-

on the protein carrier. The positive serum titm\‘.wus approximat.ely 1 x
~

1077 With a IGO‘Z’. positive response at ;1[)[)poxim.fxt,(‘ly 5 X 1.0_“. which was
the ant i‘sm'um dilution seclected for suhsf,‘,‘ql_l»(.‘nt inhibition fstudices.
Similar results were ()l)s:(‘rvo(l for ant is(r.x‘um coldected from rabbit. Al. 'Nn
signifiicant change :in the titer off the antiserum was obscerved in bleeds
"ABY o "Ae! for either rabbit .
B? .Spu(:it‘icit,y of" the Antiserum

/\t.vt,(rmpt,s to  compet it ively  inhibit ;mt,i—BS/\—(Sl 5.5 -cycloAdo
ant ibodies  from BSA-(2) R, 5'-cycloAdo adsorbed on to the microtiter

! :

wells were unsuccessiul with either the hapten [(3) 8,5'—0_\'(:;10/\(10] or
' =AMPL However.  a serial  dilution of the BSA-(S) S,%’:cyc]o/\dn

conjugate in free solution effectively competed for ant ibody hinding

sites as illustrated in Figure 20. The inability of this antiserum to

?

,

.IOO T

PERCENT [NHIBITION

—

04— —¢—— —t—
10 9 8 7 6 5 3
DILUTION OF BSA-(S) 8,5'-cyclo ADO [-.00-- '

FIGURE 20: ELTSA inhibition assay for anti-BSA-(. ) §,5'-cycloAdo
antiserum. (rabbit A2. "Aa" bleed.) BSA-(S) §,5'-cycloAdo
was used to coat the microtiter plate wells and as a
competitive inhibitor for the assav. Anti-BSA antibodies
were adsorbed by _féﬂe addition of 1% BSA. The antiserum was
diluted to 5§ x 10



recognizc (S S5 -eveloAdo tin tree solntion prevent ed snll).\'('(v]u('n( use of

these antibodies as reagent s 1'()}' FILTSAL The response ol both inmanized

rabbits was similar. \

[T ANTIBODIES RAISED 'I'(; HEMOCYANIN-Im (R} . 5" -eveloAMP

A. Reagent ])i.lnl fon :\.\‘..\l’\(\' -
Antiserum from rabbit ‘ROOI' e bleed) was  scereened using  the

B=A-Im (S) .\..:,'—('.\‘('ln.»\\ll‘ conjueate to coat  the wells off microtiter

plates—(Figure 21). The e off a BSA ('(.m_in'g.'ll’(' as  opposed  toooa

hemoeovanin conjueate. was necessitated -due to precipitation ot hemo-

0.6 -
0.5+ -
:‘;’: 04—+ -
>
< 03+ .
S
= 02 .
01— .

0 l 2 3 4
ANTISERUM DILUTION (-logyq)

FIGURE 21: Reagent dilution assay tor anti-hemocyvanin-=Im(R)Y - ~057-

cveloMMP  ant iserum.® (Rabbit RO, "¢ bilced. I ANt iserum
containing anti-hemocyanin-Im(R) >, 3" =cveloAMP antibodies
wias screened with microtiter plates coated with BSA-Tm(=)
>;.§'—C_v('](>,\\1}f in  an _EI.T;.‘\.‘ (_Dilnt ion_:nt' ('””j‘i,‘_""‘t(‘ l[;‘
coat ing l)l_l(f‘"f'(fx-: A 10 T, O10 7. O 10- e V7. m1V
and A 10 )



cvimin - anti-hemocyanin ant ibodies  when hemocyanin - Imo (R} 5,5
-~ ! '

(‘y(‘lm\vﬂ’.\ms nsed to coat the wells. (The (S} epimer was used due to

limited quantitics ot the (R} epimer). The optimal dilution of the

BSA-Im (S) R.5'-cvceloAMP conjugate for coating the polyvinvl chloride

Y

) . . - . -
plates was 1 x 10 70 corresponding to a conjngate concentration of, 10

po ‘ml. Plates coatotl with S00 pe/ml BSA showed no significant react 1 Wty
‘ -3
with the antiserum. The titer < ti« antisernm was | x 10 . The

a9
—~

dilution at which a 507 positive response occurred was at 1'x 10 7y the |

dilution at which subsequent inhibition studies were performed. No
.
[&]

. ,
simmificant change in the titer of the antiserum was observed after one

firther immunizat ion apd one bleed one month later. The second rabbit

. [y
(RO021 died. possibly due  to  complications arising from cardiac

i eture.  though the animal  did not * appear - traumat.ized initially
ol lowing the operation. .
B. Spel(‘.i tficity of the :fkﬁt—isex"um

The C(m(:(rnlt ration of various nucleosides. nucleotides and bases
required to inhibit the binding of the antiserum to immobilised BSA-Im

’

(2) ~.5' -cveloAMP by 507 was determined (Figure 22). Inhibition of thé

v

;mti—}10m<)('l\'z111iv11 - Im (R) S.5'-cycloAMP was most effective with the

immunizing hapten-(R) S.3'-cyveloAMP. Table 7 compares the specificity of’

Shietntrat ion ( wM) required for

the antiserum by listing the TC (the c

C 50

507 inhibition of the antiserum) as calculated from Figures 22, and the

index of dissimilarity (ID) -(calculated by dividing the TC‘SO of the

sample by the IC for the immunizing hapten! (Prager-and Wilson, 1071).

50
The concentration required for 507 inhibition ”CSO) for the (R) epimer

was 258 nM and 250 mM for the-(S) epimer. The I(‘.;o for 5'-AMP and §5'-dAMP
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FIGURE 22 (A AND B): Competitive inhibition curves for ant 1-hemocyvanin-
+Im(R) S.5'-cveloAMP  ant iserum. (rabbit ROOI. "rc¢" bleed).
Dilutions of various compounds were  ppeincubated  with
antiserum at. a final dilution of 1 x 1077, then auded to
microtiter wells precoated with 10 pe'ml of BSA-Im(=)
5,5'~cycloAMP  for competitive FELTSA. Tmmumnization was per-

formed with a hemocvanin-Im(R) X.35'-cvcloAMP conjugatce.



TABLE 7: R[’,A(‘%WIVITY OF ANTIT-HEMOCYANTN-Im(R) 8,5'-cvcloAMP ANTISERUM-

J——t Y

ant.l1serum.

HAPTEN: (R) ¥,5'-cycloAMP

. -~
' RABB] T: L_ )
‘ 1C§O“ in”
(R1 N.3'-cveloAMP 0.028 1.00 '
(&) X5 —cveloAMP 0.250 8.03
5'2AMP 19 670
5 '»—‘(JA«\H’ 10 257
J'-AMP 100 6786
Ado @ 100 6750
.2 -dAdo a 3500 125,000
Ade 550 10,h43
SU-GAMP 3500 - 125,000 ,
3O-CAMP 420 15,000
Guo 7000 250.000
‘Gllil 7000 250,000
a I(“V;O is the concentration ( uM) required for 50% 1inhibition of the

D is the index of dissimilarity that is calculated by dividing'the

IC of the sample by the 1IC 0 for the imminizing hapten (R)

50

8.5'-cvcloAMP (Prager and Wilson, 1971).

5



was 16 and 10 M respect ively. The contribution oft the 2U-0H to the
specificity off the antiscrum is therelore minimal. Thie position ot the

phosphat e group is signiticant as demonst rated by the observation that

the 1C_0 for U -AMP is 1O0 times greater than t hiat for- 3'=-AMP.and

50
the l('_0 ol adenosine. which is al=o 00 times orcater than that ot
SR
5'oAMEY Loss off both the 2'-0H aronp and  the phosphate  group. as
e N B

;
/

i/l/fuxll-.’lt(-(l with 2'-Ado. results in.a  sioniticant increasce in the I(‘-O
3

- . . . e . . "~ -
f\Q SN M. Adenine exhibits an  10C_ [ ot §50 M which s unexpectedly

low considering the —peciticity of the antiserum to 2'-dAdo. (ross-
reactivity ot the antiscrum with  5'-GMP. ovano=sine  and ng.’min('. 1=

insioniticant. The 1( 20 Fore 3'-CMP is 420 pM. which is unexpect edle” Tow
5

for a compound containing gsuanine as the base and no explanation for

-

this data is oftfered.

C. Fttect of Increasineg Concentrations of 3'-AMP on the Specificity off

N

the Antiscrum
The measurement of .3 -cveloAMP in the presence ol a relat ivels

laree concentration ot 53'-AMP is one possible scenario for detection of
~ .

'

the hapten in irradiated nucleic acids. This necessitated an invest ipa-

tion into the effects of increasing concentrations ot 3'-AMP in the

(-

" "

presence ” of S5 -cvcloAMP. Ant iserum irom "o’ bleed was nsed as oa

reagent to assay S.5'-cyeloAMP. Figure 22 indicates that the present
EL.TSA  methodology | is sufficiently. sensitive to  detect nanomolar
q1-1(mt’ ities of the (R) epimer \\"i( hout. signiticant cross-reactivity in
the presence of micromolar concentrations of 3'-AMP. To confiirm these
pr'(*]imina‘ry data. ‘a (:?mp(*t itive inhibition study was conducted to

detect the (R) and (2) epimer in the presence of To.o, 2.3 and 0.00 M

5'-AMP. Figure 23 illustrates that lo.o M 5'-AMP is sufficient to

‘))
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canalysis of the data tor the (R) epimer vields the equation:

alter the inhibition curves tor the (R and (20 epimer and that this

concentration ot 3'-AMP can efticient Iy compete for 407 ot the ant ibody

binding sites. On the other hand. 2.27 or 0.00 M concent rat ions of

5'-AMP do not signiticant v alter the shapes ot the inhibition curves.

The l(‘,0 for the (Ri-and (51 epimers is noi sieniticantly altered in
5
the presence of 2227 o d.oa M 3'-AMP trom those reported in the
absence of 3'-AMP [ (R) cepimer 10, 0055 pMo =) epimer 10,
50 50

o.z220 M.
D. Dosc=Yicld Responsein the Format ion of S 3t-eveloAMP trom Trradi
ated Solut ions off 5'-AMP

The molar concentrat jon off (R1 N3 -cveloAMP and 5'-AMP 15 plotted

-

as a function of  the FLISA valoe in Figure 24. Repression

(t )
J10
v Q.10x . 0.02  with & correlation  coeftficient ot 0.0014, and

for §'-AMP: v - Q0.22x - 0.55 with a correlation coef'tiicient of 0.004N,

There is minimal cross-reactivity with the antiserum it the concentra-
r

tion of 5'-AMP is less than approximately 1.0 M. Using the calibra-

tion curve for the (R} epimer. the concentration ot ».5'-cyveloAMP trom.

the irradiated samples may be calculated from the BIISA reading. The
lower ].imit of detectability off ».3'-cveloAMP is 2.0 L

The format ion of ‘*.S’—S)'Cl().»\\l}’ from irradiated sélutions nf.‘ 5-AMPp
was assaved with this ELISA. The concentration of ‘ﬁ'—('.\'('lox”\“ll’ EE
plotted as a function of the dose of radiation _i'f)l' nitrous oxide
Satur'at.e(i solutions of ~3'-AMP ir'radiin ed at pH >0 (Fimre 250 the
format ion of %,5'-cvcloAMP may bf‘ d(;.scr"i’b(‘(l by the lincar relationship:

v - 0.21x - 7.02 with a correlation coefficient of 0.0720. Formation of

Vel

.5'—cycloAMP may be detected following a total dose of” 330 Gy.
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FIGURF 24: Calibration curve for 8.5'-cveloAMP (Antiserum: rabbit R0O1,
"o bleed.
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FIGURE 25:

Formation of . §,5'-cycloAMP in irradiated solutions

5'-AMP. Millimolar solutions of 5'-AMP in deionized H,0 were
adjusted to pH 5.9 with dilute sodium hydroxide, saturated
with nitrous oxide and irradiated at .79.8 Gy/min to total
doses between 0 and 5000 Gy. Following irradiation, samples
and assayed by ELISA techniques.

Formation of 8,5'-cycloAMP was detected at. 330 Gy with this

were diluted 1000-fold

EL.TSA.

'\’(,
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FIT. ANTIBODIES RAISED 1O BSA-Im (<) N S'-eveToAMP
t
AL Reagent Dilut ion Assay

.
.

Antiserum trom rabbit SO0 ("sh" bleed) s screened by coat ing
. . . . - - . . .

the microtiter plates with BSA-Im (S) w, S'-exvceloAMP. Ant ibodies which

recognize determinant s on Lthe carricr protein were adsorbed with 177 Bsy

in all FIISAs. This adsorption Ot ant 1-BSA ant ibodices was sufficiont torsy

, .
prevent significiod binding of the antiserum to wel ls coated with 500

o

(7

Beml B=SAin the presence  or abscnce  of competitors, The \th”i'ﬁm.l
. . W

dilhcion HAIA-Im (S RS _eveloAMP for coat ing polyvvinyl chl }w-i_(‘i”?%-\\
plates was 1 x 1077 corresponding to a conjngate concentrat ion of 10
He mil (Figure 200, The  titer  of the antiserum  was approximat ely

-0 , . . : -y o
I'x 10 o The dilution at which a 350 pos1tive response ocourred was

- .. -4 . . . . . S
507 x 1O which was the antiserum dilution used for the inhibition

assay. The second rabbit (3004) did not respond with specific ant iserum

and an ingﬁhit 10n_assav was not  performed.
T T T T T

[e)
~
l
+

o o o o
w - o o
/| i ] i
T T T T

ELISA VALUE (E,,)

o
~o
]

: ANTISERUM DILUTION (-logy)
FIGURE 20: Reagent  dilution assay tor ant 1-BSA-Im(=) &35! -CveloAMP
‘ antiserum. " (rabbit, S00Q3. "sh" ble- ) Antiserum containing
anti-BSA-(S) <. S'ecyeloAMP  antibodies  was screened  with
microtiter plates coated with BSA-Im(S) S'=eveloAMP in gn
ELISA. {Dilut iap  of (‘,()n_.'{l{},(’lte in coating  buffer: a 107,

D10 o107, e 107, ® 107, and 4 jo 0.,

'



B. Specificity of the Antiserum. y

The concentration of various nucleoti dtirs , mucleosides and bases
! ! o~ /’ - . : '
required to inhibit the binding of antisera to immobilized BSA-Tm (S)

R.§5'-cvcloAMP by 507 was determined from Figure 27 and is listed in

Table R. TInhibition of the anti-BSA-Tm (S) &,5'-cycloAMP antibodies was

only slightly more effective with the immonizing hapten ~ (S¥

R.5'—cycloAMP (;I'(‘.;0 = 400 nM) than with the (R} epimer “CSO = 750 nM).

