare the effect of DNA structure‘ cn the. yield.rof
8 5'-cyclodAMP native or heat-depatured DNA was irradiated tben,
in each case, assayed as heatedenatured DNA.,,Tbe yield of
.8,5'—cyciodAMP ‘in‘;irradiated;. native DNA' was higher than ‘that in
irradiated, beat-denatured4DNa\(Figure 5); In‘nitrous oxide-saturated
’ soiutions‘irradiatedito 600 Gy,'the amountvof 8-5'-cyclodAMP detected
; in native DNA{solutions (Figure SB), was 2. 8 times the amount detectedu
in- DNA which had been heat denatured before 1rradiation (Figure
SC) _ Similar ‘ results were "observed for” irradiation ‘of
nitrogen—saturated solutions. - ‘[; R ._.;fj- . }"H o

For- DNA irradiated in the native form. and heat denatured for

Lo
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assay, the ratios of the yield of 8 5'—cyclodAMP under nitrous oxide

123

'compared to those under nitrogen vary from 1.0 at 200 Gy to . 6

A

'at ,800 .Gy ﬁFigure S5B).’ For DNA irradiated and assayed in the

heat denatured fern, the N O/N ratios vary from 1.2 at 200 Gy to

2,4 at 800 Gy (Figure 5C). ' The = yield of 8, 5'~cyclodAMP in

oxygen—saturated solutions of nat1Ve DNA 1=s barely detectable (dataT

.not shown) which 1s conslistent with the observation that oxygen

a

- 1inhibits cyclization in poly A . (this wcrk) and iJi ‘mononuclectides

|
“ {

DISCUSSION T S S

Immunochemica techniques prdvide a SensitIVe and specific

method for preb ‘g structural and functional properties in ‘nucleic

acids .(see Munns 'ant 1szewski (22) fer review). In particular,

they have been ' used to identify DNA- carcinogen adducts (Bee Muller

and Rajewsky‘ (23) for review) "and radiation induced modificaticns

to nucleic acids. 1In this latter context 1mmunochemical 'assays

‘ have been developed with specificity tc nucleic~ acid ' base damage

‘as exemplified by thymine glyccls (10 2%) hydroxymethyldecxyuridine~

(7 9) and 8 hydroxyadenine (11) and shcw: considerable promi © with‘

respect tc the ‘study of radiation-induced modifications in nucleic-‘

"

‘ acids.l - . , .;”~'

Radiation' cﬁemical studies with purine mononucleotides have:-

~

' revealed that an intramolecular cyclization, initiated by “OH attack o
on the C(S') carbon, 'can occur resulting in the formation of

',8 5'-cyelonucleotides (2 4). Preliminany results indicated that*! )

cyclonucleotide formation also occurred 1n 1rradiated nucleic acidsﬁ



(6‘7)‘ and‘ could be useful as a hovel ‘probe‘rfor radiation damageﬁ

For example, the formation of 8 5'—cyclonucleotides may be important

in. double stranded nucleéc acids where the phosphodiester backbone

- 18 exposed to, and the bases shielded from, ‘direct radical attack

Moreover; intramolecular cyclization in nuclei acids may 'be

influenced by hydrogen bonding and base stacking relationships in

the macromolecules, since formation of the C(8)- C(S ) bond requires,

i

‘correct alignment of the base and sugar moieties. Another interesting

feature of 8. 5'—cyclonucleotides arises from enzymatic studies which

124

reveal a strong substrate specificity with respect to the two Epimeric

forms (R and S) of this product (25 29) This raises the possibility‘

that repair enzymes may show a ‘'similar substrate specificity with
respect  to the repair‘ of 8,5!-cyclonucleotide formation within
'i, irradiated nucleic acids. As a first step in a study' of - the

‘significance of 8 5'—cyclonucleotides, we have utilized immunochemical

,techniques to ihvestigate formation of this species in irradiated,

nucleic acids

The specificity of the ELISA technique for 8 5'—cyclonucleotide

deteotion is demonstrated by ‘the’ ‘competitive inhibition studies

‘which further indicate that the polyclonal antibodies which recognize

K 8 S'-cycloAMP | should : also ‘f\recognize ' Mthef)- corresponding._"'"

";deoxyribcnucleotide with approximately the same affinity For example,'

-the. 2'-OH group was found not to be a major determinant as shown

iiis similar (Figure 2 Table .I) In coﬁtrast the phosphate group-

N

by the fact that the affinity of the antiserum for 5'-AMP and 5'-dAMP ‘
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(compare‘ythet affinity of S5'-AMP with that of adenosine) and ‘the

“

adenine base;(compare the affinity'of 5'—AMP with,that Of‘S'-GMP)

are major determinants‘reccgniZed”by the;antiserum; Taken together;

the data contained in Figure 1 suggest that .the 'major.‘antigenic

determinants: recognized by the antiserum exist in the unique structure'

relationship between‘ the adenine 'base phosphate group and sugar

mciety which results from the constraints imposed by the presence

‘of the C(8) (5') intramolecular bond in 8 S'—cycloAMP Having said |

1this, we do not, at present have .an independent way of demonstrating

~that th ‘-8,53—cyclonucleotide detected ‘by the. ELISA -assay 1in

irradiated nuclelc acids is’ in fact dué primarily to this structure
asihas been possible with thymine glycol‘(12)5‘HOwever; we believe

that the indirect evidende in faver of 8 5'-cyclonucleobide fcrmation

in irradiated nucleic acids is compelling For example, the apparent

ability of the polyclonal antibodies raised tc the (R) -8 54—cycloAMP

hapten'to distinguish between (R)— and (S) epimers (Figure 2) arguesp

strongly in favor of a narrcw structural specificity for = the

’antibcdies It is true that .the antibodies recognize determinantsj

in unirradiated 5'-AMP and 5'-dAMP but under the conditions cf nucleic

‘ acid dilutiOn in our assay, antibody binding to unirradiated nucleic ‘

a01ds cannot be detected The fact that the DMSO protection against“

i8 5'-cyclonucleotide formation in both, poly A and DNA shcws a first,

- vorder dependence on DMSO concentration is consistent with antibody

'binding to OH initiated damage in the nucleic acids and not to'h*\.

ungamaged nucleotid94 constituents Furthermcre, irradiation under
R A e ; S .
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K oxygen completely inhibits antibody binding to irradiated nucleic

' acids (Figure 3) which fits in with previous observations from the

"mononucleotide studies (3) and indicates that oxygen effectively

traps the nucleotide radical which in‘ the' "absence . of 'oxygen,

"undergoes intramolecular cyclization

While .there 18 no apparent reason to believe that the polyclonaI‘

126

‘ antibodies were binding to anything other than 8 5‘—cyclonucleotides,'

l

the absence of ‘an independent assay does Mmit the assay to oné

‘ of measuring relative rather than absolute yields of radical damage

l;in nucleic -acids. : The absolute quantitation of radical damage in

| nucleic acids ‘by ELISA iz~ further complicated by an uncertaintyd<

[l

with respect to the reIative reactivity of the polyclonal antibodies ’

to the hapten in free solution and in. polymeric nucleic acids (11 30)

ulFor example, antibodies raised. against carcinogen modified nucleosidés

,generally exhibit a higher affinity for the free hapten than for -

haptens incorporated "4n single- or dcuble-stranded . DNA (23 30)

clIn contrast 1t 1s reported that an antiserum specific for thymine i

. 8lycol recognizes the modified base to 4 greater extent in. DNA than

..in the corresponding mononucleotide (12) For these reasons the :

‘ 'yie ds expressed in Figures 3 ) cannot at this time be considered

“absolute measurea of 8 5'-cyclonucleotide formation in the nucleic‘

acids and therefore cannot be used to calculate G values Only in‘ P

-V‘.‘,favored i situationa : such ; _a thymine glycol ‘ (10, .2) .'ar

hydroxyadenosine (11) where independent quantitation is attainable -

will ELISA or. radioimmunoassay be quantitative in ‘an absolute sense.‘.-‘

However, for many studies 1nvolving, for example, the effect of;" 3



- radiation modifiers on nucleic acid damage, measurement of‘ relative

‘ yields would be yery usef‘ul

If 1t is accepted that the*structural determinant for the
s ‘

polyclonal antiserum includes a strong component from the C(8 ) C(S,‘)
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- bond between adenine and deowribose moieties it is perhaps not"

t

surprising that the apparent yield of‘ the 8 5'~cyclonucleot1de is

,‘_somewhat higher if the ELISA 1s performed after heat denaturation'

/

".of‘ the irradiated DNA (F‘igure 5) since the C(8) C(S') ‘region will '

be partially buried in double stranded DNA Somewhat more remarkable

1s. the observation that the yield of the 8 5'—cvclonucleotide 18"

‘higher when DNA 18 irradiated in . tﬁe double- stranded as comparedT

I

 to the single stranded f&m Figure 5) 'I‘his fact makes 1t cledar. '

that any‘ restriction of molecular" m'otion within the adenine

mononucleotide moiety which might occur: upon its incorporation in

DNA does not- prevent cyclonucleotide formation. There is the distinct '

possibility that a more favorable spatial wrientation of adenine--

’

"and deoxyribose moieties, with respect to cyclonucleotide formation,‘

LY

R resides in double—stranded DNA than 1n single stranded DNA One

possible explanation for reduced yield of‘ the 8, 5'-cyclonucleot1de N S

“in irradiated single—stranded DNA as compared to double—stranded

DDNA may be ‘that the _E conformation may “oceur more often in,.‘.,
"‘\'Bingle‘ﬂtranded DNA thereby reducing the probability Qf foming' Lo
4 ‘the 0(8) 0(5') 1ntramolecu1ar bond Alternatively, J ths relative o |
inaccessibility of DNA bases o direct OH attack in double-stranded:
DNA as invoked in studies of base da.mage (31 32)"‘ may lead to a' .":,',

"'~_”greater prOportion of OH attack at the phosphodiester back‘tmne,‘_'-:':j.*'-.‘ﬁ

3 ‘v‘— “,
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--‘and -‘hence‘ an increas‘ed yield "vof," ‘6,5'—cyclonucleotides‘ in
double-stranded DNA | T | |
'. Froxu earlier studies with 5'—AMP 1t was’ anticipated that the
'yield of the 8 5'~cyclonucleotide would pe increased in nitrous |
oxide saturated solution of the irradiated «%nucleic acids Nitrous. K
"“.oxide converts hvdrated electrons to "OH radicals [N O + e adjzg.'
k"OH' + OH 4 N ] (33) thereby effectively doubling the yield of OH'

Yy .
radicals relative to nitrogen saturated solutions. In the case of

‘5'*AMP ‘ the G valug for the formation of -8 5'—cycloANP was found
:to be approximately doubled in nitrous oxide- saturated solution
"“(3) The result in the ‘case of both poly A and DNA appears: to be.
more' complex even though the fact that DMSO protects against‘
»cyclonucleotide formation in poly A (Figure ) and DNA (data not'
shown) is consistent with "OH radicals being the initiating species
in the nucleic acids as it is for 5'—AMP (3). For example, "he
- presence of nitrousroxide does not lead to the expected enaancement
in 8 5'—cycloAMP yield in irradiated poly A and the Ancrease which.
" does appear (a haximm R O/N2‘ factor ‘v of 3‘ K 500 Gy) ‘isﬁ.
_ .’dose-dependent A similar dose dependency 1s observed f‘or DNA (Figure‘
_,/—w—‘S) although at the highest doses used for DNA (800 Gy) the yield
under nitrous oxide is near the expected factor of two compared"‘fj

!

to that under nitrogen. It is known that hydrated electrons react
with 8 5'-cycloAMP to cleave the phosphate ester bond (31+) and the;,..
relatively small, dose-dependent effect of nitrous oxide, seen for;“” o

'~poly A and DNA up to doses of 500 Gy, may be accounted for more .

L o

in terms of electron scavenging than a higher yield of OH radical’
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as such‘ Whether Athe increasing divergence between yi“lds under :

nitrous oxide and nitrogen for DNA with increasing doses above 500

‘Gy could be accounted fer by a single such mechanism is not known“

\
'1

” but is presently under investigation o .