The  plateauing of these and subsequent. inhibition curves reflects the

-

ant ibody heterogeneity of this antzi%emun‘.

The specificity of S003 antiserum was éubst,ahtia].]y diff’er‘enti than
that. ‘of ROQ1 antiserum. One clear difference between the antisera is
the similar T(‘Soﬂ’s of thc‘. (S) and (R} epimers of 8,,5“—c§c]oAMP with
SO0X ant i.:er-lun. Secondly, f,he 2'-0H group does not. appear to be a major
dét'fer'mjnan(. recognized by antibodies pr'esent‘ in ‘.ROOI serum. However,

with S003 antiserum. 5'-AMP has a lower IC 0 than that for §'—dAMP,

5
suggesting that the 2'-0H group is partially recognized as an antigenic
determinant.. Loss of the phosphate determinant. as exemplified by

adenosine (IC_.., greater than 10,000) and the base adenine (ICS'O greater

50
than 10,000) are also significant deviations from the basic structure
of the hapten that is recognized by the antiserum. Guanine, guanosine

5'-GMP and 3'-GMP show no significant cross-reactivity with the S003

antiserum.

’
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FIGURE 27 (A AND B): Competitive inhibition curves for ant.i-BSA-Tm( <)

(

%,5'-cycloAMP antiserum. (rabbit 3003, "sb" ‘bleed). Dilutions
of various compounds ’.were_fr'eincubat'ed with—antiserum at a
final dilution of § x 10 7, then added to.microtiter wells
precoated with 1Q - ug/mL (3f.'BSA~]"m(S\) %,5'-cycloAMP for
competitive ELTSA. Immnization was performed with a BSA-
Im(S) &,5'-cycloAMP  conjugaté. Antibodies to  BSA" were
adsorbed with 1% BSA added to the primary antiserum solution.

‘.
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TABLE R: R?}VTIVITY OF ANTI-BSA-Im(S) &,5'-cyvceloAMP ANTISERUM

HAﬁiﬁﬁ; (S) ®,§5'-cycloAMP

RABBIT: S003, "sb" bleed {

utﬁi‘ SH%
| i
« (8) 5,5 -cycloAMP . 0.40 1.0
(R)- &,5'~cycloAMP | 0.75 1.88 *
Sl | 40 T
solamp ) 400 1000 0
R -AMP 4000 ( 10,000 .
Ado 10,000 25,000
Ade | - 10,000 ‘ 25,000 )
S'-cap o .« 1000 2500
’ ~ .
3 -GMP | 4000 10,000
(;ﬁ> | 8000 20,000
Gua | . 6000 ) 15,000

&CGO and ID are defined in foptnotes a and b of Table 7.

a

<



DISCUSSTON

The present work deseribes the development o an FLISA assay with
. S ' . . L . . . .
Dspeciticity  to the s radiation-induced intramolecnlar cyclization ot

Y ~
adenosine-35 " -monophosphatc. which leads to the formation of both dias-

, . . - . c i . b
tercoisomers ot N5 -cveloadenosine=5' -monophosphate . Immanochemist ry

of fer=  inherent  advantages tor the detection of radiation-induced

chemical modi. ications. This thesis demonstrates the high speciticity

inherent in immme react ions which enable antibodies to act as probes

\

for radiation-specitic chemical moditications and the high sensitivity
+ : - :
of detection torr these chemical moditiications.
The development ot this FITSA assay was complicated by the inabit-
itv of the immnizing hapten-{S8) X5 -cyvceloadenosine to competitively

inhibit bindine of the antibodies raised against determinants on the

BRA- (=) n.5'-cveloadenosine conjuzate. This observation may reflect the

. "

possibility that the antibody binding sites with the greatest
avidity mayv recognize determinants contributed by both the hapten and
protein. or that the primary determinant recognized by he ant ibodies

does not include the S.5'-cveloAdo moiety. Further. periodate oxidat ion

of (81 ~.5'=cveloAdo results in cleavage of " C(2') to C(3") bond
which mav lead to a relaxation of the het:rocyvel - ring defined by

C(1') = 0 — Ct4') ~ C(53") = C(R) = N(O). The «“ore  antibodies raised
to the periodate-oxidized analogue  may  po- - .a  substantially
difterent binding site due to (,‘»(mf'()r‘mat ional changes induced in t.l;(.' (<)
§,5'cveloAdo moiety. This latter hypothesis may’ be resolved by
synthesizing the mm*phr.)l ine derivative of (&) S,5'-cveloAdo by the
method of Khvm (1003) and uti]]’lzin’g t,_his species as an inhibitor in a

competitive ELISA.

S0



Conjugat ion ol the (R) S §5'-cveloAMP moicty to hemocyanin through
the phospliate group by the imidazolide method (Johnston et al., 1083)
provided a  usetul imrmmogvn to elicit polyvcelonal antibodies with
specifiicity to the 2 5'-cycloAMP determinant., A'It.hou{,'h the specificity
and  sensitivity of  the ensuing FLISA assay was  satisfactory, the
ant.ibody  concentrat.ion was unexpectedly Tow. Sp(*(:t‘,x'(.)ph()t,om(‘t,1'i(: mea—
surement s ot the  hemocyvanin-Im(R) &, 5'-cycloAMP  conjugate  were not
attempted due to the inability to dissolve this (‘,()njngnt.(“ in an
appropriate solvent. The low concentration of specifiic antibodies to
the ]_mpt en as evidenced by the requirement of a h'ig‘h” concentration of
antiscerum  for il](\ assay. may  therefore be a result. of a low molar
substitution ratio. Hemocyanin .was selected as the protein carrier

. o [

becanse  of suggestions that. it could lead to an increased immuno-
genicity  as compared to BSA (Kruger .and  Gershon, 1072: Rainen and
Stollar, 1075). The Tow concentration of S[)("(‘if‘i(‘. ant.ibodies mayv also
be attributed to a poor response of the individual rabbits (see Chapter

2: INTRODUCTION). That ~.5'-cvcloAMP can elicit a Sitf,mit?ici;nt, immine
response is evidenced by the hich titer of specific antibodies produced
upon immnization with. an  immunogen Contaﬁ‘im’ng “approximately 2
molecules i (51 8,5 —cyvcloAMP per molecule of BSA.

As probes for the detection of chemical nodifications., immino-
assays provide exceptional specificity. The FELTSA "assay developed
herein with the hemocvanin - Im (R) &,5'-cvcloAMP conjugate for which
the titer of tvh.o antiserum was measured (1;(, a dli]lltj.i()n of 1 x 10_3,
.dem()nstr'at es that the (R) diastereoisomer of S.5'-cvcloAMP (TD = 1.0)

14

may be resolved from the (S) diastereoisomer (ID - 9.0), the pa‘r‘ent

(O34



compornd - §T-AMP (1D ONO) LS =dAMP (D S0 and the maceleoside,
adenosine (1D oS0 ). o a subscegnent studye antiserum was raised
utilizing a BSA - Im (5) eveloWP congjugate. There was a significant

increase in the titer ot the antiscrum to |y ]\‘7(‘. but this was not
p;n"n] lelled by a signiticant change- in the speciticity ()ll‘ the ant iseram
produced. (=)0 S 5 -CveloAMP (1D 1.0) was not well N'sn]\'(-d trom (R!
N St-eveloAMP (1D 1.5, but was satticient Iy ditterent from 5'-AMP
(ID  oreater  than 100; o S'=dAMP (ID orceater than  1000).  The
speciticity ot the antiserum did not signiticant Iy increase following
subsequent immunizations  and bleedings | Fuciarel i and  Raleioh,
unpubl ished observat ions) and. apparent Iy, .(]id not increase upon a4 1000
told in('bl'oa.\'(* in the antibody  titer. However. the sclection ot
different carrvier proteins and epimers certainly complicates evaloation
of the relat tonship between titer and specificity.

The sensitivity oft the FITSA assay may be compared with methods
previously  used to detect > 5'-oveloMMP in iI'I:(’l(ii(H ed =solutions or
5'-AMP. High pressure liquid chromatography h(i.\: a reproducible lower
limit of detectability for this species of approximatelsy 530 uM (Fuci-
arelli and Raleigh. unpublished observations). | The threshold of detect -
ability of the related S.5'-cveloAdo moiety in a phase neatralization
assay was estimated at 0.5 M (Lewis and Ward. 10780, In comparison.
the limit of detectability oft (R) S.3'—cveloAMP in the present  FIIsA
assay ‘is approximately I nM. However. because the sensitivity ot enszyme
IMINOassays 1S dopéndent on the signal-to-noisce ratio (Chapter 2:
INTRODUCTION) . the conventional HF.I,IFA d(*\’(*].(:p(*d herein may have the

potential to gain a higher sigl-to-noise ratio through the use of

o A



04

cither a fluorogenic or I‘il(lli().’l(‘li\'(‘ cnzyme substrate (see Chapter 2

INTRODUCTIONY. Both avenues shall be explored in ;ub.\‘(‘qn(‘.nt attempt s to
increase tll;‘ sensitivity ot the current BLISA.

These studies shall be extended to detect formation of »,5'-cyelo-

AMP in irradiated polymers - initially polyvadenylic acid, then to

micleic acids. The specificity and sensitivity of the antisera must be

re-cvaluated tor the polyvmers since a. lower yield of N.5'-cveloAMP s

v Ve

ant icipated due to competition of other nucleic acid constituents for
hydroxyl radicals. In this context. the assay may he further enhanced
by cither an acid hvdrolysis, which has the potential to cleave the
Ci1'y - N(O') glveosidie hond thereby eliminating all the bases except
the S 5'-cveloMP species. or an enzymat ic h_vdm)]_\'s‘is which can-perform
a4 similar basce cleavage. or a selective removal of one diastereoisomer,
snch as the (R epimer by §'-nucleot idase.
i .
The ultimate performance of  the ELISA is dependent upon the

qality of the antiserum. Thus. becausce polyelonal ant:i)sera pPoOSSsess

such  a  great. degree of antibody heterogencity. (see Chapter 2:
INTRODUCTION) production of monoclonal antibodies to 8,5 -cycloAMP may

be necessary to achieve the sensitivity necessary for radiobiological

studies. This line of investigation is currently being pursued.



CONCLUSTON X

The radiat ion-induced intramotecular evelization of 5'-AMP occur
rine in the absence of oxveen has been previously shown to Tead to the

I

tormat ion of ~.5"-cveloAMp '(K(*('l\, 1oo~: Raleigh et al.. 1u7o). This Tine
()t.‘ investicat ion raises the possibility that intramolecular cyvelization
may occme in irradiated micleic acids. As a first step to ult imately
assay for this product in nucleic acids. an ensvme-inked  inmunosorbent
assay (FLISAY was (ioV(‘lnpod nsing  polvelonal  sera raised to  the
S5 —eve ToAMP moiety)
The radiation chemistey of 5'-AMP has’ been investigated in an
cempt - Lo characterize the products that might result during irradia-
“tion of polynucleotides. Trradiat ion ot 5'-AMP ander nitrous oxide Teads
to the tormation of (R and (2 .5 —cveloAMP. Intramolecular oyveliza-
“tion initiated by hvdroxyvl radical attack at the C(35') position of the
ribose ring followed by suh.sé‘quvnt addition to the C(x) p()sﬁ ion ot the
adenine base is clearly dependent on pRKa-determined .,str'n(‘lm’-.l] changes
in 5'-AMP as  initially proposed for formation of (=) \.%'—(‘)'('lu:\\ﬂ’
{Raleish et al.. 19700, A’n acid stable material. which is tentatively
attributed to hy(lr-o,\"\']v radical attack at the C(>N) position ot the

adenine base resulting in the formation of “-hvdroxyAMP. is correlated

with decreasing susceptibility of (51 to hvdroxyl radical attack.

Unequivocal identification of this’ product w;ks not established at the

\

. - . . e . . 5 . . A\ . . .
time of writing. Therefore. from radiation chemical studies. format ion

of  =.5'-cvcloAMP  in  irradiated mucleic acids may be dependent  upon

favorable conditions in terms of the protonation of the adenine base as

f



well as the ability to orient, unhindered, ty a conformation favoring

intramolecular cvelization,
’

Inmmoassavs are  inhervently specific in theirNgbility to r‘(‘(:()}’\ni/(‘

»

antigenic determinants.  Immmization of rabbits wit,h a.BSA-(S) RA5'-
cveloAdo  conjugate  prepared by the  periodate-oxidat ir\\n method i

Frlanger and Beiser (1904) failed to form specitic antibodies of t.h(“x\

desired speciticity. Two reasons arce postulated for this \f\“ai]km'(f: 1
y N,
AN

' \
cleavage of the C(2') to C(3") bond of the ribose ring may have r'o‘."\u]tv(]

? < . - N\
in a relaxation of the heterocvele ring as defined by (1! )\~\\()—C(4\3\)—
Y N N\

\

CO3")=C(3)=Nt0)  and therefore, the antigenic determinants wonld- be

- <

considerably dittferent than the parent (I()m[X)ll{{d‘I, or 21 the ;111{‘.il)()(l),
binding sites. with the greatest  avidity nul}"r~(rC()5111i/(‘ \(‘lgt(:l'minints
consisting  of both  the  hapten Aan(l protein.  An immunoassay \\"c\as

\\
successtul v developed from a conjugate formed by the covalent binding
of N.5'-cvcloAMP through the terminal 5 phosphate to a protein carricer.
In this preparation. the conformation of the hapten covalently bound to
the  protein  is not  perturbed and therefore., the aforementionecd
heterocvel ic ring is maintained.