‘In summary, an immunochemical assay for 8 5'~cyclo(d)AMP has

\

been developed and appears to be suitable as ‘a probe for radiation‘

damage in nucieic acids. The yield of 8 5'~cyclodAMP was found to.

il

be two“ to ' three 'times higher for - DNA' irradiated in "the

s

—

"‘dcnblesstranded, as‘ distinct frcm the single-stranded " form.. The

’OH' radical, appears to initiate 8 S'~cyelonucleotide foxmation in

the nucleic acids but’ irradiation under nitrous cxide, particularly'

yatnlower.dcses- does not lead to the expected increases in the yield

.of this - product . Oxygen | inhibits the ; formation ' ‘off o

8 5'—cyclonuclectides in irradiated nucleic acids indicating that

cfoxygen effectively traps the nucleotide radical which, in the absence‘

‘[ of oxygen undergoes intramolecular cyclization
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.Competitive 4inhibition curves for anti~hemocyanin-(R)

8,5'-cycloAMP antiserum. Dilutions of various compound$

‘were ‘prélncubated with antiserum at a final dilution

1

of' 1’ #' 10_2, then added to microtiter wells precoated
with 10 ug/ml of BSA-(S)-8,5'-cycloAM§'wfor compéetitive
ELTSA. Immunization was performed with a Réocyanin-(R)
8,5'-cycloAMP conjugate.
N\
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Figure 3:

" 8,5'-cycloAMP are de_rifred ~ from competitive ELISA “am‘i

are not abgolute measures of 8,5'-cycloAMP-in poly A. .

YIELD OF (5)-8,5"- cycloAMP fpmol-d

T

20

o
[ .
J

0,
O f i 1
S | T 1 .
0 100 200 3000 400 500 -
, - DOSE (Gy) .

Yield of 8,5'-cycloAMP from irradiated solutions of poly

A (365 ug/ml) 1in 100 mmdl-dmaB» phosphate buffer bubbled
. .
with N2O (’?’ N2 (®) or 02 (a). Each dapg poigt represents

the ‘averagez<x“two- independent 1irradiations assayed on

\

‘the same\ ELISA plate: The' average range of the data 1s

less than 5%. As Jiscussed in the “text, the 'yields' of
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100 Gy at pH ? 0 in 100 mmol-qu3 phosphate buffer Each
’data point represents the mean . of 3 measurements andf

the error bars 1llustrated repreeent the greatest standard

”
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CBAPTER7
INTRAMOLECULAR CYCLIZATIQN IN IBRADIATED NUCLEIC ACIDS.
CORRELATION BETUEEN BIGH—PEBFORMANCE LIQUID CBR TOGRAPHY AND AN

oA

IMMUNOCHIMECAL ASSAY FOR 8 5'—0YCLOADEKOS§§?\TN IRRADIATED POLY A.

. e
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 INTRODUCTION
| étrOng 'oxidizing' agentsb‘suchh as"the ‘hydroxyl' radical‘ (‘OH)(

Canv‘ damage n'ucleic ‘ac‘i‘ds at ‘both base “and sugar phoSphate; Imoiet‘iesﬂ_ ‘
;A? variety of products _aris'ing .from ‘direct *OH atta'ck»‘ on“ nuCleic
'acid bases have ’been‘ identified. (1, 2)“ Strand brealts andfbas‘e‘release
are events originating from OH :ttack at the sugar phosphate backbonel
“(3,4). Quantitative studies of the distribution of *OH attack onb
adenine nucleotides (5) show -that 8 5'—cyclonucleotide f‘ormation,i
a type of damage incorporatingv both sugar phosphate and base damage.
(5 8), is also a. significant process. This type of base damage mighth

be impOrtant in double-stranded nucleic acids where the bases are

. at least partially shielded from direct oxidative damage (9 10)
With this in mind ve' developed an. enzyme—linked immunosorbent assay:f-, -
(ELISA) with specificity for 8 5'—cyclonuc1eot1de formation and“'
have demonstrated that this type of intramolecular cyc}ization occurs’yg;”

!

in irradiated nucleic acids (11) Competitive ELISA indicated that“‘

"-'~-»1’.‘ A version of this chapter has been accepted for publication., RS
Fuoiarelli - A, F., Shum, ‘F.Y. and Raleig'h, H Y W Intramolecular TR
cyclization in irradiated nucleic acids. .Gorrelation. between high- ARER
-performance. 1iquid chromatography and ‘an, immunochemical. assay. for .- .
8 5'-cycloadenosine 4n irradiated poly A. Reprinted by permission from'
Radiat Res.'110 000 000 1987 (Academic Press Inc.) T RPN i

e e e \._,a‘..‘. e e e b . oo . .
! BRI . . Pt Tt - : . R VT e [




the "formation~ of the 8,5'ﬂcyclonucleotide' occurred in both
‘.polyadenylic acid (poly A) and DNA (11) .However, under these

conditions the immunochemical technique is ‘not strictly quantitative

12

a‘We have now’ compared the yield of 8 5'-cycloadenosine formation o

in. irradiated ‘poly A 'as measured by both high performance\ 1iquid

.+ chromatography (HPLC) and ELISA techniques The HPLC study ‘has

. also allowed us. to examine the stereoselectivity of the cyclization o

process ~ for 8 5'—cycloadenosine formation ~and ° to follow

f8 hydroxyadenosine formation and adenine release in irradiated poly

!
N : oy . .
. . . . . .
. L . t o '
- A. - ‘ , " o . /
. ) : - o . . .
' Lo .

HATERIALS AND nx‘mons
| Reagents " . . . .
- Authentic‘ samples of 'R)é"Ana ‘(S)-S;S{jcycloadenOSine were
‘synthesized by da’ published procedure involving“thev photolytic
]'cyclization of ' the 2',3'—0 isopropylidenev‘ derivatite T oof

:35'-deoxy-5' phenylthioadenosine (12) The final products of this

j“procedurs were identified by combined gas chromatOgraphy%massvu

"y spectrometry analysis (Dr.‘ M. Dizdaroglu,‘ personal communication)

obtained from the radiolysis of‘ adenosine 5-monophosphate (5'—AMP)
“f:(S 7 13 1@) Authentic 8-hydroxyadenosine ‘vas synthesized according

,fto a publtshed procednre (15) and characterized by infrared and

"'and were found to be identical to (R)— and (S) 8 5'—cycloadenosine"h}'

5h[§ultraviolet spectroscopy and mass spectrometry.‘Alkaline phosphatase :3‘1';‘

't*ﬂ(Bovine Intestinal Mucosa, Type VII S), nuclease P1 (NP1 Penicillium vfﬂ;f“

A .
L A
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- citrinum), aden‘ine adenosine, 5'-AMP énd polyadenylic acid (poly‘

; A\,""mol. vt. 140 500 kdal) were obtained from the Sigma Chemical

‘Co. (St. Louis,‘MO) and used without further purification Other"

‘chemicals were. chromatographic or reagent grade and’ were obtained'

f‘rom local suppliers

, “,Irradiation _
o 60

‘ Irradiationa "we‘re ‘ per‘rormed in‘ a Gammacell‘- ‘220 Co gamna

radiation source (Atomic Energy of Canada Ltd ) at a dose -rate ‘of

58 7 Gy/min as measured by Fricke dosimetry [G(Fe ) = 15 6 (16)] ‘

‘Solutions of‘ poly A containing 697 ug/ml were made up ‘in distilled

‘water (pH 7.0) 'which" had been purified and deionized before use

by passage through )a‘. Barnstead ‘three . module NANOpure ‘water\

“ purification system (supplied by Fis)\er Chemical Co) “The 2. O »ml ‘

samples ;of poly A were bubbled with nitrous oxide f‘or 15 minutes
'»prior to and then throughout the time of’ irradiation The nitrous

| oxide was scrubbed f‘ree of owgen by passage through a O 1 mol dm

3

sodium dithionite trap and freed of acidic impurities by, passage‘

through a 0. ‘l mol dm -3
the poly A results,‘ 10»—3‘ mol-‘dm-3'.

1rradiated to 1000 Gy at pH 7 0 under nitrous oxide as described“.

. b
,‘ i, for pgly A

o TR e : , ‘
L ﬁﬁ”musis of Irradiated Poly e

sodium -carbonate, trap. For comparison with

solutions of adenosinev were‘ )

The 1rradiated poly A was hydrolyzed with nucle se P1 following‘ S

the procedure of‘ Gehrke et al. (17) Brieflyg 0 250 ml of a solution L

' of nuolease P1 containing 7:5_. units/ml enzyme 1n a buffer of 30 \ .

A.i/,‘

™

. “
I
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mmol"dmf3 sodium acetate (pH 5 3) and. 2 mmol - -dm - -3 ZnSO"were added
y

&t 37° C

to, 0.5 ml of poLy A solution The mixture was incubated for 18 h'

The mixture ‘of, mononucleotide products was further' hydrolyzed
1.

ito__the_icorreSponding nucleosides with alkaline phosphatase IQ/J{

t“'typical experiment 0. 250 ml cﬁ‘ a solution of alkaline phosphatase

‘(25 units/ml of alkaline phosphatase "in_ 0.1 mol-dm

| carbonate/bicarbonate buffer (pH 9 6) containing 1 mmol dm

-3
3.

-magnesium

ZSOdium‘

'chloride) was  added - to the NP1 digest of the irradiated poly A and

the mixture was: incubated at 37°C for 18 h This procedure produced

'f an unchanging hydrolysate chromatogram free of detectable levels

of products that could be detected in intentionally,v partiaﬂly

.‘hydrolyzed samples. In addition, the linear dose- yield response

for adenosine destruction in the dose range 0-1000 Gy (ten 100 Gy

‘alter its hydrolysis by nuclease P1. - b ‘“ C l

‘increments, regression analysis correlation coefficient 0, 972)

i )

indicates that large doses of ngiation to poly A do not detectably

High-Performance Liquid Chromatography

High-performance liquid chromatography was performed on.a Spectra

| Physics system 1ncorporating & 8100 liquid chromatograph, a 8110

automatic sample injector, re 8%&0’variable wavelength detector set

i*;‘at 266 nm, and a h270 computing integrator.‘A reversed-phase Supelco

y'_fLC-18-S (k 6 mm X 25 cm)" column which has been developed specifically

*for nucleoside chromatography was used with an eluent of 7.5 percent \i‘”~

| f?gmethanol 1n 0 02 mol dm 3 ammonium formate (pH h 0) at a flow rate

. . K S ’ el . S

R ‘ ‘ . . e R



l - , . 1*»5“',#
of 1 0 ml/min The Supelco‘LC—18—S‘column gave a slightly different

‘cnromatogpam from that Observed in’ our Previous study (18). Adenine”“h

',vrelease ;rron irradiated poly‘ A was measured prior ‘to - @nzyme
.hyqrolysisr ‘The nueleoside"_analogs formed in - irradiated ‘poly‘ A
q'Qéfe chromatographed and “Quantitated rolhowing engyme ”hydrolysis

| i‘with nuclease P1 and alkaline phospgaﬁase ps descriQed above.

‘ELISA Hethodology ’ ‘;"” o , »

A detailed description‘qf thé ELISA teéhnique has been reported;

previously and wds followed without modiffcations (11)
' - A ‘

'
n

RESULTS

‘

N Radiolytio adenine release rrom poly A was quantitated by means‘

| of HPLC prior to - enzymatic digestioq to limit the possibility of e

coohromatography with produots resulting from enzyme hydrolysis

Enzymatio hydrolysis of poly A (irradiated in~the presence of N 0)‘

with nuclease P1 and alkaline phosphatase resulted in the liberation’ a

"of 4 number of modified products which were separated from unchanged“‘

* adenosine using reversedephase chromatography (Figure 1): Adenine,

', adenosine,‘ (R)~ and QS) 8 5'~cycloadenosine and 8~hydroxyadenosine

were Identified as radiolysis productS‘ by cochromatography with<

authentic samples Other,- as- yet unidentified products were also ,

' ":observed The yields ‘of the identified radiolysis products as
Co o

o measured by HPLC were quantified with reference to calibration ;

'ﬁycurves using authentic samples. As‘ reported elsewhere (18), the'

”fryield of the (R)-epimer in irradiated poly A predominatea over thatiﬂ

T ot RO (I ) i 1‘_

[N
LA .
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of the (S)- epimer (Figure 2). Al'so included in Figure 2 1s a measure
of the total vield of‘ 8 5'—cyclonucleoside The ylield of neiﬁher
8,5'~cyclonucleoside (Figure 2) nor 8~m'dro>qyadenosine (F‘ig‘ure" 3)
nioieties was linear as a function of the dose between 0 and 1000
Gy for 1rrad1atee solutions of poly A. Adeniﬁe release from: 1rrad1a£ed
poly A, however, was. linear with dose 1n this range, exhibiting a
G. value of 0.28 (Figure 3). |
rvTh'e "G values for broduct fermetion 1n N20—sathrated solutions
of a‘denosise, 5'~AM"P. (5) and poly A irradiated at pH 7.0 in dlstilled

water are listed in- Table ;diolytic adentrie release 1s greater

for adenosine and 5'~AMP (G -‘ 0.60, 0.50‘, respectively) than for

4

poly A (G = 0.28). The yleld of the 8- -hydroxyadenosine moiety 16

similar for the three compounds (G = 0.12 -~ 0.151. The yleld of

A the 8 5'—cyclonuc1eot1de 1s higher 1in S1-AMP (G = 0.52) than 1e

the corresponding cyclonucleoside in adenosine (G = 0.14) and poly

A (G = 0.23). The ratio of damage at the &s51) as compared to the

C(8) position, as represented by 8 5'~cycloadenosine f‘ormation and

8 hydro;qyadenosine formation, respectively, may serve as an 1ndication .

ry

A
of jmage distribution in 1rradlated adenine-based compounds. 1In

this lcontext, S'—AMP had twice the yleld of damage at the - C(S')

‘ﬁeslitio"n compared tp pely "A and vf'our times the yield of damage at

this site compared to adenosine.
. AR , N .

The . i‘&%io of the ‘ylelds for ~(R)- and (S)-epimers of

adenosine (T 80) or poly A (1.56). The formation of the (R)-epiner,

v ol

* A . o R
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'8 5'-cycloadenosine is low for S'-AMP (0.37) as compared to either .
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thercfore, 1is favored in irradiated solutions of adenosine or poly
A, bi‘xt is four to “«ve times 1es‘s favorable in 1rrad'iated S'~AMF
solutions as neutral pH. 4

‘ The yield of 8,5';cycloadenosine measured by e competitive
“ELISA 1§, lrradiated polyh A prior to hydrolysis (see Ref. 11 for
detalls), was compared with _the total yleld of the (R)~ and
(S)-epimers of 8,5'~cycloadenosine as ‘measured ' by ﬁPLC on ohe same
sample. A good correlation be&yeen the‘ two. measurements 1s ‘seen

but the ELISA technique slightly overestimated the overall yleld

of 8,5'~cycloadenosine (Flgure &). It 1s. conceivable that this

difference 1is due to inconplete ‘hydrolysis of 4irradiated poly A
in the HPLC analysis.. However,.we have no chromasogrephic\evidence
for incomplete‘hydrolysis‘(see Materials and Methods)f Furthermore,
the levelling off in cyclonucleoside yleld at highet doses whlch
could indicate incomplete hydrolysis of poly A 1in tge HPLC analysis
is mirrored; exaccly by the ELISA assay ‘where no hydrolysis- is

involved.

'DISCUSSION .

The advantages of ELISA techniques for measuring molécular

lesions 1in irradiated nncleic acids include their 'potential for ‘

sensitive‘ analysis. The ,immunochemical analysis removes the need -

for the derolysis of the irradiated nucleic acids to monomeric

ico%stituents prior to analysis and the sensitivity obviates the

need for labelling the nucleic acids with radioactive msrkers prior

< A



t;o 1rradiation as 1s required for some chromatographic (19,20) 'and

chemical assays‘ (21,22). The competitive ELISA technique (23),

however, is an- 1ndirect assay and it is desirable where possible
to have an independent check on the molecnlar Specificity of the
assay and its ability to provide quantitation of‘ a particular
molecular lesion in nucleic acids. | | Q'

In_ the case of an immﬁnochemical assay for 'clrymine élycol,

for example, it has been possible to test ELISA specifi'city and

quantitation directly by virtue -of the facﬁ thai: thymine g_lycols

in DNA can be quantified by ‘an independent chemical as‘say (2%,25).
In the absence of such a direct sssay, 'the'epproach taken here of

charatcterizing an ELISA for a specific molecular \ lesion by

chromatographic comparison 1in ‘irradiated and ‘gently hydrolyzed -

A

* homopolymers of ribo- or deoxyribonucleotides may serve" as an

148

acceptable alternative. - This might be particularly true '4n those

cases where a 'lcnowledge of relative ylelds as distinct from absolute -

ylelds ‘is sufficient.v ‘These could include. studies of the action

of repair enzymes on specific molecular lesions ins irradiated nucleic

acids .or the ei‘fect of radiation modifiers on the yield of the

‘molecular lesion. 1In such cases, ‘it is -only necessary to determine

that the ELISA responds-: proportionally to chsnges in the a.mount

-fof product present in the irrs.diated nucleic acid ‘as 1is clearly

the ~case for the ELISA ior_ﬂ,slneycloadenosine in irradiated poly

A (Figure ).

We had postulated that the leveﬁing'—orr‘in 8 5'-cycloadenosine.v.f

e

_yield at high dose" might be due to hydrated electron destruction.



. of the cyclonucleoside (11“ 26) but could‘not rule oiit the possibility
that the ELISA itself‘ _was sensitive to changing antibody affinity
. to the intact lesion as the . polynucleotide substrate was destroyed
.nonspecifically at higher dose The HPLC results now confirm that
the ELISA, in fact, responds precisely to the actual yields of

8,5'—cycloadenosine‘ It seems reasonable to assume thnt‘the ELISA

is résponding in a similar fashion in irradiated DNA (11), the.’

ultimate target of 1nterest, where we’ do not at pI‘eSt t have an

independent quantitative assay for 8,5‘~cyc‘10deoxyadenosine formation.

In addition to prov‘igiing an independent calibx"ation. for the

ELISA technique, the HPLC anavlysis reveals that the intram lecular
.c:yolilzation proceeds stereoselectively ~to. produce, predominantly,
. the (if)-epimer 1n'\'ir1'*sdiat'e'§i poly A (F‘igm“e 2).‘ As discussed in
greater .detail el‘sewher‘e (18), the adenosine moie‘ties in an,e)gt“ended
chain of pf)l_:y "A can ‘tai(e up a conformation about the C(’#")-G(S')

bond (gauche-trans, Figure S, I) '(27) which would tend to favor

the formation of the (R)-epimer of 8 5'—cvcloadenosine, (Figure S,.

IIT). The fact. that the (R)—epimer does pr‘edominate (Figure 2)

- indicates - that the intermediate reactive species 1nvolved in the

cyclizattion (-presumably ‘the C(S') free radical Figure 5, II) does ..

f'not alter the ground state conformation significantly in’ poly A

~nor, in all likelihood in DNA. ‘

With reference to the f“ormation of‘ the \intramolecular crosslink

\

N,

_between the C(8). and C(5') csrbons 1n ,genexf‘al; the anti-conformation-

with respect to v.ﬂief .orientation-"of the adenine -base about C(1')

,V. s -. l ' “.
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is favored in purine nucleotides (28,29), putting C(8) of the base

in close. proximity to 0(5') From this point of vie'w,'it 16 ‘not

-

surprising that the intramolecular cyclization process is reasonably .

efficient in poly A (G = 0.23). In fact cyclonucleoside formation

rivals the rather more complex events. “at the sugar phosphate backbone

which lead to adenine release (G =. 0.28) (3). Adenine release,‘

however, 18 distinguished. from 8 5'—Cyclonucleoside “and

1

8-«hydroxynucleoside formation in irradiated poly A in that its yield

\g‘roups“at‘ the C{5') carbon. This ratio is 0.93, 1.92 and 3.71 for,_

.“

is linear over the dose range studied (Figure 3) This result is
consistent with the' suggestion (11) that the levelling off in

8 5'—cycloadenosine yield and, possibly, B—hydroxyadenosinenyield

as well may be due to secondary radical reactions at these Le%ions“

The G value I‘or 8- hydroxyadenosine f‘ormation in irradiated

solutions of poly ‘A (G .= 0. 12) was. similar to that, of the monomers

',(G A 0. ‘ll» - 0 15) On this basis it would appear that Oﬂlattack

at the C(8) position of the adenine base is not hindered in the .

: ribopolymer. -

The ratio of the damage occurring at the C(S ) position compared

to. that at' ' the AC(B) . p081t10n, ' ‘aS. ' reflected by .

8 5'-cyclonucleotide(side) and" 8- hydromucleotide(side) formation,

adenosine, poly A and 5'-AMP respectively At neutral pH adenosine,‘

. poly A and 5'-AMP have 0 1 and 2 negatively-charged ngoups,‘

EY

‘respectively, is directly correlated with the number of‘ ionizable :

:‘resp,ectivel_y, ' at the C(S') carbon.h This correlation between the_



R number of ionizable groups attached to the 0(5 ) carbon and the

'.ability ‘to form the‘ 0(8) -~ C(5") intramolecular bond provides

151

additional eupport in favor of the hypothesis'hthat an ionizable

' éroup adjacent to a carbon atom such as the phosphate group in
5‘-AMP or poly A, is capable of activating the carbon (1:e., C(5' ))

t to hydrogen abstraction resulting from nvdro:qyl radical

b

. attack ( ‘ . It is for this reason, and the electron spin resonance

data which\demonst the existence of C(S') radicals 1n irradiated

nucleosidesvanc nucleotidesi(3d~3h); that we believe thatlnot only"

- the C(u') (3%

_ of OH attack 1n phosphorylated nucleotides.

but "also 'the C(S') poSition is an’ important point

In summary, the HPLC analysis of hydrclyzed irradiAted poly

© A has shown that the ELISA. for 8 5'—cycloadenosine precisely reflects e

changes 1in the yield of ' this product in 1rradiated poly A On this
basis, the ELISA has considerable potential as a sensitive and

specific assay for'nucleic acid studies. Previous-studies have shown

Y

that the ELISA can detect the cyclonucleoside at 10 Gy 1n poly A

\

‘and 100 Gy in DNA (). In an- absolute sense, the HPLC calibration '

§ has shown that- the ELISA slightlv overestimates the actual yield

 of’ 85'-cycloadenosine in - poly A. HPLC calibrations of the ELISA

‘hi,vn‘ homopolymers «cf ribonucleotides as described here 'for R

5'-cycloadenosine in poly A might be useful in general although,

‘at this stage, the results canvb"'.‘

.quantitation only for molecular ' esions 1n more complex substrates

expected to provid@ approximate
v

such _bas DNA." ”‘I‘he' HPLC | analysis «'hés‘_[_ rev,ealed'., that |

N
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f ,(R) -8 5'—cycloa&$nosine is formed preferentially' in irradiated poly
) A and may be the result of the conformation of the polymer chain.
In monomers, the factors which govern the epimeric distribution
\of' the‘ 0(8) - C(S') cyolization product appear to be different
’Damage to the adenine base resulting in the formation of 8- hydroxyAMP
in the case of 5'-AMP, or 8 hydroxyadenosine in the cases of adenosine
.i or poly A irradiated under N20 at neutral pH 1is quantitatively
‘vsimilar Finally, the two events initiated by hydroxyl radical attack

at the sugar phosphate backbone, that is, - adenine release and

152.

8,5'~cycloadenosine ,formation, show somewhat different dose yield '

) oA
responses. "
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| TABLE I1° | . |
\'Qu G VALUES FQK'PRODUCT FORMATION
" Aderiostne ;stTAMPQV _Poly el \
Adenine | a  0;60. R ‘0.50‘ ‘f.‘ 0.28 '
(R)-8,51-cycloAD0 - Hq;dé B ."‘oﬁdh" “;74 ;; 0.14
(8)-8,5'-¢ycloADO .  0.05 - "0.38 o f“‘o§09_
' B-hydroxyADO o  0.15,“ " ;. 'o.dﬁ o 0.12.
_p.Products . . 0.89. Y 1.6 » :' © 0.6k
Ratio R/S © 1,80 - 0.37. o 1.56
Ratio C(5')/C(8) L0093 3.1 .‘ e
‘1) Irradiations performed under NQO at pH 7 0
2) Data f‘rom Ref (5). In the case of‘ 1rrqdiated 5'-AMP the G value
represents tha't of the corresponding ;xilgledbides * '
3) G w{a'lue d‘etermineld‘at SOO Gy. ) O o |



. FIGURE 1:

' a8 described 1n the te;:t Unlabelled peaks represent o

v unidentified radiolysis products.
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'HPLO chromatogram of poly A 1rradiated to 200 Gy undef
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FIGURE 2 Yield‘ of (R) ( 0) and (S) (O ) 8 5'-cycloadenosing from

irradiated poly A under N20 at pH 7. 0. Yields were measured

bf, HPLC analysis and each point represents the average;x"

of three experiments The SEM for each point was less ‘

_',than h percent._ The dashed line represents the total,': SN

N

L of the yield of each epimer at each dose.' :

yield ‘of 8 5'-cycloadenosine obtained by the ‘additionf‘;?“"
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U cnmm 8
s'rmaocmucu CONSIDERATIONS IN uonscm.m RADIOBIOLOGY

Monitoring I8‘5‘—cyclonucleotide(side) formation inv irradiated
adenoeine, adenosine 5'-mon0phoephate (5'-AMP) ‘and Jpolyadenylic
acid (poly A) has brought -to light the ability of certain functions
within these compounds to direct the etereochemistry of radical

| reactions. Based on an examination of the relative yield of (R)j
and '(S)—epimere of 8 5'—cyclonucleotides(sides). it ts postulated
that‘ in monomers 1ntramolecular hydrogen bonding is an important
factor: governing stereoselectivity However, in the case of poly
A and presumably DNA I propose that the 1mportance of intramolecular
hydrogen~ bonding is negligible. while conformational factors, .such
as ;L?gse stacking and  base pairing interactions, direct
etereerIectirity. This _hypothesie. is;~eupported by experimental ,