Fnzvme-linked immunosorbent. assavs (ELTSA), by virtue of the
enzvmatic degradation of a sul;st,r‘at,e ‘as a means to assay the extent of
the immunological reaction. have the potential to be am;;,]it’icd by a
variety of means designed to increasc t,hq signal-to-noise ratio.
Theretore. ELISA techniques are most appropriate to studv radiation-
induced modifications because of their potentially high sensitivities.
The work presented herein demonstrates t,hat‘tyhe lower limit of detect-
ability of A.5'-cvcloAMP  in a C()nventiona]. ELISA is épproximate]_\'

) . . .
1 x 10 ° M in the presence of 1.0 M 5'-AMP, th:ch is sufficient to

detect. 5,5'-cycloAMP formation at 330 Gv.

OO



O~
,

Fnzvme: Linked immunosorbent assavs are inherent Iy specit’ic and have
the potential  to ;l(‘ﬂl)i(‘\'(‘ hich sensitivities. The question  remains
whether radiat ion-induced illlI‘.'u]l()\](‘('lll.'ll' cvelizat ion occurs in irradi-
ated polyvnucleot ides and nocleie acids in the concent ration range where

V

immmochemical detection is teasible.
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APPENDIN A

FRICKE DOSIMETRY: CALCUEATION —OF  THE ABSORBED - DOSE - OF - CO-00  GAMMA
RADTATTON.

As reYiewed by Fricke and Hart (10000 the absorbed dose may be caleulat ed

trom:
t)l rads) ' 'Nl-f ton} I I_Q_Q__ﬂ_-,_
‘ (acrto’Gire el [ 1 - Clit, - ]

where
23
A 0.023 x 107 Lmoleculesmole
A (OD) ditYerence in optical density between irradiated solation
and control .
a3 ditference  in molar extinetion coefficients (\l_l " oem )
botween forric and terrous ions. at  the wavelength used ror
the optiqal density measurement
0 density of irradiated solution 1.024 tor 0.~ N H =0
I optical p;rn,h lenoth (emd -
. 0.24 x 10 T eVvorad
¢ temperature coeft'icient
t . - temperature at which ¢ was determined
t

o temperature of solution trom which 0D was measured

The tollowing parameters gO% nm o 25 °C 2174
litres‘mole - cm: ty 25 C: 1.0 em: € - Q.77 (L

are constants=s: &4 ¢ @

Therefore. the above equat ion simplities to:

N
[atop)] x V.05 x 10

Doscd rad)

te
1

217401.010 x FOT 5. 00[ 1« 0.00T L -

[& (OD)]

Dose (rad) 1
[1 « 0.007(t, - 251]

2.5 x 10

Dose(rad)

selGy) -
Dose ( Gy o0



APPENDIX B

PREPARATION OF FIISA BUFFERS

i) Coating But'ter (pll v.0)

Nir, (0 1.50 ¢
NaH('()‘,\ 2_.0,“\ I3
NuN; ‘ 0.2 o

HO 1000 ml.

ii) Phosphate Buftered Saline-Tween (PBS-T) (pH 7.4)

o’

NaCl N,

Ki1, PO, 0.2
Nn:HP()4 1.15 &
KCl 0.2 g
Tween-20 0.5 ml
N«'l.N.; ’ 0.2 o
H,0 1000 ml,

iii) PBS-T (supplemented with 17 Goat Serum)

Goat. Serum 0.2 ml.

PB=-1 10,5 ml.

iv) Goat anti-rabbit IeG Alkaline Phosphatase Conjugate

(1/400 dilution in PBS-T supplemented with 1% fetdl calf serum)

FC= 100
Conjugate 25 ul.
PBS-T 0.0 ml
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vl

vii)

107 Diethanolamine Butter (pH v.™)

Diethanolamine 97 mi

H,0 SO0 ml .
T h o =
.\.1.\: VL2 e -

Adjust pH to v.s with ].O‘A\'\HQI. then add  H,0 to 1.0 1.

Substrat e

(Prepared immediately prior to usel

107 dicthanolamine but'ter 10 ml

. ™ . .
Sioma 104 Phosphat ase Substrate 10 me

3.0 N NaOH

NaOH 1.2 o

H,0 10.0 ml
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) ABSTRACT

The radiation-induced intramelceenlar cycelization of §'=AMP ocenr-

ring in the absence ot oxyveen has been previously shown to lead to the
-~

tormat ion of N, 5'-cveloAMP (Keek. 190~: Raleigh et al.., 1670}, This line
N r
of investigation raises the possibility that this chemical modificat ion

mu.\'l occur in irradiated nucleic acids. However, detectability of this

Specices 4 ditficult because ot the low vield of product - ant icipated
' 3

from the irradiation of nucleic acids. Therefore, an assay tor this type

ot chemical moditication must be sensitive and specitic.

Immunochemist iy, by virtue of the int_.(-r'act ion of antibodies with
their antigenic determingnt s, l\ms the pnt,entffiuf t.o p'r'ovid(* a high deprcee
of speciticity. Further. due to the amplification factor imposcd by
enzyme-catalvzed  reactions,  the  enzyme-linked innnur_m.q)r“b(rnt ASSay
(EI1SA) may .pr()\'id(“;' the necessary sensitivity to detect 5.5';_(?_\'(“7]():\\11’
in irradiated nucleic acids. Thus. an in\'os:t.igatj(m‘()1‘ the applicability
ot FLISA .methodology to probe for SN.3'-cveloAMP was initiated.

The  radiation-induced modificat ion of 5'-AMP was reinvest igated.
Raleiah et al. (1070) and Ralcigh and Blackburn (107%) initially
demonst rated tthal the  predominant. ‘product  resulting from hyvdroxyl
adical attack on C(5") of 3'-AMP was (S) *.%'—Cyclm\\ﬂ’ for which the pH
profile of f'(h)r'm_at ion is correlated with pKa-determined structure changes
in 5'-AMP. 'l'}.le present work is in agreemént. with these findings but also

illustrates that additional radiation-induced products are formed. Onc

product has been identified as the (R) diastereoisomer of 8&,5'-cycloAMP.



An  enzyme-inked  imminosorbent assay hias been developed  with
speciticity to N3 =éveloMP. Polyvelonal antisera were raised in rabbits

by immmization  with a  conjugate  prepared by covalent by linking

LSt eeveloAMp t(‘) a protein carrier through the 5'-terminal phosphate.
Immuni zat ion of rabbits with a H‘\":\—".3'—(“\'('1():\7\11’ conjueate tormed by the
periodat e-oxidat ion method  (Felancer and  Beisero 1ood) tailed to
generate ;mtibn(liﬁ.;. with the desired Q;x*(‘it'ivi(.\' to the \..§'~(-'.\'(~l(r\\ll’
moiety. 'lhcl FI 120 assay has been applied to measure the tormat ion of
S5 -eveloAMP trom i]‘l'él(“‘ut ed solut ions of 3 -AMP. S5 =CveloAMP may be
measured invlhv presence of 2030 pM 5T -AMEP in tree solution. With the
present - assay. S“L5t-eveloAMP may be detected in solutions of S’—:\:‘\ﬂ‘
irradiated to a total dose ‘()t: > 330 Gy,

This work shall torm the basis for the development of an, immuno-

chemical assav to probe tor < 3'-cveloWMP in irradiated nucleic acids.

Vi
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CHAPTER 1:  INTRODUCTTON

Chromosomal DNA bas been implicated as the major target for the
lethal and mitagemic effects off ionizing radiation on living cells. The

molecular  changes responsible for the biological manifestations of

1

tonizing radiation have not been clearly identiffied. Among the radiolytic

v

lesions ocorrring in DNA are crosslinks (Charlesby, 1900: Bohne et al.,

10700 Fornace and lLittle, 1077), strand breaks (see reviews by Ward,
10720 von Somntag et al., 10851), base damage (see reviews by Téoule and

Cadet , 1075 and  sugar  damage (see reviews by von Sonntag” and

Schulte-Frohlinde, 107%: von F;()nnt/aa et. al.. 1981).

R

Much  of  radiation chemistry is dependent on the selection of

’

appropriate models to study the possible mechanism and significance of

radiation-induced events which may occur when DNA is irradiated in situ

in the cell (see Chapter 1). In an effort to address the underlving

molecular events in vivo, monj()mer"ic nicleosides, nucleotides, nucleic
acid bases and s;n{_v;ar' moieties are the subject of many radiation chemical
© studies. However., the e.\'t,r“apo]ation of the results obtained with such
monomeric species irradiated 1;1dezr-‘ .various gassing and buffer environ-
) .

ment.s to the ra.diat,iAon chemical behavior of nucleic acids in situ in(:t,hcz
cell, must be done 6nly with ext,reme caut.ion.

Radiation—indud%d modifications to monomeric species are more easi.]y
aséayed than similar modifications which may occur upon irr-ad.ia__tion‘ of
DNA since the:concentration of reactants can be greater and the number Sf

products formed: is more restricted in these model systems. On the other

hand, direct identification and measurement. of product yields - from



irradiated DNA  is  complicated by three major factors: 1) the vast

quantity  of  structurally similar  chemical  products  resalting  from

radiolvtic degradation off DNA requires an assay with exquisite specitii-

.
city  for  an individual radiation product ;21 the  low  vield of

radiat ion-indiiced chemical product s necessitates an assay with very hich

sensitivity  and 3 the radiation-ipduced products arce. expected to be ot

B
-

limited chemical Rt(’l})'i]il_\' and : theretore.  isolation  procedures  for
measurement  and characterization mast beoinherent 1y mild and it possible.
avoided.

In light of these Vactors. immumochemistry may provide a means tor
the detection of  specitic radiation-induced  products  formed in DANA.
lmm‘mochemistx'_\‘ of fers the advantages of': 11 high speciticity due to the
inherent  recoenition of antigenic determinants by the antibody binding
’.Iqit(*s and 21 oreat sensitivity due to the advances in the development ot
inhibition assays. Optimization of bhoth of these features has  the
potential ’t,()' increase the detectability of products tormed during t he
radiolyvtic decomposition of DNA s compared to. convent ional  assavs.
Potentially limiting factors for this type of immunoassay are: 1)
limitations on th('. quality of . the assay as reflected by the avidity of

the antibodies to the antigenic determinant and 2) product yiclds. which

as a result of ‘steric hindrance o scavenging of  hvdroxyl radicals by
histone or non-histone proteins intercalated with DNA (Fmmerson etoal..
1960: Llovd and Peacocke, 1003510 might be below the lower limits of
detectability.

Radiation-induced chemical lesions in DNA have been studied by a

variety of analvtical techniques which are summirized in Table 1. An



exhianstive literature listing pertaining to cach method used to measure
DNA damage has been avoided. Rather, a sampling of the types of assays to

detine and clarify each method has been presented.

TABLL 1: METHODS USED TO INVESTIGATE RADTATION-INDUCED PRODUCTS TN DNA
L]

Strand Break A!]{l\]}/HiSZ * Kaplan, 1006 '
‘ McGrath and Williams. 1066
Bohne et. al., 1070

Sawada and Okada. 1070
Ormerod and Stevens., 1071
Karren and Ormerod, 1073

(a) Hittermann et al., 1078

Enzymat ic Fidd Group Analysis:

Bopp and Hagen, 1070

Bopp et al., 1073

Lennartz et. al., 1075

(a) Ward, 1073

(a) von Sonntag et al., 1081

Analvtical Chemistry:

idJ Chromophore destruction at 200 nm:
/ ;-
Blok et al., 1067
Ward and Kuo, 1070

ii) Products released upon irradiation without subsequent hydrolysis:
Hems, 1060a
Scholes et al., 1060
Simon, 1909
Kapp and Smith, 1070
Ullrich and Hagen, 1071
Dizdaroglu et al., 1075 a.,b
Richmond and Zimbrick, 1075
Polverelli et al., 1070
Bonicel et al., 1030
Chetsanga and Grigorian, 1983

iii) Products released following hydrolysis of irradiated DNA:
a) acid/alkali hydrolysis at elevated 1 cmperatures:

_Téou]e et al., 1977
Dizdaroglu et al., 1977 a,b

s

)



Table 1 cont 'd
b) enzymat ic hyvdrolysis
Disdaroplu et al., 17~

Damage-Specitic bndonneleases:
Patcrson and Set low. 1072
< : Bront o 1073 '
Str-in.\‘t(- and Wallace, 1975
Armel et al.. 1077
Gates and linn, 1077

Radiolabelled DNA Product Analysis: 0
i) Following hvdrolysis:
Hariharan and Cerutti. ju72 .
Roti-Roti et al.. 1974
Hariharan, 1050
Bonjcel et al.. 1050
i) Released unders physiological conditions as aresult ot enzymat ic

CXCISTONn processes:

Hariharan and Cerutti, 1072
Cerntti. 1974 oA
Rot i-Roti et al.. 1074 "
Swinehart and Cerutti. 1973
Dunlap and Cerutti. 1073
ward and Kuo, 1070

Immur.ochemical Detection of Radiolvtic Products from DNA:

lewis et al.. 197%

Lewis and ward. 107>

West et al.. 1082 a

West et al.. 10=2 b
Leadon and Hanawalt , 103
Rajagopalan et al., 1und

(a) Review articles

Desirable goals for an assay which is designed to’detect specific
‘ ¥
-

radiat ion-induced chemical modifications in DNA are high specificity and

sensitivity. Many of the assays listed in Table 1 are limited in their

‘.



ability to achieve these goals. Strand break analysis may be the nltimate
result of a maltitude of chemical alterations to DNA. Ionizihg radiat.ion
induces not only direct scissions of the nucleotide chain, but also
modifications in the sugar moiety which can sinbsequcntf!y lead to chain
Ny

scission under alkaline conditions. This latter phen()mermx) is referred to
as ".'yilka] i—ﬁn(lnred strand breakage". The al)i_lit,y to identify a chemical
modification and attribute that. modiﬁéatinn t;> a snbs;—)quentt, strand break
is tentative. Similarly, enzymatic end group analysis of‘. the strand
breaks is limited. ldentification of hydroxyl or ph().Sl":)hé“itO end groups on
the 3_';— or §'-terminals iél facilitated by the large: numker of enzymes
which act on these termini. However, enzymes which use other Stlt)sf,f'at:es
have recently been reported (Janicek et al., 1084). The mechanism leading
to the formation of these products is eqxia]]y‘comp]icated since base
dest.rmction, nu(t']“e(-)tide ]iber‘ation + or sugar damage can result. in strand
breaks wit;h-hydr'oxy] or phosphate terminf. ,Thf’ use of’d;mlagé—‘specific
endnonucleasesv to nick DNA, may be a sensitive measure of raaiat,i,on—
induced chemical lesions, but the identity of -such ]esfoné may be
difficult to establish. ‘. :

The aralysis of total base destruction: resulting from ionizing

radiation in DNA has been "achieved by analytical chemistry techniques.

Ly

However, due to the chemical nature of DNA, many of these techniques are

of DNA in the 200 nm regicn

o

limited. The loss of ultravioclet absorption
. \—‘«:,‘ ;

-has been okserved as a function of dose after _denaturation of the

irradiated polymer. Underlyving the use of this assay is the premise that

the addition of water radiolysis .products to the purine and pyrimidine

bases leads. to a loss of ring aromaticity. However, these assays are

limited to the destruction of ring aromaticity and fail to measure, for -

~



example, the aroxic prodacts of the radiolytic decomposition ol §'-AMP

(see Chapter 1) in which the glycosidic bond is not cleaved. Further, the
. " " ) .

use of optical absorbance mcasurements tor the assay of base destruct ion

in DNA is dependent on the assumpt ion that the major reactions occurring .

4

in monomers also occur in the polvmers - an assumption that may not be

justified. "Radiat ion-induced changes in hyperchromicity, resulting from

hydrogen bond breakage and local denaturation of the polymer, represent a
‘ : o .

serious additional complication for the use of ultri olet spectroscopy

-

in measuring base damage. . . \

Ihdrolysis .ot the DNA polyvmer prior to product. analysis ‘with: 1)

i

strong  acids and basesa at elevated f\(:r‘mm'at'.ur ¢ or 2) enzvmes under
~physiological conditions has introdaced. ¢ther compliéations to assavs.
» ! - ‘,

N

- v

Acid’ hydrolvsis may p()ssib']y rﬁ()dif'y :1 .p.m‘t,‘jo'n of the “r‘adiati(m product s
"or induce their r"e.ver'sj’g)rii‘ back to the starting materials. Furthermore,
a\cid-]abi]‘e_ products and pr-()d{x'ct,s- resistant _t,o‘aci,d hydrolysis, Sll.(;}] as
8,5'—cyc]0AMP". ((.Iha'p't—er" 1), may not. be dbetec‘te(l under some conditions.

Endonucleases, which degrade polydeckvribonucleotides stepwise starting
at. the free 3'- or 5'-hydroxyl termini, yvielding 3'- or §5'-nucleoside
monophosphates, © have providéd useful information regarding basc damage

in irradiated DNA. However, complete hydrolysis is not always achioved

o . -

(Dizdaroglu et al.. 107%) and this may complicate subsequent analysis.

The development. of a reductive assay to detect. radiolvtic damage of

"

. : . \ -
thymine bases” by Hariharan. and Cerutti ‘(_]()7] . 1072) represented a major

. / ’
/step forward in the identification of spdcific chemical lesions in DNA

pblymer"s. The assav is spéc*i fic for the major aerobic radiolysis products

of thymine, which are thymine glycols (f;if) [ 6-(hydroxy or hydroperoxy )-

5,6-dihydrothymine | and their hydzintoin‘ analogues [ 5<(hydroxyv or hydro-

‘per'oic_v)—S—methy]hydantoin ]. These prodl,‘lcf“,é are expected to be reduc-
‘ 3
’ /

~



[

tively cleaved by NaBH, to form a urea derivative together with 2-methyl-

4
g]ycero], 1,3-dihydroxy-2-methylpropane and possibly 1,2-dihydroxypropanc
+ from the hydahtoin ‘analogues (Hariharan and Cerutti, 1971): (Figure 1).
Alternatively, the saturated ring of the radiation products can also be

A , _ | ‘ ‘
fragmented by consecutive treatment. with alkali anq)acid (Hariharan and

“Cerutti, 1974) or with alkali alone (Harihafan, 1980) yielding acetol and

.
carbon dioxide.
¢ ' ol
(0] o ‘ ' o ‘ 5
’ 7o HaN o OH
. CH; CH3* . H * o
HN y-RAYS _ HN Rz. NoBHe _ o g '« H e
J\ - J\ H ’l? + O?-l
o N 0™ >N "0(0)H ' ! ‘ H7 H
R| R,
o . ‘ ) o .
R, = deoxyribose Rp=H,0H,00H . : _ Ry H; OH

. deoxyribosyi- phosphote

FIGURE 1: Schematic diagram of the principal steps thd]ved in. the '
' reductive assay for the radiolysis of ~thymine (From

Hariharan and Cerutti, 1072).
2

o

)

The formation of two types of radiation-induced thymine dqmége in

DNA in vitro and in vivo can be asééyed with- these techniques by

measuring either the gamma-ray-induced production of [BH]HZO {rom

[methyl-3H] thymine and/or the formation of thymine glycol derivatives.

The'selectivity of the reductive assay is due to the specificity of Na3ﬁ4

reduction with thymine glycols formed in irragiated-DNK. However, the

-y



reduct ive assay has the tollowing lmitations: 1'h there are a number ol
structural ly similar radiation products of thymine. consisting of” thvmine
glycols and hydantoin analognes. which are assaved as one tvpe of damage
immediately following trradiation or subseguent to a post-irradiat ion
incubat ion which :'l)]‘(‘\’(‘lll.\ u.ts‘i;_’nmvnt of vields of individual chemical
species  and 2} high radioactivity backgrounds are obtained when the
assay is applied to DNA isolated 1'r‘<_)n‘1 cells prown in the presence off
A . )
[methyl-"1] thymine (21' which the origin is unknown. Despite these
limitations. the r'(:‘*(ln(‘t'i\'(* assay has been used to detect and follow the

rate of removal of thvmine glycol trom DNA following irradiation of

Micrococcus radiodurans (Hariharan and Cerntti, 1972). Chinese hamstor

ovary cells (Mattern et al.. 1073). isolated nuclei trom Hela cells and

human lung fibroblast$ (Remsen et ad.. 197401 and Escherichia coli lyvsates

(Hariharan and Cerutti. 10740, By application of the reductive assayv.

Swinehart and Cerutti (1973) demonstrated a linear relationship between

7

‘the loss ol biological activity and the formation of thvmine glvecols in

¢ X 174 bacteriophage and E. coli cells.
Application of immunochemical techniques to assay radiat ion-induced
chemical lesions in DNA offers attractive advantages in terms of assayv

specificity and sensitivity over other technigues applied in radiation

chemist: . lnma -says may be designed to recognize radiolytic damage in
DNA witho ' he need for extensive hvdrolysis or the need for radioact ive

labelling of unknown products. However. both ot thesce technigues mav be
incorporated into immunochemical protocols if so desired. With the advent
of radioimmunoassavs (RIAs), sensitivity of imminoassavs was increased to

¢

the point  where picomoles of material conld be  assaved. Similar



»

sensitivity wWithont t,lu*‘ use obr radiotracers has become possible with the
introduction of enzyme-linked inmunosorbent  assays (ELTISA) (Engvall and
Perlmann., 1971 19727 FEngvall ct al., 1071). The s(-nsit,i\'-il,_v ol enzyvme
immnoassays has b(-(*nb increased by recent. technigues such as the use of
fluorogenic  substrates for enzyvme analvsis (FIL-ELT=A)  (Shalev et al.,
10500 and  the  introduction of a radioact ive Slll)h‘(vl‘ill(‘l for ~(-n/v\'m<‘
qu;mt.it"ig‘l;xl.inn ‘(HF‘.‘—I‘TI,IH:\) (Harris et al., 1970). This increased sensi-
tivity mav be no(‘:c‘.ss;n"‘\' to achieve detectability of radiolytic products
tformed in DNA.

Lewis et al. (197%) developed a phage neutralization assay with
speciticity to S-hydroxvmethyldeoxyuridine (5-HMUdR), a product formed in
irradiated thvmidine solutions. The antibodies were J'il.iS(%(l against A
BS:\—‘S—hy(h'();\'yrrxrt,hy]ur'idin(t conjugate and the prime determinant was found
to be the S-hyvdroxymethyluracil (5-HMU) moiety. The limit. of detect-

ability of §5-HMUdAR in a neutral aqueous solution of thymidine saturated

)

. . -/ . . .
with oxyvgen was 2 x 10 M (Lewis and Ward, 1078) with a corresponding

G(5-HMUdR) - 0.05 (lewis et al., 1978;: L(‘.\«'/is and Ward, 1078). The yield
of” 5-HMU in oxygen-saturated irradiated solutiens of DNA was G(5-HMU) -
0.05. Therefore, the §5-HMUdR meoiety may be detected at. levels of one
nuc]e(;t,ide per 3 0x 10(‘ daltons of DNA,_wit,h the lower limit of detection
of product formation at 1.0 kGy (Lewis et al., 1078: Lewis ana Ward,
1078).

Immunochemical analysis of radiation-induced damage to adenine-based
nucleic acid constituents has been investigated. in a preliminary report

by Lewis and Ward (1975), a phage neutralization assay was developed with

specificity - to  8,5'-cycloadenosine which was supplied as the (S)



diastereoisomer by Raleireh ot ol (19700, Under acrobic condit ions no
cveloAdo was tormed moarradiated solutions off 5% AMP O but the vield throm
\
irradiated  deoxyvadenosine  (dAdo)  was reported to be G 0000 The
tormation ot ‘.%'——('.\:('ln:\(l() wias  also detected  in nitrogen-saturated
solutions ol dAdo and  Ado with yvields o G 2.3 and G AR N
respecd ively (lewis and Ward. 197500 However. the vield ot eveloAdo trom
irradiated  solutions  off dAdo by these anthor- is disturbingly hich
considering that the vield off hyvdroxsy ] radicals trom water radiolysis is

. .
G 2.7 Ascholes. 10530 and  that hvdroxy ]l radicals  are primarci |y

-,

responsible tor the intramolecnlar coycelization (Raldigh ot al. [07o),
West ot al. (19s2b) developed a radioimmmoassay which conld detect 4~

10‘”

moles o S-hyvdroxvadenosine. Format ion of S-hydroxvadenosine could
be detected at 10 Gy oand the vield ot this product from DNAL irradiated
under aerobic condit innn.- was reported as G 0012 (hest et al TosZh,
By comparison. Bonicel ot al. (1050 I‘(‘(]llil'(‘(]' SO0 - JOO0 Gy to liberate a
detectable  quantity o S-hvdrosvadenosine  trom  drradiated DNA using
;1}151]}'t ical chemical t‘(‘(‘hn iques.

Radioimmmoissayvs for cis-5.0-dihvdroxy-35.0-dihvdrothyvmine (thymine

glvcol ) have -been d(-\'_o]op(-(l f\\(*.\'l et al.. 19%las Leadon and Hanawalt
1031 Rajagopalan (\i al., 1041, As litd ].(* as 4 1'(\'mtumol(‘s of” thyvmine
glycal have becen detected in l‘).'\'()4 treated DNA (west et ;1].\. 1o~2a), This
same assay can detect thvmine glveol in samma-irradiated DNA at’ a G-valuoe
of 0.01%. Detection of this product may - occur tollowing 200 Gy of
gamma-radiat ion YWest ot al.. 10N24: Rajagopalan et al.. 1u=~1) which has
comparable sensitivity to the alkal i—(l(‘g‘l'(i(]il( ron  assay (Hariharan and
Cer’ut,t.j . 1072) which measures a vield of Gt ) - 0,00, Since. the

alkali-degradation assay measures all hvdroxv-hyvdroperoxy and dihvdroxy

'

o



anatogpues.  the higher G-value may represent the lack ot specifiicity

inhcrent  in the alkali-degradation  assav. Leadon and  Hanawalt  (1ox3)
SN

developed monoclonal antibodies which could detect one thymine glveol in

2.2 00X l\‘; thyvmines. The assay detected thymine glveol format ion in

irradiated soluttons of DNA with doses as lTow as 2.5 Gy,

.Appli('utinn ot inmunochemistry to the tield of radiation chemistey
requires selection off an appropriate chemical lesion which may ocenr upon
irradiation ot DNA in situ in the cellular environment . As probes of
radiation-induced damage in DNAL S, 5'-cvelonucleot ides (Chapter 1) arve
attractive forr a nuamber off reasons: 1) this type of chemical  lesion
represent s anintramolecular transter off radiation  damage  from  the
sugar-phosphate moicty to the nucleotide base. The tformation ot this t‘_\'pv
o’ product miav be important  in double-stranded _nn(‘l('if' acids where the
sucar phosphate backbone is exposed to, and the bases are shielded from,
direct radical attack: 21 N, 3'-cveloadenosine-35'-monophosphate is ox-
tremely  stable to acid hvdrolysis: 30 S 3'-cvcelonucleotides can be
covalently  linked to proteins to form immunogens  (Chapter 2) and 4)
S5 =eveloAMP does not act as a4 substrate forr certain enzymes  and
therefore raises speculation as to the ability of repair enzvmes to
recoonize and  rectify  such  radiation-induced  chemical modificat ions
(Chapter 1). This latter point ultimately raises questions concerning the
biochemical  significance of  such modifications if they are indoe(l a
result of irradiation of DNA in the cellular environment .

In an  effort. to investigate the’' potential applicability of

immunochemical assays as probes for specific radiation-induced lesions in

DNA irradiated in situ in the cellular environment. 8,5'-cvcloAMP was



imvestiosated as a model  tfor nucleotide  damace. Development  ofr this

project  procecded along two avenues of investigation which resnlted in

the presentation ofs 1) a model in which the radiolvtic degradation of

adenosine- 5 -monophosphat e under nitrons oxvide  saturation led  to the

format 1on ot both diastereoisomenrs ot S5 -oveloadenosine- 5t -

monophosphate (Chapter 1) and 20 an ismunochemical assay which wies both

specitic and sensitive tor the detection of this product in drradiated

solutions of” 3'-AMP (Chapter 20,



CHAPTER 2:

RADIATION  CHEMISTRY  OF  ADENOSINE-§'-MONOPHOSPHATE: A MODEL. SYSTEM FOR
INTRAMOLECULAR TRANSEFER OF RADIATION DAMAGE |
INTRODUCT TON

Radiation-induced chemical alterations in the structure of deoxy-
ribonueleic acid (DNA) and the biochemical manifestat ions resulting from
these events in the living organism, arce largely related to water
radiolysis. Biomolecules can undergo radiation damage by two possible
mechaniams: 1) direct. ionization and excitation ("Direct Effect®) and 2)

‘chemical  changes  resulting  trom  the absorption of encrgy by water

molecules leading to the formation of reactive intermediates which, in

turn, interact with biomolecules ("Indirect Eff'(*(_‘t,"). As a result of the
hi,:.h concentration of water in living tissue, most radialion damage to
biomolecules ocours as a r'e.s"u]t. of" chemical modification via the indirect
eftect, !