“evidence presented in-this theeie. |

R Intramolecular hydrogen bonding may ‘pla} a 'predominant role

12 influencing the stereochemistny of 8 5'-cyclonucleotide(side)

formation in irradiated adenine-con'taining monomers. In the case '

of 5'-AMP the yield of the (R) epimer ‘of 8, 5'~cycloAMP predominated : .
‘ at low pH (1) It was postulated that 1ntramolecular hydrogen bonding
T’ between the ring oxygen and the monoprotonated 5"'-phosphate group o

.smay favour "a ' gauche-trans qonfiguration about the , exocyclic "

i ‘
éC(h‘) C(S') bond (2) thus leading to predominance of (R) 8 5'—cycloAMP'

. . P B . . N M . . I N .
e . i’ - N . oo R . 4 R S Ly
* - . . . , . . » . - . .l B
. R : R . . . [ A . . . N T L - . N




‘Deprotonation of the phosphate group (pK 6.6), which would remove

a hydrogen bond between “the H atom of the C(5%). hydroxyl grogp and

the possibility of hydrogen bonding between the phOSphate group
and ring owgen; apparently i‘avour,s the trans gauche configuration
and the formation of the (S) epimer of 8 5r-cycloAMP (1)._ Radiolysis‘

of adenosine at neutral pH on the other hand favours the formation
. |

of the (R)- epimer of‘ 8 5'—cycloadenosine (3) An examination of‘

\ r
"

holecul_ar models shows, ‘in this case, that 'the gauche trans

C( 1)-C(5") coﬁfiguration .could be stabilized by the formation ef
lf&‘

‘the ring oxygen leading \to a-, predominaxnce of the - (Rﬁ—epimer of,

8 5'-cycloadenosine (Figure 1). Indeed, formation_of‘ the (R)-epimer -

o HO OH . L | ’
. . (R)8,6'-cycloadenosine ‘(stb.s'-cycioldo'ﬂoolm' .
f T . . B ' ‘ V. - . . ! '

LU . LI v Lo . Ce ' ) . . . R "
. ) ' . ’ . ' . Ky . . v et

.\:

intramolecular hyrogen bonding for (R) 8 5'-cyqloadenosine.',l

-y Similar hydrogen bonding may‘

corresponding nucleotide. Intramolecular hydrogen bonding': .,.‘

165

SRigure 1: ;Molecular : model | illustrating ’th possibility Cof

atso extst within the”

‘ is not possible for the corresponding (S)-epimer. Lo o
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‘oi‘ '8,‘5‘\"-‘cycloadenosine "‘is i‘avo‘ured in‘ .com to‘ t‘lh'e ‘(‘S‘)—e‘pimer
over ‘the pH range ‘2l. - l1l in irradiated solutions of ‘adenosine
‘(“.‘F‘uciareili,i unpublished observations).‘ , | |

In 'the case of. irradiated polymers,‘ such as: poly A or DNA.
intramolecular hydrogen bonding may not be an important factor
governing stereoselectivity In fact, examination of molecular models ,

} revealsﬁ that the gauche-trans conf.ormation- about ‘the ,C(k )—C(S )
1 '
‘bond in the adenosine or deoxyadenosine moieties of nucleic acids

’ predominates ,,.'inl extended polynucleo_tide chains which is compatible

with intramolecular' Cyclization»leading to the (R)-epimer (3,4).

Stabilization of the gauche’trans conformation about the C(h') c(5') "
bond may be: attributed to a combination of hydrophobic f‘orces driving
" the bases internala' in relationship to ‘the phosphodiester backbone, e
| intrastrand "stacking" ‘forces, ‘ and interstrand hydrogen bonding
- -among-‘the‘ bases .(5) The fact that the: (R)-epimer does predominate .
indicates that formation of the intermediate C(5') centered radical o

does not greatly change this conformation even in single stranded

.poly,.A where there is the possibility of chain bending about the

phospha};e ester to produce the trans-gauche bonformation which ]wuld |

[y

lead”“'to the (S) epimer (3 14) Base Etacking interactions in a ueous )

_,-.

solutions _of. poly A buffered to neurtrality may provide sufficiéntv/

,"

B i setability‘ to ’prevent bending of the phosphate es‘ter.i In aqueOus

solutions yof‘j{}‘, native, DNA, chain bending would be much 1ess 1ikely

,f:;to‘ :occur dueb to interchain hydrogen bonding and the tendency for



-

i

phosphodiester backbone Indeed Dickerson et al. (6) has revieﬁed.

\
'

evidence suggesting that because of the degree of stabilization'

in native DNA the\ ~entire - chain represented by

. P-0(5 ) C(51")- C(%') C(31)- 0(3') P rotates as a semi- rigid unit and;

(R)- epimer of the 8 5‘—cyclodeoxyadenosine moiety is expected to
be even more predominant;in nativelDNA thangin an extended‘polymer

consisting of only a single chain {denatured ‘DNA ‘dr boly A) due

16‘7 .

“‘the overall P- P vector distance does not change Therefore,‘ithe |

to} stabiliZation~ of ' the gauche-trans conformation. Having \stated~"‘

~ this, the‘relative‘proﬁortion of (R)¥ and (8)48 5'—cyclodeoxyadenosiné

has yet to be measured 1n irradiated solutions of native DNA

f‘

'In- summary, stereoselectivity in 8 5'-cyclonucleotide(side)'

" formation. may"be‘-governed by intramolecular hydrogen‘&bonding in

[

"conformational stabilizing factors might include base" stacking in

: . l/ )

single- stranded extended polymers and a combination of base stacking,

o amongst the bases in dquble stranded polymers o

Al
.
- ) . l

monomers ‘and‘ conformational ‘stabilizing. factors in polymers. 'These.

'_ hydrophobic internalization and intermolecular hydrogen bonding
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\ ey N ,
INTERACTION OF NITROAROHATIC RADIOSENSITIZKRS UITH IRRADIATED SN " -'
POLYADENYLIC ACID AS HEASURED BY AN DIDIB.ECT IMHUNOCHD{[GAL ASSAY ?

UI'I'H SPECIFICITY FOR THE 8 5'-CYCLOADENOSINE HOIETY |
INTRODUcTION | | " _, S I T
The ‘endl pointsv of .strand breakage and base release are the‘;

result of‘complex radical‘processespin‘the.sugar phoSphate backbone“
of irradiated nucleic acids ;(i).‘ As a consequence, it . is often\-¢ K
difficult to interpret the outcome' of the chemical modification“'
of radiation response in terms of nucleic-acid radicals when these s
. endpointsf ared used; For example,v the' results of the interaction,
pgof‘ nitroaromatic ‘radiosensitizers with, suéar phosphate .radicals
as measured by the strand break process depends on whether the 3.
or 5” | end of‘ the internucleotide bond is involved and Whether a oy
;pyrimidine or purine base is attached to the nucleotide (2 k)\

Ny

“This complicates attempts to . establish the role of nucleic acid;”

‘‘‘‘‘

radicals in the mechanism of radiosensitized cell lethality asﬂ

{:-'4“embodied in the COmFetition model of cell killing‘(5 10)

s
B - . ] \' :
A . . ' -

‘ o o ) D , N N .
‘1.‘ A version of this chapter has been accepted for publication.’,..-.f'
7 Fuciarelli, - A, F.; - Mele, “Fa G., and Raleigh Js A, . ‘Interaction - of

: ‘-’*";nitroaromatic’ radiosensitizers with irradiated poly’adenylic ‘ac1d:
;;‘?as -measured- by d@h indirect: immunochemical ‘assay with specificity for ‘e
":the 8\ 5'-cyclqadenosine moiety._ Int J!.' Radiat Biol.v (1987) ]
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One type »"of“ ."radica'l ‘eve‘nt/tha’t‘ -leaVes' a’n“uneqnivoc'al t.'record |
of. its occurrence in the sugs:r-phosphate backbone is C(Sl) hydrogen
abstraction f‘ollowed by . intramolecular addition of the resulting
C(S') radical to the C(8') position of a. purine base to form a.

.8 5'—cyclonucleoside 4‘_(IV,‘, Scheme i) (11 17) . Cyclonucleoside co

‘ f'ormation has recently| been shown to occur 1n irradiated nucleic

acids (15 20) and - in the case of polyadexrylic acid (poly A),
G value Q O 23" for 8 5'~cyclonucleoside formation has been estimated ,
by chromatographic means. (16) It was of‘ interest to now investigate :

the 1nteract10n of‘ nitroaromatic radiosensitizers with 'the radical
events whicly lead to this type of product. { -b U

[l. i
P\i'he possibility that 8 5'-cyclonucleoside formation could ‘be -

a useful probe for oxidative damage at’ the sugar—phOSphate moiety,

cbmplementary to existing probes of base damage, ‘has led, to theu"

1 e
development of' g sensitive, .’ immunochemical 3 assay for.» .

8 5'-cycloadenosine and its deoxy analog in nucleic acids (18)“‘
R

The 1mmunochemical assay is ubed here to investigate the interaction

L

of‘ nitroaromatic radiosensitizers with the radical events lehdingv ‘

Ty

to cyclonucleoside I‘ormation in irradiated polyadenylic acid (poly .

A) In analogy with oxygen (17 18) and in keeping with expectations .

; earlier Btudies : :~ .' .
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Auumﬂxsmmnons S -
S Polyadenylic ac1d (poly A; mol. wt. "1'1;0—‘500.‘}N(dala)“lswae purchaeed‘
" from t'he Sigma Ohemical Co. ‘(St. Louis Mb) ahd 'u‘sed‘l as received. :
‘ ‘The nitrobenzene radiosensitizers yere obtained from the Aldricha
' ’ Chemi .Co, . (Montreal,» ' QB) o Mis'pniddzole
[L (2 hydro;qr 3 methonqrpropyl) 2 nitroimidazole] was’ ‘obtained ' ‘f‘r-o'm :
the- National ‘Institutes of‘ Health (U S. A') through the good officesx.l
"’of Dr V Narayanan N The polyclonal antiserum and thé methods forv
the enzyme linked immunosorbenf assay (ELISA) have been described
'**previously (18) ‘I'he sensitivity of. the ELISA technique has allowed
'1\"‘us. to‘ 'foIlow cyclonucleoside format.ion at a radiation dose which
.does ‘not completely destroy the nitroaromatizs and at yields .of
'_cyclonucleoside which are presently beyond the detection limits
of HPLC techniques SRR
D | Throughout this chapter, the mOlecul‘ar 'lesion“of inter‘es‘t‘ie R
‘referred to as - a" r~yclonucleoside rather than a. cyclonucleotide |

The cyclonucleoside ‘is the irreducible structure\ of . interest but T

;1t should be noted that the competitive ELISA used to measure

LUy

cyclonucleoside content in poly A- (Figures 1 and 3) requires the"f

'."' n‘ucleotide, 85*‘-cycloadenosine 5'-monophosphate, as the competitive;"

: ~’1nhib‘itor of antibody binding to irradiated pOly A‘

‘Irradiations were performed 1n a Gammacell -220 6000:"~'"§amﬁa f

A

radia:tion source (Atomic Energy of Canada Ltd ) at a dose-rate of

66 3 Gy/min as measured:by Fricke dosimetry [G(Fe3+) ; 15 6 (22)]; L




" of ‘poly A (365 ug/ml) in the presence of | misonidazole was.assayed
by ELISA following irradiation to 100 Gy under either nitrogen or
nit: ous oxide The solutions were prepared containing 0.1. mol dm 3
phosphate buffer (pH 7 O) which was. prepared with distilled water‘

‘ | uhich had been I‘urther purified and deionized by passage through

. a Barnstead three module NANOpure'water purification system ‘The
‘.solutions were bubbled with the gases fif teen minut.es before, and
then throughout the time of irradiation Before.passing into the
solutions to be irradiated, the gases were freed of o:gyge'n and acidic ‘

/ "‘impurities (in the case of‘ nitrous oxide) bbg sequential passage‘

" through gas wash bottles COntaining 0 1 mol dm -3 s’odium dithionite
3

. (' N Vg,

sodium carbona‘te, respectively [T N
' - f . ’ . ..~

;T\e radiolytic destruction of the nitroaromatic oompounds was

’ v

. -,;rff',f_‘and O ! mol dm

~

containing poly A (355 ug/ml in’ 0 1 mol dm -3

| 7 Q) ‘and nitroarOmatics (50 umol-dm 3),
.‘nitrous oXide and irradiated (0 - 250‘ Gy) The HPLC systenr included
a Spectra Physics 3100 liquid chromatograph equipped with ‘a Spectra

"'Physics¢ 8110 automatic sample 1nJector, a Spectra Physics 81;100

ari _‘ble' wavelength detector, and a Spectra Physics 24270 computing

A

i &

per |

e acid flowing at*v‘ i minute. \ The other » substituted

o nitrobenzenea wer

R measured by high—performance liquid chromatography (HPLC) in’ solutions

‘which were saturated with ‘

¥ integrator. . For analysis of compounds 11 12 and 13 (Table 1),‘\

. eluent of 50 per cent aqueoua methgol (containing 1 per cent aceticr.j",'f

phosnhate buffer,',pH o

'

17‘2|

o “\
\
' .
. .

ab

'\-'a Waters uBondapak 018 column (3 9" mm x 30 cm) was used with an}"\.‘:"‘




A

K S

"masm:rs oo

S 1n the yield of 8 Sl-cycloadenosine 1n 1rradiated poly A

a A

r

(4 6 mD - X 25 cm) uitn an eluent of 25 per cent aqueous acetonltrile )

at a flow rate of 1.0 m1 per minute "* . “7 ; ’ “.*“d“V
. s’ .;‘- . Ty

4
" A

radical wlth the nltroaromatics standard compeﬁition kinetic methods

\

o
were used wherein the ryleld Of 8 5'~cycloadenoeine was determlned ;

\

@ Lr

at different ratlos of poly A to nltroaromatic concentrations,’ '

‘

i TN TN . I
SOlutIons of poly A (350 ug/ml ‘An 0.1 '‘mol-dm 3 ‘phosphate buffer,. o

‘ pH\?.O) containing 10 - 500 \pmol-dixf3 nitroaromatic Were. saturated

»
[

" with nltrous oxide and 1rrad1ated to 100 Gy Formation of the'

” .