The  radiat ion-induced decomposition of water has been extensively

studied (recent. review: Schwarz, 1081) and for' the purposes of this

discussion may be briefly swmarized as in Table 1. Absorption of -

lonizing radiation by water molecules leads to the formation of three
sho.r.‘t;—]ived reactive species - the hydrated electron (e~aq), the hydrogen
atom and the hydroxy!l radical within the spur (Mozumder and Magee. 1006).
The proposed mechanisms of formation of these species and their final
yields, given in terms of their G—va]‘ues [viz., molecules of product
produced per 10 al (100 eV) absorbed|, are indicated in Table 1. As these
radicals diffuse outward from the spur, recombination reactions occur
leading to the formation of the molecular products - hydroéen peroxide

and molecular hydrogen.



In dilute. aqueous solutiong off nucleosides, nucleot ides and DNA.
the etficiency of attack by species emanating from water radiolvsis arve
assessed by reaction rate constantsas elucidated from pulse radiolvsis

and other kinetic “studies (see Scholes. 10700, Reactions of  hydrat ed

|
clectrons with the free bases are extremely rapid indicating that -these

TABLE 2t ACTION OF TONTZING RADIATIONS ON WATER

0 s UOOH. ). ] :
)0 gy € e H7e O B0 0,

Radical products \

H.,0) _w—.[l,,()' o

e - nil0 ——e e aq

H,00 o H,0 ——= "0lf - H,0
- P - R
H O ——— [0 ———e "« "]
¢ - H,0 e [ . HLO
aq K —

Molecular product s

H - H ——eH,

_ } 2H,0 ) )
¢ e _— ], 20H
aq aqg 2 :
_ H,0 )
e cH — e H, - OH
aq 2
"OH - "OH =———eH, 0,
Yields
Species: e aq H OH ”30 H2 ”2()2
G: 2.7 0.55 2.7 2.7 0.45 0.7

(G - molecules per 100 eV: 1 eV - 0.16 aJ)

‘ (Adapted from Scholes, 10R83)



reactions are ditffusion controlled. The lack of affinity of Lhc sngar for
the hydrated electron implies that attack by this reducing épocios‘on the
polynucleotide will occur exclusively on the base components. Hydroxyl
radicals. which are the oxidizing species, react. with both base and sugar
component . Est imates of attack of hvdroxyl radicils on the sugar moicty
range from 109 - 207 (Scholes et al., 1900; Scholes et al., 1069; Jung ct
al.. 1000: Hoard et al., 1074).

Product.s formed during the radiolytic decomposition of water have
been demonstrated to resinlt in significant amounts of damage in vitro.bA
Corrélation between the ability of various compounds to scavenge radicals
resulting from water rﬂdioiysjs,'hnd the radioprotective effech of éuch
compounds was observed when these compounds were present during irradia-
tion of E. coli B/r (Johansen and Howard-Flandc s, 1965; Sanner and Phil,
1060). The radioprotectjye ability of these compounds correlated well
with their calculated rate conétant; for reaction with.hydroxyl radicals.

However, no correlation was found between the radioprotective ability and

the rate constant for either the hydrated electron or the hydrogen atom.

Chapman et. al. (1973) demonstrated with the radioprotector dimethyl

sulfoxide that approximately 02% of the radiation inactivation observed

in air-saturated Chinese hamster fibroblasts is a direct consequence of

hydroxyl radical attack resulting from water radiolysis. Roots and Okada

(1072) demonstrated a similar correlation between the radioprotective

ability and the efficiency by which the compound could scavenge hydroxyl

radicals as measured by a decrease in the strand. break yield from the. DNA

of mouse L5178 cells. These experiments illustrate that hydroxyl radical

&

induced damage in cells can be lethal and that hydroxyl radicals induce

r
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single strand breaks in cellular DNAC but do not demonstrate a clear

relationship between these two observat ions.

o

R()()ts: (1070)  has (';g](tu]ut(‘(ll that hvdroxyl radicals mayv mim';l((- i
distance of 4.0 nm trom their site of formation. Thus. a. signitiicant
proportion of the hvdroxyl radical -induced damage to DNA must pesolbt yrom
radicals t‘m'm(-(lr in the hyvdrat ion laver surrounding the macromolecule.

Michacls and Hunt (197310 have caleulated that the react ion rate constant
. . . . . - I .
ot hvdroxy! radicals with DNV is 5 x 10 M s per base nsing the

Braams and Fbert (1005} relationship. The observed rate constant of 4 s

S -1 -] . . )
10 M LS per base  sugeests that hydrogen abstraction trom the sugar

™~
’ moiety in DNA may be more si,f_!hif‘i('{lﬂl than previouslty thoneht (Scholes et
al., 1000; .Q('h()l(;s ct oal.. 1900 June ot al.. 1000 Hoard ot ;1]'.. 1074
Ward. 1975: von Sonntag ‘:md Schulte-Frohlinde. 1071, Radiat ion-induced
base destruction "is greater tfor pyrimidine bases. deoxynucleosides and
deoxymicleot ides  than i'()r' the corresponding purine constituents (W
10754, The, vield of ;{(ioninv destruction from polvadenvlie acid irradiated
as a random coil was equivalent to the vield of adenine destruct ion when
the t.'r-('»(? bam:.\\';m irradiated [(;(—ad(*ninol' 0.(\%] {(Ward ;'md l'I'_i st. Jany ),
However, the vield of base destruction for polyvadenylic acid irradiated
in Lh.‘(l‘ double helical .fm'm was '.‘s‘i,{_’nif‘i'cant Iv lower [G(—n(k*ninv) A
sug,qcst,inﬁ that the bases are sterically protected within the douh](i\

s=mhelical matrix from radical attack. Ward and Kuo (1070) have demonstrat ed
{z ; .

a lag in adenine destruction at low doses upon irradiation of polvA and
DNA in the double helical form. Ward and Kuo (1073) demonstrated that the
shoulder of the base destruction curve is reduced from 200 Gv to 100 Gv

if 0.7% of the phosphodiester bonds are removed by "nicking" the DNA



helix with DNase [)r-i(;r‘ to irradiation. Complete removal of the shoulder:
occeurs after 1.77 of the phosphodiester bonds are removed (Ward and Kuo,
1073).  The  shiclded  base  hypothesis is  turther supported by pulse
radiolysis studies in which a reduction in the optical absorption Signul
of’ radiation-induced DNA-OH™ radicals is observed, as co“mpar'od t.o that

expected for a mixture of deoxyvnucleotides.  The intensity of the

absorption signal inereases if the DNA is preirradiated (Scholes et al.,.

1000) ., Experiments utilizing 0(11&' t,l(h(‘hniques to assess DNA damage have
reported similar shoulders in the dose-yield plots (c.f. Ward. 1075).
Successive reactions of the r'adic‘a]s formed on DNA will be affected
by the relative inmobility imposed on them due to their presence in the
macromolecnle and are made possible by their long lifetime. Subsequent
react ions of the DN.»\lr'adicaj may include: 1) removal of the radical by
. ) ! ‘
smaller dif"fusing‘ radicals (or possibly electron t,ransfer down the DNA
("h.'n'n): 2} unimolecular decay of the macroradical: 3) reaction with small
motecular species and 4)  intramolecular or intermolecular reactions.
Recent reviews which dis;cﬂss’ chemical modifications to the constituents
of the nucleic acids including base damage (Téoule and Cadet, 1978),
suzar damage  (von Sonnt,ag‘ anq Schu]t‘e—Froh]inde, 107%) and nucleotide or
n}ﬂ.\l»(.msid(‘. damage (S.c_holes, 10758; von Sonntag et. al.. 1081) present a
miwch broader survey of the radiation chemistry than shall be presented
here. However, for the purpose of discussion relevant to the possible

radiat jon-induced chemical alterations occurring in adenosine-5'-

mon(ﬁ)hosph_ate, a brief review. of selected literature shall be presented.

=



The radiat ion-induced degradation of aqueous purine nacleosides and
micleotides leads to three types i react fons:
1) Cleavage of the N-glvcosidic bond followed by Tiberation of the base
and cleavage of the 0(5')-P bond resulting in phosphate  releasc
(Scholes and Weiss, 1032 Daniels et al.. 10500,
- 2) -(‘han:_:(* in structure of the base and sngar ('()m[mn‘(}nls without rupture
of the N-glvcosidie bond (Hems. 1055,1000b.c¢) .
) Intramolecular cycliéa‘t,ion. cas  demonstrated by the formation of
K.5'-cyclonucleotides (Keck, 1965; Raleigh et al., 1070).

These reactions parallel chemical alterations observed in irradiated
DNA (see INTRODUCTTON) and fhm‘ofnro, the selection of §'-AMP as a model
to study radiation-induced DNA damng;(f appears appropriate,

The radiolytic decomposition of adenine suggests mechanistic
patterns which may be relevant to nucleotide decomposition (Figure 2).
The ma.j()r: species r@su]t ing from irradiation of nd(‘.ni‘no in aqueons
solutions under both.aorobic and annx_i(t conditions is &-hydroxyadenine
which exists as a mixture of enol(Ta) and keto(Ib) tautomers (Conlay.
1()(_\’2: Ponnamperuma et. al.. 1003: van Hemmen and  Bleichrodt.. 1071).
Formation of this species provides evidence for hvdroxyl radical attack
at the N(7) - C(5) position of the imida;/o]o' ring which confirms quantum
chemical .calculations of adenine spin ‘densities (Pullman and Pullman.
1963;‘Mij]]er and Hiittermann, 1973). Further r‘adid]_vt ic degradation of
thi‘,s product resulting from r'ing»fr'a{_nnentat:i(m of the imidazo](: ring.
wéu]d account. for the formation of m}'nmﬂ .'qccondary species (Mariagei and

Téoule, 1974). Hypoxanthine, 6—an{in()—8—hydr0xy—7,r‘\—diAhydr‘opu‘rine MT) and

4 ,6-diamino-§-formamido-pyrimidine (ITI) have also been identified "in



anoxic  solutions (Ponnamperuma et al., 1001, 1963; van Hemmen and

Bleichrodt., 1074). Reconstitution reactions iﬁvo]ving adenine radicals in

anoxic solutions' prevent significant degradation of .adenine (Conlay,

1063; van Hemmen and Bleichrodt., 1071).

NH2 . NH2
) Y -OH N N "
(1 ) —= P
Z H NN P
H ) H '\
Adenine
Disprop.
NH,
Y
HO 4 | )
N N/.

[
|
. . 1 . adiolvtic
FIGURE 2: Schematic diagram of the m?chanlsm for the radiolytic

- decomposition of adenine u?der aerobic and ‘anaeroblc
conditions.
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The possible modes of radiolytic degradation of é'»AMP are partin]iy
summarized in Figure 3. Keck (1008) demonstrated by ]H—NMR spect.roscopy
that. an‘ihtraﬁolccular'cyc]izntion involving the formation of a C(5") to
‘C(SJ bond and résn]ting in 8,5'-cycloadenosine-5' -monophosphate occurred
upon irradiation of a nitrogen-saturated solution of §'-AMP. The
mechanism leading to the formation of such cyclomicleotides is ié%tiated
by hydroxyj fadica] abstraction of 'a hydrogen atoﬁ from the C(5') cafbon
of the ribogo ring (T). Cyclization is completed by radical substitution
at the C(%) carbon of the purine (T1) —Ta~center which has proven to be
high]y'r¥mctive'(Pquman and Pu]lmaﬁ;.IQGS) and where substitution by

various alkyl radicals has been established (Leonov and Elad, 1074 Zady

and Wong, 1080: Shetlar ‘et al., 1080). A Subsequént one-electron

oxidation produces the cyclonucleotide (TI1T). Keck (1068) postulated that

hydroxyl radical attack leads to the:formatjon of Radical (IV) which, in

turn, leads to 6-amino-S%-hydroxy-7,%-dihydroadenosine-5'-monophosphate
(V), which could undergo further hydrolyticvdegradation to the substi-
tuted pyrimidine (VI). However, by analogy with.the radiolyvtic degrada-
tion of adenine (Ponnamperﬁma et ‘al., 1061, 1063; vén Hemmen and

Bleichrodt) and 2'-dAMP (Mariaggi and Téoule, 1076) the possible

formation of S—hydroxyadcnosine-S'-monophosphato (VITa.b) from Radical’

(TV) may also be anticipated. Possible species re¢sulting from the

radiolytic degradé??sh of 5'-AMP that are not illustrated include adenine
- resulting from hydroxyl radical attack at C(1') and hypoxanthine
derivatives.

e

Radiation-induced alterations to the sugar moiety on §'-AMP may also

be anticipated. Mariaggi et al. (1979) have sugg%sted a radiolysis
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mechanism consistent- with the formation of O-(2-dcoxy- a-D eryvthropent O
pyranosyl)  adenine (1), 0-(2-dcoxy- B -D-erythropentopyranosylladenine
~
(11, and  V-(2-deoxyv-  a -D-crythropentoturanosy Dadenine (111 from
' ! .
irradiated  solutions  of  2'-deoxvadenosine  saturated  with  argon gas
(f.’igm-(' 4). The tormation of these compounds may .r'(*.\;ult rom cleavage of
, :
the C(1'1-0 bond of the deoxyribose residoe daring radiolysis which
sulﬁoqnenl Iv leads tofrearrangement of the initial molecule into its four
a - .'n)d B —pyvranoic and fturanoic forms (Marviagai ct al.. 1u7oi. In
contrast to the mechanism proposcd for ~.5'—cveloAMP tormation. this

mechanism is dependent on hyvdrogen abstract ion by hyvdroxyl radicals trom

the Ct4') carbon (Diszdaroslu et al., 1975b: Hartmann et al., 10701},

N\ /7
N+
il

N HO ko / \
T \ T1 - 1T
FI1GURF 4 Schemat ic  diasram  of  the mechanism  ror the radiolyvtic

decomposition of  2'-deoxvadenosine  (From Mariagei ot
al.. 1070},

e
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As  discussed  above, Keck  (1005)  characterized the structure  of
N, §'—cveloadenosine-5" -monophosphate by demonstrating the absence of” the

]II—N;\U{ resonance peak which would have been contributed from the C(8)

LS
‘pr()t.()n of the adenine ring in §'-AMP., This report failed to indicate the
nature of the di;l.stm'(r()isomcr'(s) formed at. the ((§') position. Organic
synthesis ot epimeric mixtures of the (R) and (S) diastereoisomers has
been  achieved i)y ultraviolet. photolyvsis of §'-substituted adenosine

derivatives (Hogenkamp, . 1903: Harper and Hampton, 1972; Hampton et al.,

1072). Matsuda et al. (1078) have achieved organic chemical synthesis of

o

both  diastercoisomers  of  5.5'-cycloadenosine  via  the  2'.3! —0‘/-, :

isopropvlidene derivatives which can be converted to the corresponding
5' -phosphates by the cvanoethyl-phosphate method (Tener, 1901 ). Radiation
chemical ;yx;t,llesis of 8,5"'-cveloAMP is also available and while the vield
is modest., the synthesis is technically simple, requiring only a
preparative anion exchange chromatography for product. isolation.