<
8 5'ecycloadenosine molety was. assayed using ELISA bechniques '

N
hog

The mechanism of formation of 8 5'-cyolonucleosldes Involvea
hydroxyl radical 1nduced nydrogen abstraction from C(Sl) followed
\

oy an 1ntraholecular addl%ion reaction to the C 8) posltlon of thelAu“

oo ‘,.

In order to determine the reactivity of the, C(S ) 1ntermedlate o

3

WA
N

e . t

Try

purine baseluin' deoxygenated .solution. ‘gThe presence of .the

TR

nioroaromatic radiosenditizer, misonidazole3i leads to a d

B S -
first order dependence on misonidazole concentratién (Figure

£

1.').

,}‘ ‘The' coursev of 1nhib1tion is similar 1n nitrogen- and nitrous

r ad (\‘

oxide saturated solution and roughly parallels that seen for dimethyll-“”“

UJ‘,

e . . '

' sulfoxide (dashed line, Figure (18) "‘e’_. 1nhib1tion y

e

misonidazole could be due to hydroxyl rédical scaVenging [-OH ,+ o

"

7 1 dk[ 109

;dm3'mol (23)] to the- interaction ofﬁ'df"

5

¢



!

9 )

o

oA
o
CA

BN

i

T \ -
of both. \‘\ R ‘
;‘v fhe anticipated differentlali in ,'OH reactivity amoné the
‘;' ‘ﬁ¥brobenones ' (24) - necessitated a measurement of the degree bf
,g;destrquioﬁ for each of .the nitroaroﬁatics in the Iirradiated
xsoggtions. This* was - achieved by HPLC analysis of n troéromatic;

lo§§\ from aqueous solutions of poﬂy A containing the substituted

3) irradiated from 0-250 Gy.w(Figure 2).

nitrobenzenes (50 umol-dm
The J]east electron affinlc nitroaromatics, ‘R~n1trotoluene‘ (1) and

‘pitrobenzene?‘(2), were destroyed to ‘the greatest extent. It was

Mdgigrmlngd lnfcgntpol experiments that nelther of thefe itroaromaticé
was lést‘by evaporation during the period of irtadig'ion. With two
or more strongly electron-withdrawing substituenés dn\\ benzene
ring, the.extent of destruotion was largely independent. of inéreasing
electron affinity. .

The reactivity of the C(5') radical in the competing procésses
of intramolecular addition 'leading to 8,5'—cyclonucleosgde formation
(k2) and oxldation of this‘ radical by the mitroaromatics (ku) was
‘evaluated .by assaying 8,5'-~cyclonucleoside formation 1in solutions
of poly A 1irradiated to 700 Gy 1in the presence and absenée of known
concentrations of nitroaromatics (10 - S00 umol-qu3). To simplify
the kiné ic analysis, the‘contribuzlon of hydroxyl radical acavenginé
by the n troarométics was not considered. In_ the competition for

4 .
the C(5') ‘radical ;ntermediate; the extent of each reaction was
proportional to the individual rate constants in solution. A

relationship which can be- Used to describe the dependence of

- : i

17y
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8,5'~cycloﬂudleoside formation at variQus concentration ratios of

poly A to nitroaromatic concentrations 18 the standard compebtition
. . N '

"

kinetic analysis:

[Product] ky, [NA] ‘
[ Product.] S k, |poly A] )
NA 2 \P ,

~where [Product) and [Product]NA represent the concenhrationl of

8,5'~cyclonucl)oside in the absence and presence of qitroarbmatics

-~

| (NA), Trespectively. Althoﬁgh reactign 2 1s a unimolecular.

intramolecular cyclization, the k2 should be independent of poly

A concentrations, equation 1 can be used to estimate the relative
.reactivity of +the C(5') radical towards the nitroaromatics by
comparing the slopes of 1lines calculated from Legression analysis

of data 1llustrated in Figure 3. For the purposes of this analysis,

’

. the poly A concentration #as been expressed in terms of equivalent
mononucleotide concentration. The slopes, which represent the observed

'kh/k2 values for each nitroaromatic, are presented in Table 1 for

comparison. The 1inhibition of cycibnucleoside formation by the

e e,

nitroaromaties. at a fixed concentration generally increased with

increasing electron affimnity (Table 1). Electron affinity 1s expressed
in .te?ms of the suﬁ .6f Hammett o constants (o x) which have been
shown to possess an additive linear freé ene‘rgy' relationship Wwith
the.redox potential of sub;tituted aromt;tics- (25). The' .r.eactivity

of neéﬁtively-charqu substituted nitrobénzenes [g;nitrobeﬁzoic

P

.
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acid (11), §,$—d1n1trobénzoic acid (12) and 2,4-dinitrobenzenesulfonic

acid (13)]' with ‘the C(5') radical 16 much lower than uncharged .

.

nitroaromatics of similar electron aifinity, By comparison, the

176

methyl ester of ‘compound 12, methyl| 3,5"d1n1trobenzdate (9, 1s‘l

unchargé&b under the experimental conditions and has the reactivity
' . !
R t . i .
expected on the basis of 1ts electron- -affinity. Two compounds,

m-nitroacetophenone (4) _and 3,5-dinitrobenzamide (8), - have
\ N . y

reactivities that exceed the feaoﬁkvities of, nitfoaromatlcs with

\

similar electron affinities. D e o
DISCUSSION |
In the case of a simple phosphate , ester such as

O-phosphorylethanolanine, phosphate jester bond‘breakage is enhanced

, ' ) | .
by nitroaromatic sensitizers in a why which increases systematically’

with sensitizer electron affinity| (21). This was Aintefpreted as

being"due to ﬁhe one electron oxidaﬁion of an 1intermediate carbon
radical which otherW1se cauld aimerlze-nfl a crossllinking reaqtidn
in hypoxic golution (3,26). The one électron oxidation process
is analogous to that pccurring in pulse radiolysis'studies of one

electron oxidation of alcohol radicals by nitroaromatics (27).

R Y

H H o RCHOPO

RCHQOPO H ' DIMER

3
| . RNO,
[RCHO] + HOPOZH <00 péropo.d + RNO;
v st CHOPOy "

3

-

N
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While the enhancement of phosphate ester cleavage in simple model

compounds is consistent with the proposed mechanism, the interaction

of' nitroaromatic radiosezysitizers w&the 3'- and 5!- phosphate

W

'eéter bonds in nucleotides 15 far more complex (3}%) with the result

that the strand break process 1s- equivocal as a dlagnostic tool

for- unravelling‘ underlying radical events in the sugar phoséphate

molety in nucleotides. A o

In contrast to the relatively complex 'processes Jleading to
* strand breékage, - the initiai : radical events . leading to’

 8,5'-Cyclonucleoside formation ' in  irradiated nucleotides . are

»
e 1

reasonably well-understood (Scheme I)..

B . mo s )|
2 ' OH o o
) - 0:P-OH 0:P-OH
N". 1 0 ‘
0:f-0n <~ A
. 7 1
2
] .
) H :
0-3'0’1
. — $S8B
- s ¢
A ¢

Scheme 1: ' Proposed meéhaniem‘ for the ~radiosensitigzer inhibition

__of B;SErcyclénﬁcleoside formation “in irradiated poly

A (SSB = single strand break).

x
-

>

=



The process is initieted by hydroxyl radical” attack at C(5') of

the ribose ring followed by addition of the C(S') radical to the

\

C(8) position of the purine "base (11). Electron spin resonance
. : : v

R ) ! v .
studies have provided evidence‘for the existence ofv C(S' radicals

in irradiated nucleotides and nucleosides (28- 32) and the nucleophili%'

SN
addition of alkyl radicals to C(8) of purine bases is" Q well- ~known

phenomenon (33). The radical ‘events subsequent to* C(S') ‘radical
" \ % ’

B

178

-F

‘addition to C(8) are 1less well-understood. For. mononucleotides,"

4t s postulated that -the’ intermediate radical,vdisproportiondtee

1
to produce the cyclonucleotide (11). : The close approach of two
) ‘rt \ A
intermediate radicals to accommodate disproportionation in a nucleic
v VV‘.
acid. such as poly A, however, seems much less likely

Nitroaromatic radiosensitizers can, pf?%ciple, 'ihteract

with the radicals léeading to cyclonucleoside formation in a number,,

1

“of ways. Hydroxyl radical scavenging by the nitroaromatics could

inhibit cyclonucleotide formation by preventing C(S') 'radical

' , \ . . ‘
formation so that it 1s not possible with a single radiosensitizer

" such ‘as misonidazole to rule out °OH scavenging 'as the basis. of

the inhibition‘Of 8‘5'-cyclonucleoside formation. The rate of~hydrox§1

radical attack on substituted benzene compounds to - form OH adducte,

however, has been shown' to decreaee with increasing aromatic electron
v

. affinity (24). This is opposite to jhe observed inhibition of

‘cyclonucleoside formation vhich generall

electron affinity (Table 1, Figure 3). The inhibition 18 more o

ncreases with increasing -

consistent with nitroaromatic oxidation of - the', intermediate C(S')

- — .
e

- . N i Q

1y

R
»
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radical in competition with addition of the C(S') radical—-’to the

9

0(8) position of adenine (reaction ‘4, Scheme I). (A/Zlosely related ‘

»and presently indistinguishable alternative ‘invol,ving addition . of

the nitroaromatic to the: C(S') radical cannot be ruled . out (34)

Similarly nitroaromatic oxidation of or addition to the N(?) centered

"radical or to the 8 5'—cycloadenosine moiety cannot ‘be ruled out )

Further support ‘for this mechanism, which was ,proposed 'breviously
as  a possible mechanism - of sensitized strand breakage (21), comes

from an examination of 'the radiolytic destruction of the nitrobenzenes
e
in*.the_ presence of poly,A. N
‘ [

-

. S, ‘ ' . \ \
Nitroaromatic destruction in the . nitrous oxide-saturated"

i
-

 the basis of relative kinetic reactivities, hydrated electrons will

be scavenged pref‘erentiélly by N20‘- ([N20] = 16 m_mol-dm_3,\ k(e'aq

+ NQIO) =56 x 107 dm:‘afmo]:q's-i (35,36)). The ‘extent of destruction

among the more electron affinic nitrobenzenesé;‘(Compounds 3-13, Figure
) ‘ ’

where major changes 'in '8;5'-cycloddenos'ine formation are occurripg

(Fignre 3) indicating that °OH scavenging cannot . be the primary

solui&gne/is expected. to be due primarily to °"OH attack sin”cei ‘on -

.23 1s relatively small and constant over the electron affinity range ’_"

source of this inhibition. ‘In the .cages of nitrobenzene and |

\

p— —

is observed. Nevertheless, little or no- inhibition of - cyclonucleoside

9

"»',‘radicals from OH attack on the nitrobenzenea ' are capable of "

u

initiating cyclOnucleoside formation by abstracting hydrogen atoms
i \ : B N v

E-nitrotoluene su‘b‘ tantial destmmtion and, presumably, OH scavenging :

,formation is seen. It might be possible that secondary, OH ‘adduct



5

from the C(5') position of the ribose ring thereby offsetting the
}

-bffect of‘ OH scavenging This process would be much less important

for the most electron affinic substituted nitrobenzenes due to their

: diminished ‘ reactiv,ity with‘ hydroxyl radicals An alternative

-

180

possibility fon the res'ults with nitrobenzene and E-nitrotoluene‘

N

arises fr,‘oin a coifsideration of the mechanism of 8,5'-—cyclonucleoside‘

formation (Scheme 'I). The final steb in .cyclonucleoside formation
. .

,'involves a one électron oxldation of the radical intermediate III

As noted above, in mononucleotides this 1is believed to be. accomplished

in a radical—radical disproportionation reaction. It 18 conceivable,

however, that nitroaromatici compounds mi'ght act as oxidants .in this"
. step in which case’ the yield of 8,5'-cyclonucleotide might be enhanced

(ef. 37). Such-is clearly not the case for thé most electron affinic', R

0

uncharged nitrobenzenes. ' 1If indeed they are- capable of oxidizing

4 fe

8,5'—cyclonucleosides, then the effect 1s completely offset by thei’r‘

scavenging of the 'C(S") Aradical (11). ‘ Howeve'r this pro‘ceés~could,,

i

and B—nitrotoluene if the threshold electron af‘finity for the one

.

‘radical I11 which would lead to an increase in the yield of -

.~ 1n 'part" account -for ‘the appanent lack of effect of, z nitrobenzene‘

electron oxidation of III were lower than. that for II While the ;

seemingly unexceptional effect of nitrobenzene and B-nitrotoluene

shown in - Figure 2 is possibly fortuitous due to the differing

"'oxidation potentials of II and III, the trend linking decreased

».,‘

'f.cyclonucleoside formation in irra,diated poly A with incraasing

N

nitrobenzene electrOn affinity is established by a series fo'

"

T R ; S ,:f‘



s

'reactivity with ‘OH is relatively con,lstant , S

‘ negatively-charged phosphate grdups in poly A. IThis ‘would prevent

.'w, : o ¢

' nitrobenzenes (Table l) whose extent of destruction and presumably,

N

A. number of nitroaromatics have been identified which ‘¢l arly ;fa“'

deviate from the gengral trend linking decreased cyolonucleo de ;f

TN

lformation with increasing nitrobenzene electron affinity Compounds'

’

'11, 12 [pK 3.5 and 2. 7 respectively.‘(38)] "and 13 [acidity comparable

- to perchloric acid (39)] have a fixed negative charge under the .

¢
onditions of the experiments. ~ The relative reactivity 'of these‘

Ompounds especially 12 and 13, is much lewer than wncharged :
\ & !

LA

'nitroaromatics with similar electron affinity (Table 1; Figure 3).

Although thermodynamically favourable, the lack of inhibition of

cyclonucleotide formation might be kinetically unfavourable due

'to charge rqpulsion of these substituted nitrobenzenes by the

J
4

o

the cloee approach of the nitroaromatios to the C(S ) Jradical on,

4

the phoaphodiester backbone of irradiated poly A and there y diminish

the probability “of nitroaromatic induced oxidation of the C(S')

":radical Thiq\hypothesis1was supported in a comparison of the relative

' reactivity' of 3,5- dinitrobenzoic acid (12; km/k 26) with that
"og the uncharged methyl ester (9.. b/k = 105) ‘ Three additional

etnitroaromat&cs deviEtEdaﬁfrom the general relationship ancluding
‘m’nitrobenzonitrile (6) whosq(relative reactivity (kklk = 27) falls -LU
t below and m-nitroacetophenone (k)y and 3, S dinitrobenzamide (8) |

'\”iwhose relative reactivities exceed ‘ (kh/k = 109 and 212

Y 4

"vrespectively), that expected from ‘a comparison of ‘the reiative rate

Y ‘. . . . : ot A ! woo T T )M" ' \ K
L - : e . P ‘ - a L ‘ . . . R ' N
S L ' - e ‘ ; B ‘.’.‘ L ,“, ‘ . i ) ER. S o . ) Ty

%
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of reactivity* of nitroaromatics with similar .electron affinities. i’

F . ‘r PN e

The reasons for these deviations are not clear.;‘

. "\\‘ Lt *.-w

In s anf; i has been-possible to demonstrate &n interaction
umm

B \
\" o » ‘\" -
Vo . ,-;\‘h O

£

(»\_&‘ [ N *a : op \ * \‘\ o

' of nitroaromatic 'radiosensitizers wdth a specific radical event E

N

in irradiated poly A by means of an immunochemical assay -for the

v

cyclonucleoside molecular lesion.‘ In general the . 1nteraction* is

dependent on sensitizer electron affinity and is coneietent wigh

§

a one electron oxidation of the C(S') radical which is the precureor

! . S .

|

, to dyclonucleoside ' formation. . Negatively—charged nitroaromatics*

A 3

are much, lees effective ‘in‘ this interaction‘ than uncharged:

v N}

nitroaromatics :with equivalent eleotron affinity._‘ The; results

7indieate ;that the immunochemical' aesay\'fpr. 8;5h7oyoionucledeide

‘formation can serve as a useful ‘probe ébr~the'interaction of chemical
modifiers with .a specific radical event:‘in‘ the sugar phosphate

—— . .
il

backbone of irradiated‘nucleic acids. , ~7.

-
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o J.in aqueous solutions of poly A (355 ug/ml) containing
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mmol dm -3

phosphate

DOSE (Gy)

.

buffer

i

(pH 7.0).

of the nitroaromatics are given in Table 1,
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Radiolytic destruction of nitroaromati&s (50, umol dm %)
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'-_formed from radiolysis of poly A (350 pg/ml
';100 Gy) to?grd a series of substituted nitrobenzenes.

‘Identity ‘of the nitroaromatics 1s given 1n Table 1
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C APPLICATION OF ULTRASENSITIVE ENZYHE RADIOD!HUROASSAY (USERIA)

-
vy

CHAPTER 10

,.

' TO THE STUDY OF 8 5'~CYCLONU%LEOSIDE FOBMATION IN
. ’ .

TRRADIATED NUCLEIG ACIDS )

N

INTRODUCTION

. ,\. '

. Ionizing radiation introduces a plethora of les'ions‘ 1i1to )
. ‘ ,

i«x{gdiated nucleic acids including strand breaks (single and double) .

r

‘crosslinks (DNA-DNA  and ' DNA- protein) and spedific »molecular

-modifications - to the - sugar and ~ base. :components (1-6)'

Characterization of 'these lesions is necessary to elucidate the

mechanisms leading’ to carcinogenesis, mutagenesis, aging and cell

.lethality. - A . o . .

A

Characterization of specifio molecular modifications to nucleic
acid constituents is a”difficult undertaking due to the requirement
for analytidal techniques that offer both high sensitivity and -
specificity.‘ Techniques emerging from analytical chemistry, s_uch_.‘
a's' high-performance 1i\quid ,chromatography. (7 9), combined gas.
chromatography “.mass:‘ spectrometry . (10-11‘4), uand. combined

high—performance liquid chromatography | tandem mass spectrometry‘

(15), have successfully met these criteria and have, been applied_-, ‘_ B

1n radiation chemical studies. Immunochemical techniques which use R
polyclonal antiserum -'-.-.or"-, monoclonal( antibodies specific t'o
radiation-induced molecular products, have been developed to detect

product formation in irradiated nucleic acids. In xthis context, BN



|
i unochemical assays have been developed to detett nucleic acid .

base ‘"damage . as exemplified . by thymine, glycols §16,17),

| 5-hydroxyme“thyldeoxyuridine (18,19), 8—hydro;qadenine (20).. 'and

'«8 5'—cyclodeoxyadenosine (21) in irradiated' DNA. Application;‘of

immunochemical methodology to address questions in radiation chemistry ,

v

_ has also been demonstrated (9 21 ,22). However, to date there has
been no 'report in the literature charactenizing any purine base

-damage in DNA extracted from irradiated oells

In an effort to detect purine base damage in DNA extracted
&

‘from irradiated cells, an ultrasensitive ﬁmdification (23 2&) "has
been: applied to the basic enzyme linked immunosorbent assay (ELISA)

?fdescribed by Fuciarelli et al (21). for .8 5'—cyclodeGXyadenosine

'The resultant assay,t ultrasensitive enzyme radioimmunoassay (USERIA),

was developed in- an effort to increase the sensitivity of ‘the

immunochemical assay. The specificity remained unchanged relative

Lo

to the basic ELISA ‘since this parameter is gc¥erned by.the‘nature
@

’»?of the antiserum The sensitivity of the USERIA is compared'viﬁh.‘ﬁ

".',."_v'.lfﬂ““;":..;j:':," R i e
,',‘maonsmmmmms R

,51 Irradiation.of Nucleic Acids in Solut{on e

e
o

frOm irradiated V79 cells 1s presented o _“ o

Samples of native calf thymus DNA . (Sigma Chemical Co., ;St{.

"_»Louis, MO) were prepared in 100 mmol dm -3 phosphate buffer (pH 7 00);l

ooy T !
- .

.that of the ELISA In addition; the methodology used in an attempt '

Vto measure 8 5'—cyclodeoxyadenosine formation in the ‘DNA 'extracted N



' at a concentration between 350 - 360 ug/ml These samples were - bubbled

"

with nitrous oxide for 15 minutes prior to, and then thrcughout

‘ ‘aby passage through a 0.1 mol-dm’ -3 sodium dithionite trap and scrubbed

-3 sodium

» f‘ree of‘ acidic impurities by passage through ‘a 0 1 ‘mol-dm
60

carbonate trap Irradiation was performed in a Gammacell 220 Co
' gamma _ radiation source (Atomic Energy of Canada Ltd.) at a dose‘
rate of‘ 28 1 Gy/min as determined by Fricke dosimetry [G(‘F,e ) =
| '.‘15.6 ‘(25)1 Each sample was diluted ten*fold in PBS-Tween (pH 7 14)

“(see ’}(21}/for composition of buff‘er) prior to product analysis to

195

i the time of irradiation Nitrous oxide was scrubbed free of oxygen‘

minimize ncnspecific cross reactivity. . The DNA was assayed in the»_

'. native fcrm

2. Imunochemical Assay

1.

fas described previously‘ (21). The antiserun was used to develop

3

an indirect, competitive enzyme linked immunosorbentl assay (ELISA)

to"assa'y' 8,51 —cyclonuclectide formation in irradiated nucleic acids.

Antiserum with specificity to (R)-8,5'- cycloAMP was prepared

Competitive inhibiticn curves and’ the methcdclogy have -been repo‘rted '

previously (21). An ultrasensitive modificaticn of the standard‘

.‘_-__—————-

. 'ELISA technique, USERIA reported in: the literature (23 214) has‘-

increased the sensitivity of the standard ELISA technique.,» fl‘h‘e

} i

; ‘modification‘ 1nvolves the substituticn of a radioactive substrate"

for p—nitrophenyl phosphate used in the standard ELISA - In the

“jpresent study the hydrolysis of [ 3HI-adenosins 5'-mon0phosphate.

.(New England Nuclear, specific activity = l; 1) xv10 Bq /mmol) .

to



co T -

!

"_f3H]—adenosine,‘ as a function of the amount of goat antirabbit'
'IgG alkaline phOSphatase was performed in 10% diethanolamine-buffer

' (pH 9.6; " (21) for composition) for 18h at 37°C ‘ Following“

‘ incubaticn, 0.05 ml of’ solution was applied to a 0 2 ml suspension‘

of AC1 -X8 anion exchange resin (formate form. BioRad Laboratoriesw?

| Lt df" Richmond, CA). Greater than 90% of the [ H] adenosine was .
‘eluted: following theﬂ addition of 0.050 1 0.350. m 1 of 10% ‘;
'diethanolamine (pH 9. 6) 'whereas V H] adenoSine '5'-monophosphate, o
\,

v by virtue of. its.negatively charged phosphate groups, remalned bound
to the cclumn The fractions containing [ H]*adenosine; were

‘— collected, 20.0° ml of scintillation fluid (Scinti Verse I, Fisher‘ '

‘Scientific Co , Fairlawn NJ) were added and the samples were counted

in a .1iquid scintillation counter (Beckman LS 7000) Background

[ H] adenosinei activity resulting from nonspecific binding fof

‘antiserum to the microtiter wells was subtracted from the experimental'

samples B s : ////(' ‘ o .