T;l(‘ mechanism of tormation of S,5'-cvcloAMP dur“jn(lg' irr'a'diat:.ion of’
S'-AMP in anoxic solutions has been studied by Raleigh et aﬂ (1070).
Radical formation resulting from hydroxyl radical attack has been
demonstrated by: 1) comparison of the vield of 8,5'—cyc]o;’\‘3\1}’ “i,r‘}“adiat(-(l
under nitrous oxide or nitrogen saturation and 2) a decreasing yield of
8,5'—vcy(:JoANH’ in the presence l‘of-’ 7 incr‘éasing; ;vi_e] ds of the hy;dr.'oxyl
r-adl:cn] scavenger t-butyl alcohol (Raleigh et al., 1076). Since nitrous
oxide converts hydrated electrons to hydroxyl radicals by Reactjo;l 1
(Daint.on a’nd Peterson. 1062; Dainton and Watt, 1003),

H.,0

ec"aq + N,OQ=—=——= N, + 'OH + OH

2 B
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;m‘ cttfective donbline of the steady state concentration of hvdrosyl
radicals ocenrs in this <-|1\'il~un|n<.~nl. The nitrous oxide experiment  an
which hydrated clectrons are converted to hydroxyl radicals (Reaction 1)
rather than to hyvdrogen atoms. indicates that hvdrogen atoms contribuate

little to the format ion ol .5 -cveloAMP as the vield off S5 -evcloAMP s

L0 {Raleioh et

enhanced by a factor oft 2.0 at pH 3.0 in the presence ot’ N

«

al.. 19760, Theretore. the increased vield ot S5 -eveloAMP ander N O

saturation. as compared to N saturation at  pll 3 wherein o i~
2 aq

. - ‘ . ' IR TS
converted to H (e g H ——l] .k 2.30 0 x 101 M : = ]’ demonstirat e

that the hvdroay! radical is the major chemical species coverninge the
formation of S_.5'-cveloAMP.

The vield of ~.5'-cvcloAMP. later reported as the (S) diasterco-
A \ I

isomer at the C03%) carbon by ]}I—N.‘\IR spectroscopy {Raleigh and Bl " hurn.,

197%) and X-rav crvstallography (Haromy ot al.. 1050} was studied as a
function of th‘(‘) pli of the solution (Raleigh ot al.. 10700, A close
correlation was found between the pRKa-determined stracture (’I.mn,u(-.s. n
3'-AMP and the vield o . 5'-cvcloAMP. As the pr'im}n'_\' vield of hydroxyl
radicals i1s relatively const (:ml ()vm"t.hv pli range of 3-10 (Draganic ot
al.. (1900; Havon. 1465), the variation in the vield ot 5" -cveloAMP was
attributed to the changing reactivity oft hvdroxyl radicals with the C035')
carbon in the various charged forms ot §5'-AMP (Raleigh et al.. 10700,
Interestingly, the rotamer configuration of 5'-AMP corresponding to the
(R) diastercoisomer has been found not to be the most stable conformation
of 5'-AMP in frec solution (Saran et al., 10721, .

Tr'r-adiat-i()n of 5'-GMP, 5'-TMP and 35'-dAMP vielded chromatographic

patterns suggesting the format ion of other =, J'-evelonucleot tdes (Keck.



3
19051, However,  subsequent  isolat ton procedures were uansuccesstul ) and

contirmat ion of stracture was not attempted. Acid lability of the C(1') -
N(OY glyvceosidice bond has been implicated as the reason for failure of
subsequent isolation attempts  (Keck., oo~ Isolation  and lPr;NFH{
characterizat ion was p()ssi‘l) le for ' the =.5'-cvelo-2"-deoxveuanosine -5 -
monophosphat e species resulting from irradiation of 2'-dMP in anoxic
solution (Keck. 100N) .0 However, no diastercoisomeric classificat ion about
the st carbon  was reported. Radiat ion-chemical  synthesis of 8,5'-
cvelo=-2"'-deoxyvadenosine  (Mariager et al., 1070) was, 1in retrospect,
reported T as a stercospecitic synthesis  of the  corresponding (R
diastercoisomer (Cadet ot al., 10N},

S5 =Cyclomuicleot ides and related ent ities offer significant advan-
taves  as models to st u(ll_\' the biological ramifications of chemical
alterations to mucleid acids in vivo. The intramolecular transfer of
radiat ion damage initiated in the sugar phosphate moiety. to a nucleotide

) . :
base  as exemplified by 5,5'-cveloAMP formation. may be important in
double-stranded nucleic acids where the sugar phosphate backbone is
ex&>scd to. and the bases shiclded from. direct radical attack. The

formation of >.5'-cveloadenosine has  been demonstrated in irradiated

single-stranded DNA in wvitro with yields of ﬁ(h,%'—cyc]m\do) = 0,000 in
N, and G(».5'-cveloAdo) = 0.0015 in 0, (Lewis and Ward. 1075). However,

- -

no attempt has been made to measure the yield of this product in vivo due
to the abscr]c(\ of a highlyv sensitive assay.

The biochemical implications of ».3'-cvclonucleotide formation on

the integrity of information transfer conferred by DNA are perhaps more

.

subtle than elimination of the base or overt strand breaks. The abi ity

and efficiency by which the repair enzymes operate becomes a major factor.

t
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in the consequences  of any type ol chemical  alteration to the DNA
structure.  The  sobstrate  specificity of varions  enzymes  with N5 -
cveloMP has uncovered [X\("llli‘:l]])' significant data with regard to the
etfticiency by which enzyvmes repair this type of lesion. Raleigh and
Blackburn (10751 were the first anthors to correctly report that snake
venom o 5 -nuceleot idase, which completely hvdrolyzes  §5'-0WMP to 57—
adenosine. does not hydrolyze the (S) diastercoisomer of SL5t—eve ToAMP,
On the  otherr hand., the (R) diastereoisomer is hydrolyzed by §°

micleot idase  (Hampton et al.. 1072: Dudves and Shugar, 10700, The (S)

diastercoisomer has proven to be a substrate for pig miscle adenyl kinase

and the resalting ~. 5!

—-cveloddo. a substrate for rabbit muscle pyvruvate
kinase (Ralcigh and Blackburn, 107%5), In r‘(‘tr"(_)sp(‘('t‘ the (R} diastereo-

isomer is not a substrate tor pig muscle adenv] kinase (Hampton et al..

19721, These data raise the possibility that DNA repair enzymes may '

;A(‘.]O(‘tivoly hydrolyvze one diast ereoisomer of 5.;‘—(‘,‘\/()]():\\”) and not the
other. thus resulting in tixation of nucleotide d}mmgv.

An investigation of product formation trom iy'r'adiatl(z(l solutions ot
5'-AMP was necessary It,() complement  the development of an immunochemical
assay to detect the S, 35'-cveloAMP moicty. Though the (2) diastereoisomer
of ~.5'-cycloAMP has been shown to bea predominant product (Raleigh ot

had
al., 1070, isQlut iqn ~and I_IILN$I}{ characterizat ion of the (R) diastereo-
isomer from irradiated s'(gjlit'ions of 53'-AMP saturated with nitrons oxide,
as presented in this thesis. has siemificant implications. For instance,
establishing ~t,.hc (‘pimfrr'j’v ratio for the pH profile of &,5'-cveloAMp

formation is important for future immmological studies since. the pH

within the microervironment of the DNA helix is unknown. Fven then, the

' 1

3
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physical orientation of the base and sugar-phosphate backbone -in DNA may
- favor HFormation of one diastercoisomer. With the knowledge that both
epimers  of 8, 5'-cveloAMP result. from irradiation (;f 5'-AMP  the pos-
sibility off cross-reactivity between the two epimers in immunoassays must
not be. overlooked. In this context., l.,cwis. and Ward (1978) using a phage
neutralization assay to  investigate the pH protile of &,5'-cycloAMP
formation, probably were unaware of the cross-reactivity with the (R)
epimer that resulted in higher yields especially at pH.3.0 than obtained
with ‘an earlier HPLC analysis (Raleigh et al., 1076). Furthermore, the
observation of an acid stable mat,(%hié] exhibiting a maximum yield at pH
5.5 has significant implications in.terms of the radiation chemistry of

5'-AMP and nucleic acids.

M»\'l'[‘)hRIAIS AND METHODS .
[. DOSIMETRY

The yield of ferric ions from the oxidation of ferrous ions in an
aqueous solution of ferrous sulphate salts is linearly proportional to
the absor‘b‘e(‘l dose of radiation and is therefore, useful for dosimetry
in radiation chemical laboratories (Ff‘icke and Hart, 1966). The Fricke

solution was prepared by dissolving 0.4 g of FeSO 7H,0 (AnalaR

4
Analytical Reagent., BDH Chemicals), 0.06 g of NaCl (Réag‘ent Grade,
C}leh<)r1ics Scientific) and 22.0 mL of concer]tr.*ated HZSO4 (Baker Tnstré
Analyzed, J.T. Baker Chemical Co.) in 1.0 L with deionized water. Two
ml. of Fricke solution were pipetted into each .of'l()() - 13 x 100 mm

borosilicate glass test tubes (Fisher Laborattor“ies Ltd.). Three test

tubes were irradiated in a Gammacell-220, Co-60 gamma radiation source

to
~1



CAtomic Fnerey ot Canada 1td. ) tor O, 50, 100, 1500 200, 2500 200, 330
and 400 seconds il_l positions . 4 and S oof the lucite test tabe

holder (Plate 11, The remaining seven positions were occupietd by boro-

silicate glass test tubes containine 2.0 ml ol deionized  water.

PLATI 1: Ten-test tube Incite holder nsed for irradiatine soln-
' tions in  the- Gammaccel]l-220.  Solutions are bubbloed

by passing a stream of gas through the tubine in the

center of  the holder to a chamber where the oas s
cpartitioned  to  capillary  tubes  which  are inmersced

in the solutions.” The chamber 15 constructod  f1om

o-mm thick lucite and has an ontside  diamet oot 130

nmm.



Irradiations at each time interval were repeated in triplicate. The
average absorbance  of H.m im";'xd‘inte(l solut.ions was measured with a
Beckman® DU-7 Spect.rophotomet.er {Beckman Ind. Ltd.) operating at 305 nm
. A A

and corrected by subtracting the average absorbance of unirradiated
control solntions. The absorbed dose was calculated from the optical
absorbance as described in Appendix A. The temperatire of the solution
in the spectrophotometer. was 270('.
Il HYDROLYSIS STUDY

§'-AMP (35.0 mg, 100 pmol) (Sigma Chemical Co.) wa.s dissolved in
10.0 ml‘, of’ 'd(rim}ized‘wat,m' and the pH was adjusted to 9.0 with NaOH.

Two ml aliguots of this solution were added to each of 10-13 x 100 mm

borosilicate test tubes.

(i

']'h(‘.t.est tubes were placed in a lucite holder (Plate 1)'—5nd the
solut ions were Sa.tvl,ll‘(’l( ed with nitrous oxide (Medigas Alberta Ltd.) by
bubbling the gas through the solution 15 min before, and then
throughout. the timé of irr-adiatj‘on. Nitrous oxide was scrubbed free of
oxvgen by passagv through a 0.1 M Na2S204 trap and then scrubbed free
of acidic impurities in a 0.1 M NaZCO3 trap before entéring the 5'-AMP
Solﬁtion. The irradiation was performed in the Gammacell - 220 to a
total .of ];O kGv at a dose rate of 70.5 GyA,'/min ‘as measured by Fricke
dosimetry ((;(}5030) = 15.6). Following irradiation, each solution was
br*ougﬁtt to 0.2 N HC1 and O solutions were immersed in a ']OOOC water
bath. Samples were h_vdr‘()]yzed for variable lengths of time up to 55

minutes. The volume of each solution was subsequently returned to 2.0

ml. by the addition of deionized water. The samples were chromato-

graphed on a High Performance Liquid Chromatograph (HPLC) consisting



of the following components: Milton Roy Minipump with Pulse Damper,
Flow rate @ 50°00 He. J0°300 ml.'h (Bioanalytical Systems Inc.):
‘Rheodyne Model 7120 "Syringe lLoading Sample  Injector (Rheodyne Ine. )

with a 20 ul. sample injection loop: Tracor W70A Variable Wavelength
) I J I

Absorbance detector (Tracor Instruments) and a Spectra Phyvsics Model

4000 Compuit.ing Integrator t(Spectra Phyvsicst. Anion exchanee chromat o-

graphv was performed on a Partisil 1025 PNS O SAX analytical column
{Whatman Inc.) monitored at 200 nm at ambient (C‘.m[)(‘l'«'ltllI‘(;-.«'ll_l(l .0 X
6 on . . .