3. Preparation of DNA Extracted from I‘radiated Cells

N

3.1 Cell Line and Culture Conditio o o 5i o

Stock cultures ‘of V79 WNR£{ Chinese hamster fibroblast cells
/ e N
were grown to confluenoy (30 X 106 cells) in 150 cm3 tissue culture

l : /

'flasks (Corning Glass Wbrks, Corning, NY) in Minimal Essential Medium{="
: ;[(MEM) cell nutritional components from Gibco Laboratories, Grand‘{bii’\
‘ﬂlIsland NY supplemented with penicillin and streptomycin] and fetal
lcalf serum - (12 5% v/v) The cell numbers for this experiment werefidﬁ';
:'measured by a Coulter Counter (Coulter Electronics Ltd.,v Halesh, ff

',0“"
@

Ce i e



, FL) ‘following dilution in Isoton II (Coulter Electrpnics Ltd.., Halesh,ﬂ

.

”FL)‘. .
3 2 Depletion of Intracellular Thiols S o -
: Depletion of glutathione was . accomplished b'y the addition of
: D L‘buthionine S R—sulfoximine (BSO Chemical Dynamics Corporation, ‘
South Plainfield NJ) to the confluent cell layer. Fifty milliliters
"of MEM containing 0 05 mmol dm -3 BSO were,added to three 150 cm3‘ ‘)
'[flasks containing a layer ‘of confl'uent‘1 cells. Fifty milliliters
of MEM were also added to three 150 cm3 flasks containing d layer
of confluent cells The glutathione depleted cells were allowed
to incubate for 18 hours at 37°C followed by a rinse in Spinner
Minimal Essential Medium (Spinner MEM Gibco Laboratories Grand \
'Island NY containing 7% fetal calf serum) Non- protein sulfhydryls
| ‘were also depleted from glutathione depleted cells by, the addition
oo of 50 ml of Spinner MEM containing 0 1 mmol dm 3 dclethyl maleate
‘_ (DEM Sigma Chemical Co.,vSt Louis, MO) (26) The three non—depleted
. "control" flasks were rinsed and 50 ml of Spinner MEM vas added'
N prior to the one hour fncubation at 37°C Following DEM treatmentv
: ‘cells were kept cold to prevent recovery of the sulfhydryl 1eve1 o
to thato of ).mtreated cells (26) ' Intracellular glutathione ;levels' ' "
were not measured during this experiment but are reportedly reduced;.. ’
tb less than 10% o‘f controls by this procedure (26) | e |
.33 Degassing Gells | o |
o ..‘:‘._.The formation ifo'f_‘“‘ 8 5'-cyclonucleosides. i inhibited

- liquid-phase oxygen concentrations exceeding 1 6% p02 (Chapter l&) R
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th

".'With thisxin mind it was necessary to use. the techniques of Koch

198

(27) to ensure that the oxygen’ concentration was reduced below this

rd

level Briefly, the cells -were rinsed trypsinized gently spun

Idown (200 g for ten minutes in a Beckman Model TJ 6 centrifuge);

B

‘, to remove the trypsin containing medium and the contents of each

. of three flasks were resuspended in approximately 10 ml of ice cold

‘Spinner MEM medium The result of this step is two, 10 ml suspensions“

of cells, ‘one being depleted‘ of glutathionﬂ‘and other nonprotein

sulfhydryls ‘("thiol depleted"), the other: being untrea%ed i this

o \ .
reSpect. Chilled glass petri dishes [50"mm \diameter; modified ,
according (27)] were inoculated with 35 x“106» cells ‘(in““

‘ approximately 1.0 ml of medium) of either thiol depleted or; untreated

‘:cell suspensions using an Eppendorf pipette. The dishes were stacked

1,

1h aluminum chambers (27) 1n the following order (bottom to tOp)‘

p

_ one empty "spacer“ dish, one dish containing thiol depleted cells{f

one dish conuaining untreated cells and the uppermost dish (uncovered o

L without cells) containing 4.0 ml of a filtered solution ~of 0.1

-3

. mol dm

, latter solution is used to remove the last traces of oxygen from“:

sodium dithionite and O 1 mol dm -3 sodium carbonate .This.:

' the chambers The chambers were sealed and kept ice cold during%t“*:‘

\,“'

hthe subsequent 30 minute degassing period The chambers were connected‘l

—

| to a manifold and the oxygen was removed by a series of eight gas

'changes involving the evacuation of the gas inside the chambers

'With a vacuum pump t° about 70 mm Hg and the addition of nitrogeny[c”"

‘ (< 5 p p m.:‘O'Q';‘ Linde, Union Carbide,lEdmont'on, AB) to about 700‘?;‘:

'g¢mm Hg On the eighth gas change, the pressure was brought to 600;;;;ff;;5'5~

:Hfifmm Hg to maintain vacuum_within the chambers.‘. _’-ffffw;5ﬂf“15‘ihig5[l-.««-VL.

o !




| | ‘,‘. o o 19.9"".:‘.7}?'
"3 h Irradiation of 091137 L "Lv o '
o The chambers were 1rradiated in‘ a Gammacell éQO ‘6OC0" gamnm | t
‘radiation source (Atomic mergy of Canada Ltd. ) at a. doseorate of
"18 0 Gy/min to the following doses 6,‘ “1‘0, 50 100 250 50 750 ,

;and OOO Gy‘\ The temperature of the cells was maintained at’ 0°C ,

\”f' S by packing the Gammacell chamber with 1ce The absorbed ‘dose was
'\, calculated by*Fricke dosimetry (25):

-/

/ . 3. htraction of DNA F‘rom Cells ° ‘

i - The irradiated cell suspensions were transfelred to 10 ml

¢

,‘centrifugle tubes after dislodging the attached cells with a rubber
‘scra_p’er The cells were Spun down (2000 g for 2.0 min) in a’ Fisher |
:',Model 59 centrifuge (Fisher S\entific Co., Edmonton, AB), rinsed
iwith 1. 0 ‘ml. of ice cold Spinner MEM medium and pelleted again The
| '_cells werev lysed by the addition of 0.2 ml of a solution of 0.1%
sodiUm dodecyl sulphate (pH 7 2). Ribonucleic acids were digested

,,by adding -0, 25 units of Ribonuclease (Aspergillus clavatus, Sigma

- Chemical Co., St, Louis MO) .and incubating the solutions for 2

‘4hours at 37°C Proteinase K (0 02 mg in 0 01 ml of phOSphate buffered

"‘l”saline, Tritirachium album Type X1, Sigma Chemical Co:y 88, Louis,f‘
'*MO) uas added to the solutions, which - were left’ overnight at 37°c ‘
High molecular weight DNA was cofl‘ected I'rom each solutiOn

s by size exclusion | chromatography , Chromatographic columns-v were

prepared from ) straight-walled 0 l& ml plastic centrifuge tubes ., ﬂ‘é{‘f;

",‘ (polyethylene Micro test tubes, BioRad Laboratories Ltd., Richmond

CA) from whicE the bottoms were cut off.‘ A slug of glaes wool was

‘f"' inserted into" the open-ended tube to hold the resin and a suspension




" by the ethidium

ro

o | | o 200
of 0. 2 ml of Biogel A 1 5 M (200 - l+OO Mesh) (BioRad Laboratories“.‘ ‘

'Ltd:|, Richmond . CA), was carefully layered on' top of this with a N

),

Pipettman”(Gilson) pipette The gel was washed With two, 0 2 ml"

‘wasﬁes of phosphate buff'er (pH 7. 2) before 0.1 m1 of the lyzed cell

solution was carefully layered ‘on top High molecular weighc DNA\'.

"

vwaa&\lleoted 1n 0. 05 ml fractions and: the chromatography was followed ".-‘,»

‘-omide fluoreSCence assay (28, 29) Typically, high

molecular weigh DNA eluted after the addition of‘ 0, 10 ~ 0 45 ml \

of phosphate buffer (pH 7. 2) R

* RESULTS AND DISCUSSION

1
\l

Immunochemical techniques ofter the potential of good sensitivity

$ V),

. and specific,ity for product analysis The specificity of. an

- immunoassay 1s detérmined . primarily by 1nherent | speleiClty‘

' of. the antigen antibody reaction and to a lesser extent, by the""'

efficiency of the teehnique used to separate reacted from unreacted ,

‘. products The sensitivity .of enzyme immunoassays is determined by

the, interacticn of the antibodies with the antigen and by the kinetics‘

.:of the enzyme substrate reaction (23) The ultimate expressicn cf '

_-’the sensitivity of an enzyme immunoassay is the limit of detectability'

N

: which is determined by the specif‘ic activ1ty of the enzyme bcund

S to the immunoreactant detectability pf' the peructS of enzyme

N
- [

» ';._“\in'teraction, g and “an'_'.i acceptable signal~to—noise' ratio (23 30)

R4 '

‘_"‘,Convenficnal ELISAs fail to attain extremely high sensitivitiee

‘ -
because the "ndise"‘ (nonspecific binding of the enzyme—labelled



o

in relation to the "signsl" (specific
—sntigen interactions) In addition, many enzyme immunocassays
are ﬁgbed on the alkaline phosphatase B—nitrophenyl @hosphate enzyme-

substrﬁxe‘ combination The hydrolytic by-product ©of ' this enzyme
»

h‘ .
reactiqnw-is ‘inorganicn phosphate which 1s known to cause a

concentration-dependent inhibition of alkaline 'phosphatase activity
resulting in nonlinear kinetics over a’ period of 2- 3 hours. Finally,
d high concentration of Lrnitrophenyl phosphate is required in the

conventional ELISA which, combinaéion with the plateauing of

! n\.

response resulting from enzyme inhibition due to the presence of

inorganic ,phosphate in experimental samples, 'leads. to a low

signal—to—noise‘rétiof 4 .

, . ) . L ’ \ .
Ultrasensitive modification to.- the ELISA involves replacing

201

the 'conve;tiohal ‘ substrate, “E~nitrophenyl ~phosphate, with a_

radiothively—labelled substrate which 1in the pregeﬂt study was

{ H] adenosine SlfmonophOSphate. Enzyme hydrolysis of this compound

by alkaligfv\phosphatase yields [ HJ-adenosine, which !;;§§’68811y

"be separated/?;om the unreacted substrate. This modificati g?imarily

increases ‘the signal ‘to-nolse ratio to attain higher sensitivity

“ .

Linear enzyme&substrate kinetics are maintained in USERIA for greater

periode of‘time (i;e; 2h hrs) as compared to ELISA (~2-3 hr) due

,to the 105-fold lower concentration of inorganic’ phosphate generated

in the USERIA. In addition, radioactivély-labelled compounds permit

‘greater sensitivity due to lower detection limits as compared with

spectrophotometriq‘»assay used in the ELISA. In gombination,” these



factors provide an amplification factor for the USERIA, permitting

increased sensitivity as a result of 1ncreésing.the signal-to-noise
s .
ratio.

L)

Increased sensitivity for product detection using USERIA as
compared to ELISA has been. reported for detection of cholera tqgln

(31, rotovirus (31), ~ acetylaminofluorene-DNA  adducts (32),
1 , * -

.

|
benzo(a)pyrene-DNA adducts (33,34) and aflotoxin B1 ~ modified DNA
(35,36). In the present study, USERIA was compared to ELISA to

determine if the limit of detectability of 8,5'-cyclodeoxyadenosine

in nitrous oxide-saturated solutions of native calf thymuys DNA was

lowered. Indeed, the limit of detection for 8,5'-cyclodeoxyadenosine
was 10 Gy 4in USERIA, compared to a factor of 20 greater (200 Gy)

for ELISA (Figure 1). Although this study was sultable for

i

8,5'- CYCLODEOXYADENOSINE

USERIA

o o o
o LS P-3
{ i ]
T

RELATIVE YIELD

<
I

l l A | 1 |

1
: ; 100 200 300 400 500 600
. : - DOSE {GRAY) '
— “ - Figure 1: Cémpanaoxlx of the-" sensitivity of ELISA and ‘USERI‘A for

the measurement of B,5':cyclodeoxysdenosioe 1 mitrous
'onde-utunted aqueous solutions of celf thymus  ONA

(360 ug/ml phoaphate buffer gt pB 7.0).