10 N.’m" with 0,015 M }\':HPH4 i (pH 3.1} phosphoric acidl tlowing at
the rate of 1.2 ml min.
TTT. pH STUDY
AL Ca]iln‘at.ion Curve forr HPLC Analvsis

A series of solutions of (S) S Je-cveloAMP in deionized water was
prepared in the concentration r'mvT,z(:AO - 40 uM. The optical absorbance
of each solution was measured in the Beckman Dl‘—:7 S[xr('tr-f);)ll<)t,(>m(-t,(\1' at
200 nm. The concentration of (S) 5.5 -cycloAMP was calculated  using
the measured extinction coefficient. of 14.000 M_I .oem . A 20 L
aliquot of (<) S5 '-eveloAMP was injected into the HPLC (see Section
IT) and the observed peak area. of (S) 505" —cveloAMP W;'.is plotted as a
function of the (lt()n(:cnt.r';‘ﬁ;.it1'(m. The calibration curve was empﬂw:rd to
determine the concentration of No5t—cyceloAMP from the peak  area as
measured by HPLC. Due to the limited quantities of pure (R) epimer
available, the calibration curve derived for the (=) (iiu\;t(\r(*oisnm(*x‘-

was used to quantitate the yvield of both epimers in the irradiated

«olutions.

R\
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B. pl Profile for the F()l'mnt,i{in of 8,5 -cycloAMP

A stock solution of §5'-AMP was prepared by dissolving 71.5 mg

(200 umol) of §'-AMP “into 20.0 ml. of deionized water. Solutions with
(“f;f‘(,‘l'(}n(, pH values in the range 2 - ]‘1 were prepared by adding 1.0 ml.
of’ the stock solution of §'-AMP to X.0 ml. of deionized water in a 10.0
ml, beake'r.-.Ad\iust‘,me;nt, of ~fhe pH of  the solution was made by; adding
di.lut&- sodium hydroxide or perchloric acid. Hydrochloric aeid may be
substituted for perchloric acid with ident,.i(‘.]a] results (Fuciarelli and
Raleigh, unpublished observations). The pH of the solution was
monitored by means of a Corning 130 pH meter (Corning Glass Works of
Canada Ltd.). The pH meter was calibrated with: 1) pH Reference Buffer
Solution pil 4.01 . 0.01 @ 25°C (Canlab) in the range 2 - § and 2)
St andér‘d Buffer Solution pH‘7.00 1'0,.01 @ 257 (Sargent. Welch) in the
range. 6 - 11.‘ The solution was transferred to a 10.0 ml volumetric
f'lask and brought to 10.0 ml. with deionized water. At this point, the
final pH of the solution was measured. Two ml. of each solution Qwere
placed in 30 - 13 x 100 mm borosilicate glass test tubes. Triplicate

samples were irradiated for edach pH. Gas saturation with nitrous

©oxide,

’

“irradiation and HPLC analysis werc the same as described in
Section T1. Sam;,;]cs were hydrolvzed for 60 minutes in 0.3 N HCl and
returned to 2.0 ml. with deionized water prior to HPLC analysis. The
_concentrations of the (R) and (S) diastereoisomers of 8,5'-cycloAMP

were calculated from the calibration curve obtained from Section

ITI-A. The integral peak area was plotted as a function of known .

concentrations ‘of pure (S) &,5'-cycloAMP as measured by a UV
spectrophotometer  in  the. relevant concentration range. The molar

¢

~



extincetion coct'ticient  was measured for (S0 S 5'-eveloAMP and  the

assumpt ion was made that the (R) (iius((‘r'vois«ml(‘x'.wr)nl(l have a similar
extinction coefticient.
Iv. RADI:\"I TON CHEMICADL SYNTHESTS OF S.5'-cveloAMP

In a representative radiation chemical s_vnf hesis ()i' the (S) and
(R} (:liusl(rl'(*()isoﬂi(‘l's‘ of’ \.§'—('y(‘l(md(*nnsin(-—S'—nmn()phn.‘%ph;lt’(‘.l 500 ml
of deionized water containing 15,0 gm of 5'-AMP were irradiated at ph
10 to .1 total dose of iOO kGy in a 500 ml brilenmever flask.

The ir‘r‘;l(liutlod solution was chromatographed in 105 ml. portions on
a 200 - 40 mesh AGI-XN (formate) column (4.5 x 2N em) (BioRad
Laboratories 1td.) with 0.4 N or 0.0 N formic acid as eluants. Fitty
m fractions were collected with a BioRad Mod(\.] 1320 Ffavt jon
Collector (BioRad Laboratories ltd.d.

The fractions were monitored using a ”Hi,‘_',h Performance liquid
Chromat ograph (HPI () (‘onsi'st ing of the components indicated in Sect ion
Il with the substitution of a Fisher R(?(‘()I"déi]] Series 5000 Chart
‘Recorder (Fisher Lab. Ttd.) for the computing int (.*gj‘ato{'. Anion

exchange chromat ography  was rtformed as reviously  desceribed in
[ad . .

Section Tl. Fractions were pooled according to differential retention

times and ought to- dryness with a Biichi Rotovaporator RE 120 {Biichi
Laboratoriums - Technik AG) operating in vacuo at 40 °C. Fractions

containing mixtures ‘of products were subsequently rechromat ographed.
Products of 'he radiation chemical synthesis were chromatographed on a
200 - 400 - i Dowex 'W-X4  (hvdrogen) column (2.5 x 15 cm) (Dow
Chemical Co.) to ensure removal of cationic contaminants with
deionized water being used as; the eluant.. The pr*n_dnéts were brousht to

dryness in vacuo and stored over PZO' in a vacuum dessicator.
- )

o
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AL Chemical Analysis

Infrared spectra were recorded on a Unicam SP1050 Infrared
Spectrophotometer  (Pye-Unicam  Ltd.) in KBr pellets. Ultraviolet
spectra were recorded on a Pye Unicam SP8-100 Ultraviolet Spectro-

photometer (Pye Unicam Ltd.) or a Beckman DU-7 UV/Vis Spectr‘ophoto—'

meter. Melting points were recorded on a Fisher Digital Melting Point. .

Analyzer Model 3_’35 (Fisher Scientific Ltd.).
B. High Resolution Mass Spectrometry (HRMS)

For HRMQ; 8,5'—cyc]oAMI’ was dephosphorylated by alkaline phospha-
tase to ‘yie]d‘ R,5'-cycloadenosine. In a representative experj.merlf,,
42.0 mo of (S) 8,€'~Cyc],QAMP was disso]\l/ed in 5.0 mlL of Sgrenson's
glveine bufter IT, pH 10.4,. coﬁt,ai.njng 10.0 mg of alkaline phosphatasc
(Sigmda Chem. Co.,v ‘1 .1 U/mg). The s‘o]ution was incubated at, 37OC and
the reaction was judged complete by monitoring the disapnearance .0.1."

R.,5"-cycloAMP by HPLC. (S) 8,5'-Cycloadenosine crystallized out of

solution, was pelleted by centrifugation, washed twice with deionized.

water and then dri ea with nitrogen gas after the supernatant was drawn
off.
| High resolution maés spectrometry was perfqrmed on a Kratos M5 50
mss spectrometer.
C. Nuclear Magnetic Resonance Spectroscopy

The 1H—NMR spectra were recorded at 200 MHz on a Br‘uker'WH—ZOO
instrument. or at 400 MHz on - a Br‘ukef‘ WH-400 ;nstrument,. 'fhe proton
chemica  ifts in 2HZO were measured vs. internal calibration of the

resonance resulting from HZO and 1in (CZHQ)ZSO vs. internal Me4Si to an

accuracy of +0.01 ppm. The coupling constants, J(IH,IH) were determined

s}
)
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to an accuracy ot 0.01 Hz. Samples were analyvzed at a concentration of
\
-2 . o,
10 M and a temperature of 300 K. )
RESULTS

I. DOS TME;]‘RY
‘ 4

The total dose, plotted as a function of the time of irradiation.
is 'illlnétr'at,ed in Figure 5. Each data point represents the average
absorbed dose f.‘or-\ three measurements. The standard error about. the mean
of ea(:‘h data point falls within the boundarigs of the symbols. A linear
relat ionship exists bet,\;/een the tofal absorbed dose and the time of
irradiation. This relationship ma\ be described by -th(- equation:
v o=¢ 0.133x =« 1.0Q0 with a correlation C(mf"ficion( of 0.0000 as
deter'l/nined by regression analysis. A dose of appr'nxirmﬂ ély 10.0 Gy is
delivered to the solutions as the irradiation chamber raises and lowers
the samples into the source within the Gammacell. As determined from
Figure 5, the dose rate det/er‘rmjn%vd for the 11101‘?(3 test tube holder

under conditions modelling the subsequent. radiation chemistry experi-

ments (with the exception that nitrous oxide gas was. not bubbled

through the Fricke solutions) was 70.~ - min.
T1. HYDROLYSIS STUDY . e

Trradiation of an aqueous solution of 3J'-AMP with nitrous oxide-

saturation at pH 9.0 to 1.0 kGy. resul ts in the formation of a number
_of products which may be resolved by \high pre.:;sur'e liquid chromato-
graphy .as demonstrat:ed in Figure 6. Characterization of: the material
responsible for selected peak.% -was. accomplished using ]H—I\MR spectro-

scopy - the results of which are described in Section IV-B. Acid

-
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TIME (SEC)
Fricke dosimetry for the lucite holder in the Garmacell-220.
Each data point represents the mean of three samples.

The range for' the standard error lies within the boundary
of edch point. The dose rate was measured as 70.8 Gy/min.

\

(0.3 N HC1 at 100°C) of unchanged 5'-AMP to adenine was

to resolve the (S) epimer of &,5'-cycloAMP from §5'-AMP.

Figure 6 illustrates the effect of hydrolysis on the products in the

irradiated
epimers of

a slower

solution over a period of 55 minutes. Both the_(S)‘ana (R)
8,5'-cycloAMP are acid stable, Whereas material eluting with

retention time under Peak X consists of an acid labile

component. which disappears within five minutes, as well as an acid

stable component. Another acid labile component has a retention time

slightly shorter than 5'-AMP (Figure 6). After five minutes of acid

N

!
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hyvdrolysis, the acid labile components  are not  detectable.  Both
diastercoisomers of 8,5'-cycloAMP and the acid stable component eluting
at Peak X are stable to hvdrolysis under these experimental conditions

for at least 5§55 min.

111, pH STUDY
A. Integral Pealk Areca
With  the assurance  that 8,5'—cvcloAMP  was  stable to acid

hyvdrolysis, the pH profile of 5,5'-cycloAMP formation was investigated

ta determine the pH at which thg yield of this species was maximized

during the radiation chemical 4$ynthesis. Fipure 7 illustrates the mean

'

ents (+ standard error) plotted as a

integral peak area of 3 measure
function of the pH of the solution. The acid stable, uncharacter'izéd
material eluting at I’(;:ak X, exhibits a maximal’vield at pH 5.5. The
yi(‘]_("l of the &,5'-cycloAMP diastereoisomers shall be discussed in terms
of the product _v.ie]dts‘ in Section TIT-C.
B. (Ta]i-br'at:i()n Curve tor HPLC Analysis

The peak arca obtained from HPLC analysis is plotted as a function
of the concentration of (S) §,5'-cycloAMP in Figure 8. Regression
analysis reveals a linear re];;&if)nship best described by the relation-

ship: y = 247.70x + 62.02 with.a correlation coefficient of 0.0088.

The yield of §,5'-cycloAMP may then be expressed in terms of the

G—va]u;e which is calculated by dividing the micromolar concentration of
the solution by the dose J'r; daGy. This analysis has been applied to the
yie]d of 8,5'-cyvcloAMP in Section TIT-C. .
C. Product Yield

The pH profile @ the i -mation of §,5'-cvcloAMP is shown in

Figure O which illustrea - u=value S'-cycloAMP plotted as a

s
~1
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pH Profile of product formation in irradiated solutions of

5'-AMP. Millimolar solutions of 5'-AMP. the pH ot which was
varied with perchloric acid and/or sodium hyvdroxide, were
saturated with nitrous oxide, irradiated to. 1.0 kGy, hyvdro-
lyzed for 60 min (0.3 N HCl at 100°C) and chromatographed by
HPI.C. Each data point represents the average integral peak
area of three samples (- standard error). (81 %,5'-
cvcloAMP (@), (R) K,5'—cvcloAMP (A ), Compound X (® ).
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PEAK AREA (ARBITRARY UNITS)

15

]O —

FIGURE X:

| I i |
10 200 30 40
CONCENTRATION [ uM ]

Calibration curve for HPLC analysis. The concentrat ion
of (S) §,5'-cycloAMP  was measured in  a  spectrophotometer
prior to injection into the HPLC. The cencentration of
samples coritaining  eit her  diastercoisomer of  8.5'-cycloAMP

may be determined from the integral peak area of the HPLCL

chromatogram.
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function of the pH after 60 minutes of acid hydrolysis. Fach data point
represents the mean integral area of 3 samples + standard error about.
the mean. Maxima in the formation of 8,5'-cycloAMP were found at pH

3.0, 7.2 and 9.0. At _pH 7.2 and 9.0 the (S) epimer is produced at.