202



establishing the respective limits of detectablity for USERIA and
ELISA in terms of radlation dose, the slopes of the dose yleld plots,

and hence the G values for 8;5'—cyclodeowadenosine formation are

different | S ~‘.' :
The ELISA technique has been calibrated with respect to HPLC
(99 and may be used ' to estimate the' expected yield of
8,5'~cyclodeoxyadenosinle‘ in DNA extracted from 1r‘rad1ated cells.
The yield of‘ 8,5"—cyclodeomadenos1ne in solutions of ‘DNA irradiated
“to 1000 1s 0.5] wﬁoi-dm”3 on the basig-of HPLC calibration of the
ELISA assay. 'I‘he efficiency of hydroxyl radical attack on DNA 1is
decreased in the cellular environment as a result of the presence
of .scavenging species. By analogy with the strand-break process,

1

; ‘ . .
the yleld of DNA single-strand breaks (SSB) decreases by -a factor

of approximately 100° 1\f one‘ compares the yleld of 8SB from DNA

irradiated in" solution [0.2 - 0.3 SSB-krad” '-dal”' (37)] and SSB

fron DNA 1solated fron irradiated cells [0.0025 S5B- krad '-da1”’
(38)]. Assuming that a similar decrease 1in yield would also occur
for 8,5'-cyclodeo:qyadenosine in DNA extracted from irradiated cell;;
the estimated yield of this product at 1000 Gy would be. OA 005
p.mol dm 3. . Since the assay is performed at a DNA concentration

equivalent to 100 umol-+dm -3 in mononucleoside, this yield corresponds

—

to one 85'—cyclodeoxyadenosi'ne moiety per 2 0 X 10)‘ unchanged

, mononucleoside residues.

.The limit  of detectability of the ELISA technique occurs at

a- -dose of 20 Gy at which the uncorrected yleld+: of

. 8, 5'-cyclodeo:waden081ne is - 0.09 - umol dm -3 (Figure 1). Using the
‘. N .

203
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calibration technique (9) a factor of 0.68 is applied to this yleld

‘to gilve a corrected yileld of 0.06 umol-dm73 at 200" Gy. Since the

]

solutions of DNA were ‘assayed at 100 umol-dm-B, the ELISA technique

is capable of detecting one 8 5'~cyclodeoxyadenosine moiety in 1.7

3

.x 10 unchanged mononucleoside residues at the 1imit of detectability

Considering this. limit of detectability, at least 1. 2 x 19 Gy (2.0
4

x 10" 4 1.7 X 103 X fOOO Gy)-must be delivered to 'cells in order

to reach the lower limit of detectability of the ELISA technique ‘

The lower 11+t for detection of 8 5‘~cyclodeoxyadenosine usiné
U.SERIA 18 at 10 Gy, compared to 200 Gy for ELISA (Figure 1).
T’herefoﬁre, based on the aforementioned estimates Qf product yield
detection Qf 8,5'—cyclodeoxyadenosine in DNA extracted from cells
irradiated to 1000 Gy was not an unreasonable ob_jective The failure
 to detect formation of this product under these conditions ‘may be
due’ to an overestimate of the efficiency of, hydroxyl radical attack
1n the cellular environment), and/or tod the 1nability to attain an
assay with sufficient sensitivity ‘

The sensitivity of the immunochemical assays might be ‘improved

by & number of techniques With the present assays, acid hydrolysis

of the DNA to remove crossreacting moieties might possibly lead

|

204

to increased sensitivity. The hydrolysis ‘step . is suitable for the_

8 5"cyclodeoxyadenosine moiety due to the acid Stability of this ‘

product Limitations on the sensitivity of the immunochemical assays

=also occur as a result of limitations on the binding coefficients,

in addition to nbnspecific binding, of the antibodies for both the

Sp

-
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primary and secondary antiserum. Affinity purification of antiserum .

is one method‘for selectingiantibcdies with the highest sensitivity.
\ \

Finally, development of monoclonal antibodies or antiserum containing-

\

antibodies with 1ncreased avidity to’ the antigenlc“‘de{erminants'

would result in increased sensitivity.

i

CONCLUSIONS . s

Modification of the *conventional ELISA by the substitution

of 4. radiolabelled substrate (USERIA) results in a more sensitive

-

205

f enzyme immunoassay primarily as a result of an’ amplification of ‘

"signal" ‘as compared to "noise".' The 1imit of" detectability of

8 5'-cyclodeoxyadqposine from nitrous -oxide-saturated, irradiated

b

solutions of calf thymus -DNA was“'reduced ztugnty:fold with this

modification. Attempts to measure 8 5'—cyclodeoxyadenosine in DNA a

extracted from- deoxygenated thiol—depleted irradiated cells ‘failed.
This failure may be attributed to “the inability to achieve an assay
uith sufficient sensitivity to overCOme ‘the lower efficiency ‘of

product formation in DNA irradiated in the cellular environment

v
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‘. CHAPTER 11

SUMMARTZING DISCUSSION

Modif‘ication of the intermediate radical centered on functionally ‘

‘ important biomolecules (such as DNA),‘ either by oxidizing (oxygen,

species; has ‘been . expounded‘ ds the ! molecular . ‘basis }of‘
radiosensitization and ‘radiOprotection., respectively (1 12) Evid‘en'ce
f‘rom ‘the:‘.work contained » within this thesis- suggests' .t‘hat
8 5' cy,clo(deoxy)nucleoside tide) formation may be a permanent record

of‘ the existence of .a C(S') centered radical on the nucleic acid

| constituent.v If‘ this-‘is ‘true, then this type of radiation induced

, modification might serve“'as a. molecular "probe" of the radical

v"‘

electron af‘finic ' compounds) or ;reducing (nonprotein . sulfhydryl)‘ ,

competition model: In an. eff‘ort to develop the ‘use _o'f"‘:

\

8,5"—cyclo(deoxy)nucleoside(tide) fOrmatlion, as a probe" '.of .the

radical competition ‘model; ‘the’ ‘»ra'dia‘tion‘ ‘ ohemistry | fof‘ S

'adenine-containing nucleic acid constituents was studied to provide

!

the experimental basis - upon which 8 5'-cyclo(deo;qr)nucleoside(tide)

" formation can be considered unequivocal with respect to the »initial

w
Iy

y'specific assays were also ‘ developed to assess radiation—induced

.'2 5 7),‘ enzyme—linked immunosorbent assay (Chapters 6 7 9 10) and

1

)

ultrasensit-ive ‘ enzyme radioimmunoassay (Chapter 10) the 1atter

I t techniques f using reagent antiserum' with specificity t

‘51‘73 of hydroxy]_ radical attack (Chapters 2 4= 7) Sensitive and

""'damage including high-performance liquid chromatography (Chaptera :

AR




.‘8;5f-gyc1oadenosine 5'4monophosphate;

e In the absence of oxygen, irradiation _or' adenine—containingf

\‘r

213

nucleic, acid . moieties ‘ leads Q, to ‘ the ‘formation ‘ of‘

‘8;5f¥cyclo(deoxy)nucleosides(tides) (13 20) . Formation of both the

R)—~ and‘ (S)—epimers‘ of 8 5'-cyclonucleotides(sides) was “first’

demonstrated in irradiated adenosine 5'~mon0phosqhate (S'HAMP) (16),

adenosine (19) and polyadenylic acid (18 19). However, the factors

»

governing stereoselectivity were found to be quite different in )

monomers and polymers (Chapter 8) At neutral . PH, the “(S)—epimer"‘

of 8 Sl—oycloAMP predominates ’over that of the (R?tepimer in.
irradiated solutions of‘ S'PAMP (16) whereas, in irr‘iated sol}tions

1<\ of adenosine ‘or poly A (and probably DNA), (R)Fepimer of

;‘_‘;/gigi—cyclo(deoxy)adenosine predominates (18 19)

e . The biological significance of . 8 5'~cyclodeoxynuc1eoside h"

formation remains an unanswered question Formation of.the C(8) C(5')

intramolecular crosslink oocurs readily in native DNA irradiated

\

1n solution (Chapter 6) and in the case of the (R)-epimer, probably '

involves only slight helical distortion with weakened interchain .

hydrogen bonding. This is in contrast to 8 hydroxynuoleoside formation
which involves a bulky hydroxyl subetituent on the 068) position

which tenda to drive the molecule into the _jgl conformation about

the N-glyoosylic bond resulting in disruption of 1ntercha1n hydrogen ‘vt}ngfu

bonding (21). . Providing that 8 5'-cyclodeoxynucleoside formation

occurs in DNA irradiated in the cellular environment the question

“?fﬁ remains whether this rlesion 1s recognized and repaired by the‘*3 i

5%



. inhibition occurred at 1. 62% po

) /,.- -
AN t

.

‘not repaired -what .are the biological consequences of 1ts’ presence

in the DNA helix7 Can the polymerases read through the molecular

' site w18 the site mutagenic and can the functional integrity of"

: ‘ - ‘ L1y
compliment of ripair en}ymes within the cell If, this lesion isi‘:h

the cell be maintained° The biochemical manifestations of thlS"

1esion await further inv stigation

S
®,

Agnumben of line:

nucleoside(tide) form tion as “an’ unequivocal probe of an initial

abstraction from ‘the C(5") carbon of the sugar‘ moiety Initiation

of evidenoe help establish 8 >t~cyclo deoxy)-

: radical event; ‘that of hydroxyi radical—induced‘ hydrogen atom-

of product formation by hydroxyl radical attack 18 confirmed 'by o

nitrogen~saturated solution (14 16) in addition to experiments wnere

‘decreased yields of 8 5'~cyclonucleoside6tide) were observed‘ as

»

ﬁla‘result of 'OH‘scavenging by‘alcohols (1%)‘and dimethyl sulfoxideh

2

(Chapter h) The relative reactivity

an increased yleld of product 1n nltroue oxide— as compared to o

' (16) ’:The concentration ‘of ‘ oxygen required to 1nhibit-

8 5= cyclonucleotide formation by 50% was" 0. 08% pO 'and complete,

of a’ series of nitroaromatic radiosansitizers toward the C(S') radical

s

intermediate in deoxygenated solutions of . irradiated polyadenylicbp.“

\

' acid was assessed using standard competition kinetic analysis

)

“HfFormation of the 8 5'—cycloaden081ne moiety was 1nhibited in a way

s

oo . Y
, o -
S ; [

. e L

‘\‘which generally increased with increasing radiosensitizer electron;:f‘
"‘.‘affinity (20) Oxidation of the 3 radical intermediate by the': B

7radiosensitizers was the interpretation given for this observation; ey



PR “ . | BT
BN Oxication of the radilcal intenhediate was'l \reduced 1if .the
“radiosensitizer was negatively—charged presumably because of d’harge N
'ngpuieion with _the phosphate groupe (20). This evidence s'uggest
.y-:t&hat . 8,5"—cyclo(deO)Q}:)nu'cleoside(tide) formation might ser}re' as
a ‘mblecul‘ar "probe"™ of the racical compétition model because, 1n
the absence of oxygen, formation of this produet leaves_e permanent
record of an initi‘el radﬂical e\;ent- that of hydroxyl radical—induceu
hxdrogen ~atom abstraction from the C(S') position of the sugar moiety
pther ra\diation-induced mo. ecular products, initially resulting
from "‘ﬁ"‘ hydro;cyl | ‘r"edicel attack, in’ contrast ‘to
'8 5'—cyolo(deo:qy)nucleosides(tides), are not unequivocal with reSpect
wvto this  initial - evenf. " Formation  of 8-hydroxyadenosine
| 'VS'—n‘lo‘nophosphate (8~hydroxyAMP)' 15 gréater in nitrous oxide~saturated
& golution (G = 0.14) when comnared to oxygen-saturdated solution“ (G: “ ,‘-._a,,‘t,
= 0.09), but 1is completely .inhibited 1in nitrogen-saturated soiution"""
(16,19, Chapt 14), Houever formation of 8-~hydroxyAMP . 1n,-v«’i
nitrogen saturate \S*»}dt/ion can occur 1in the presence of - > QOP '
.umol dm;?s hydrogen. peroxide (Chapter. '4).. These data suggeet that '
elthough formation of this product 1is initiated by hydroxyl radicalﬂ
attack presumably by addition acroés the C(8)-N(T7) double bond'
an oxidizing species 1s - required to complete product -I:ormation.
.Radiation-i%uced adenineurelease exhibits a yield that 1is not very :
dependent onn the presence (G 0 l#6) or absence (G = 0.28) of¥ aoxygen
’during .irxl'adiation;' an observation that is probably due to the



numerous reactions that can lead to base loss. The break in the

oxygen K-curve for 8~hydromucleoside(t1de) for}ation and the'

n‘umerous mechanisms leading to radlolytic adenine release make these

molecular lesions unsatisfactory as potential probes of the radical

-— . \ .

;:ompetition model. ‘

Ultimately, the ',,ability to use r;adiatiomi‘nduced mdl’eoglar
modiflcétions as. "probes" of radlations chemical ‘events involves
not only an undérstanding of the mechanism  leading to ‘produclt

formation", but also the development of sensitive assay techniques

[

to '.detect specific products in irradiated systems. Although

8,5!'-cyclo(deoxy )nucleoside formation responds 1in & predictable

and consistent manner based on the tenents of the radical competition

\

model in radiation chemical experimehts, this product" has not been

detected in irradiated cells. Thérefore, 8,5'~cyclode6mucleoside

formation cannot be used as a probe of radical events in cellular

systems until a method of analysis: with’ suff‘icieritp sensitivity 1s

’

developed.
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