)
abproxinmt;e]y 2.5 x the yield of the (R) epimer. In contrast, 'at. pH
3.0, the (R) epimer is produced at twice the yield of the (S) epimer.
The yvield of b()t,h diastereoisomers of §, 5'—cyc]6/\f~ﬂ-’ are formed wi t.h‘low
vields (G-value approximately 0.060 - 0.076) in the pH range of 4.50 -
‘;.70.' The minimum in the yield at. pH 8.0 has been demonstrated in a
number of experiment s, inclndihg an earlier publication by Raleigh et
al., 1970.
IV. RADIATION CHEMICAL SYNTHES{F OF 8,5'~cycloAMP

An irradiated solution of 5'-AMP was chromatographed in fractions.
Table 3 represents the elution profile of two such chr-omatdgraphs. In
il'r'&éiat‘.i(')rl A, the idrradiated solution was chromatographed in two
fractions with 0.4 M HCOOH as an eluant. The components were generally
r'esolved. from each other. Tf the eluant is raised to O.‘6 M HCOOH the
component.s are less likely to _b‘e ‘well resolvea, though the total
elution time 1is decreased. Products co—e.]utin‘g‘ in Peak X were not
followed in these representative syntheses but. are easily removed by
continuing the flow of eluant.
A. Analytical Data

(S) »,5'-Cycloadenosine-5'-monophosphate. The - sample selécted fo_r

analytical work was chromatographically pure (HPLC), m.p. 145-155°C

(dec): UV 2 pH’/.O 206 nm (€ = 14,000 X 103 M'-l

cmﬁl); NMR: refer
to Section TV-B; IR KBr, (cmﬁl)\]710, 1620, 1460: m/e {nucleoside) 265

{see Figure 10).
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TABLE 3: PREPARATTVE CHROMATOGRAPHY OF TRRADIATED S'—AMP.SOLUTIONH

Trradiation A

Column Flow Rate:

7.0 ml./min

Solvent.: 0.4 M HCOOH

Product

Adenine
5'-AMP
(8) 8,5 —cycloAMP

(R) &,5'-cvcloAMP

i

Irradiation B

Columm Flow Rate}

0-1500

Volume (ml)

1500-2400

2400-3200

2200-3900

6.8 ml./min

Solvent: 0.6 M HCOOH

Product

Adenine
5' —AMP
(S) 8,5'-cycloAMP

(R) %,5'-cvcloAMP

0-700
700-1400
1400-1G950

1950-2500

0-1000
1000-2000
2000-23400

3400-4300

Volume (ml. )

B

0-600
600-1400
14001900

1900-2500

0-n00
600-1350
1350-2050

2050-2400

Average

(Q-000)

{600-1400)

- (1400-2000)

{ 2000-2500)
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2

(R}~ §5'-Cyvcloadenosine-35'-monophosphat e, The  sample selected  for

. _ . ) PN S
analyvtical work  was greater than Q37 pure (Herey m.p. 240 ¢

pl 7.0
max

(dec); TV 200 nm: NMR: refer to H(.‘(‘l 1on 1V-B.
B. Nuclear Magnet ic Resonance  Spect roscopy

The .I‘(‘.Sll]tS of ;1:1{1]"\'5(-5 of the ]ll—;‘\”\ﬂ{ sp(‘(‘vtr'."l for two products
isolated from irradiation of ‘;'—N\l_l’ at .pH. 0.0 are tlnbnl:;lt (!(} in Tables 4

and 5 and illustrated in Fieures 11 and 12, Assionment of the low field

singlets to H2) -and H{1') is by ;ma.logy with S'-AMP. Absence of Hi)

- . . L . 3 . ’ - . . .
is indicative of the presence of a heterocvelic ring resulting from

formation of a C(5') to C(%) bond. Tdentitication of two diasterco-

Jisomers,  namely  the (R) and  (S) epimeric  cyclonueleotides  was

facilitated by the IH—N:\IR signal for the CO5't proton.

The nomenclature adopted in this presentation refers to that used

to describe rotamers about. the €(4') - C(5') bond in NMR studies of
nucleotides which possess free rotation about the Ci4r) - C(5") bo_r)fl.l
Theoret ically, the vdi.‘x‘t inction between the (R) and (;) diast.m'euisém(rrs
can .be.made a priori. Thé (R) and (S) epimeric cvelomucleotides exhibit.
exocyclic group conformat.ions which ‘dif‘Fer' f‘r'f)m_t,}il‘(ﬁ‘ classical gauche-
trans and trans-gauche éonf"igur‘ati(;ns'by abont 20(? {angle about. the
C(4’) - C(5') bond) which is a result of the intramolecular C}(S') to
C(8) bond and permits unequivocal identification of the {wo diastereo-
isomers. Fo]/,lowing general Karplus'  coupling C()r.)st.ant rules, the
gauche-trans conformation should. show a couphng constant. close to
zero, as the dihedral angle is close to 00°, Bv contrast., the
trans-gauche configuration should ‘ShOW a sdbstziht,jal coupling constant
between H(4') and 'H(S'). Experimental results are in agreement with

these predictions.
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i

(R) 8,5%cycloAMP

FIGURE 11:

200 MHz NMR Spectra pof 8. 5'-cycloAMP 1in 2H 0. The sample
- concentration was 10

M and the temperature was 3OOOK.
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2 (S) 8 5-cycloAMP

ppPm

FIGURE 12: 200 MHz NMR Spectrum of (3) S.%’—cygamﬁﬂ’jrl( Hg) ,S0. The
concentration of the sample was 10 "M and the t mp(‘ratm(

was 300 K.
5
A comparison of the (R) and (S) diastercoisomers may be made at
° ) . 2 )
the H(5') resonance peak of a 10 ” M solution of each epimer in “H,0 at

pH 7.0 (Figure 11, Tables 4 and 5). The (R) epimer is identified by a

doublet  splitting of 9.0 Hz at 5.3%- ppm due to coupling to the

' ‘phosphate_ phosphorus group and a relatively small secondary splitting
~ .

of 0.3 Hz_b/y H(4") f‘or‘Awhich the resonance appears as ttho singlet at
4.92 ppm. By contrast, (S) 8,5'-cycloAMP lexhllbit,,.q a doublet. of doublets
at 5._.66' pp;n‘wjtvh a pJ:'imar'y splitting of 9.4 Hz due to phosphat,e phos—
phorus coupling to H(S ) and : Secondary spllttlng of 5.9 H/ due to
coupling t,oﬂtH(4‘), for which the resonance. appears as the doublet. (5.8
Hz) ‘at 4.91 ppm. Assignment. of the H(2') or H(3') protons to qpecnlc

i
- q,-\:, \w

resonance peaks in the high field is not pos'%“’lblc in 2H,,().

i



The highest. field resonances with a sép‘il‘.t,ing of 5.8 Hrs are

4

attributed to H(2') and H(3') though assignment. of individual peaks is

C.()nt,r'()vc,-.r-s.i,a]. Despite ar'p,ume;nt.s presented by Stolarski et al. (]U\O)

their assignment. of the high field resonance peaks is not s.uppmt(‘d bv

~

either theoretical or expc‘.m mental arguments. As for the theoretical
. ' _ i
argument. , Haromy et al. (1080) demonstrated that. in the (R} diasterco-

isomer of &,5'-cycloadenosine, ‘the hydroxyl group is oriented toward

the ribose ring. Tt follows, therefore, that in the case of ‘the

49 .

nucleotide, the phosphate group has the potential to deshield the H(3') - . '

proton due to the proximity of the phosphorus group to tho l;}(.“x')

“proton. Tn this chemical -environment., the resonance peal\ oontmbut ed by’
- the H(3') mav be expected to hav(‘ a Q‘]lg,h( downfl@]d shift. which has
heen observed in' the (C Hﬁ ,,_O qp({\(.tirum Figure 12). Sjmi]ar. arbuments-

would’ contend that the phoc.phato gfoup wou] d not si gnl ficantly Shlff' '

‘,-‘ \q\ ’y'v.

the H(3') resonance peak in the (R) ‘diastercoisomer since the phosphate
group is not lyving over the r]’bose ring, based on the observation that

in the nucleoside, the 'h‘ydr'oxy] group is oriented away from the ribose
&

ring (Birnbaum ect. al . 1061) On ‘an expemmcnt,a] basis, assignment of .

the H(2') and H(3') prntons -t:o'-.}?a specif'ic resonance p'éak may be’

achieved by a spin decoupling experiment.. Since one of the high'jfie}dr

resonance peaks was slightly broader than the other, spin decoxjp] ing

experiments were performed to determine if ‘this broadening was the
C ! ) S

result. of coupling be‘gwcen speci fic protons. As a result of ir‘r'adi'.ation'

4
/

of the H(4') proton, there is a 27% reduction in the width of. the

-

£

resonance peak at_.'4“.48 ppm as compared to a 6. 273 reduction in the’ peak

at. 4.04 (Table 6). Ther’efore, the H?’& proton may be assjgne%pto'the

resonance at 4.48 ppm and the H(2') proton to the resonancé at 4.04
. o p

ppm. . - : v

Y e

Y
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TABLE 0@  SPIN DECOUPHING EXPEFRIMENT TO ESTABLISH  ASSTCNMENT - OF - THE

bt : ; P
H(2') AND H(3') PROTON= TO  NMR  REF= INANCE - PFAKS . FOR (=)
S ;'—(‘.\'(‘]()"\?\ll’ ) .
. ' . , -
Solvent : (CTH, ), S0
R
|
f J
Resonance Peak Width (Hz) A
" ppm
404 | g
Blank, . 2.00 ‘ 2,05
» <Irradiated at _ 1,88 2014
N . : ‘ ‘V
4.53 ppm (H(4'))
v %. Percent Change ' 6.2 ] - T27
SRS , . , <
© " DISCUSSION . . ; o
S gatudies on the radiation chemistiyv of  anacrobic solutions of
- 5'-AMP initiated by the' pioneering work of “Keck (10o~) and Raleigh et
al. (1076) have revealed that-the pr*(\dnminanf ;5r-<>dnot tformed 1s the (8),
- ) v 8 3
diast éreoisomer <of SRi3'-eveloAMP (Haromye set  al.. 10~0). The work
. - spresented as § AT ‘yi’f;f},‘ﬂlﬁﬁ?-thesjs 5 in asreement “with these findings.
S R - S :
’  but also i]i(t@ﬁt%?} hat a muber of other products are formed. Onc
. . e ) \{ . - oo . . 2 )
product., formed al  a. ]()W(?r?;" yiedd than (2) &, 5izcveloAMPz has b(fen?,,&.:
- i o . . . : i
unequivocal ly identjfied as th& (R) diastereoisomer of S,5'-cveloAMP, p
o . N ‘. 7 »
_ ! ' 5 -
. 2




The acid stability of (S) 8,5 —cycloAMP was estab! ished during

carlier work (Keck. 1068: Raleigh ot al., 1970). However, the relat ive

stability ta acid hydrolysis tor (R) S, 5'-cyeloAMP and other produci s

was investigated by acid hydrolvsis studies. Acid hydrolysis of §'-AMP®

results in fragmentation of the nucleotide due to cleavage of the C(11')
¢ . )

= NtO) glyvensidic bond and Tiberation of the base adenine. On the othoer

hand.  hoth! .diastercoisomers of  8.5'—cvcloAMP,  and - an unidentified -

o Y R
L.

mat.erial- H\ump(uu'(\; Xl are stable to (;hé'~(:(m(1i_t;i0ns of" hydrolvsis

’ F .\,uJ . . o 4 N Co

*u

report.od ‘!{«?‘1"4"_‘@1\.‘". There s evjden(:(' Tot at ¢least
G e . . S

¢ t

i '\‘H " o . . " ‘/‘ .
component sus ssvie - compound ot ing” at ﬂkm\hmn(‘ pomtmn as Comp()und X

with anadstical HPLC, and anotl e ('iu( iper .*;]v'i;g?.ltly fasten than §'-AMP.

Vo

With preparative (:hr'onmt()u"n'npl1y.:~ C()'m';xfl'md' X and this labile material

.may  be separated (Fueiarelli dpd Rﬁlmlﬂ‘l,‘-unpubﬁl ished abservations).

M . PR

. - » . . el ... 5 L
Acid hvdr'olysw does not ., by st( lf result in the format ian of. either
. s 5 , B _ |

-d](isl(r‘om somer of S5 ~cyceloAMP or Compound X since no increase in the
vield of t,hesc products occurs during the course of "hydrolysis.
X
Raleigh et al. (1970) observed a close correlation b{‘:t/wéen the

pKa-determined structiire changes in 5'-AMP (Fiex - »3) and the vield of
. ' N Vo » ’ N N :
' ' - ' oL ©
NH C NH M,
S T R R
HO-P-0 NH o co-bo ’ K -0-p0 < <
oy GO B O éo) * OO
. o N N 0 ‘N N . ] 0 N N =
. K :
- oM OH - . HO OM R HO OH - i . HO .OM
pKi~1.0 pK5:39 ) pK;: 6.6

FIGURE 13: pKa-determined structure changes in S'-—A"IP\(
&

two  acid ];1l)i](r‘ i

51



(S) .3 -eyeloAMP. A simi Lar relat ionship has been obsevved with both
the (R) and (S) diastercoisomers ot N .§5'=eveloAMP in the present work,

although the yield of the (2) diastercoisomer at pl 3.0 is lower (G

0.10} than the vield reported carlier (G Q0.3 (Raleitch et al..,
) :
19701, Morcover. there is a more pronounced minimim b )'i(‘-id ot the
(S) epimer at 0 2.0 thar eported earlier (Raleigt or o710 10700,
The pH profilte for l}"f format ion ot both dic - rcoisomers  of -

N5 =eveloAMP (Figare 9) reveals that there is a decrcasing reactivity

of the hydroxyl radical with 5'-AMP below pH 2.0 and above pH 11.0. The
\\’\_/’ ° .

decreasing’ reactivity  bekow  pH o 2.0 is reproducible ™ when ' edither
/ .

. U . . . Ry
perchloric  or hvdrochlorice acid is used to adjust the pH o oof the

solution - an observation which supports the carlicer work of’ Raleizh et

al.. (1970), and is correlated with complete protonation of the 5'-AMP

moiety (Figure 13, p}\'] approximately 1.0, The reduction in the vield
. » kn“:

of *.,5'-cyvcloMP at high pH has been attributed to the decreased

reactivity of 07 (HO = 0 .7, pKa - 11.9) with C(3') in the

doubly cl{;irg_,'fed 5'cAMP moicty (Raleigh et al., 1070).

Since the; vield of hydroxyl radicals is relatively constant over

: . e

. Y

the pH range 2 - 10 (Havor 1063: Draganic et al.. 10001 the tord

vield of hydroxyl radical-induced damage. including possible back
. r .

reactions (Conlayv, 1063). should be constant . In this contest. the

|
3

variation in vield of the products-resulting trom irradiation ot 5'-AMP
: o ‘ ‘ ) . N
with the pH is most interesting. The minimum in formation of both

A

-diasterecisomers of 5'-AMP.at pH 4.5 - 5.5 corresponds with a maximam

in.the rormation of Compound X (Figure 7). This observation mayv reflect
s : N

thé& changing reactivity of the hyvdroxyl radical at “the C(3') position

T e

]

S
[~

>



ol the sngar and the (8) position of the bhise, which would be
consistent with ecarlier predictions {Raleiesh ot al., 1070) .
In light of the demonstration in the present. work of the radia-

tion~induced formation ot both diastercoisomers  of H,%'—(‘._y(:l()/\Ml‘.
3

previous  claims  of st,m'o()sp(r(.'i Fie radiation (‘.ll(,‘mi(f;l]“ synthesis  of
(‘yv](mu(‘lé()l ides (Raleigh et al., 1070; Raleigh and Blackburn., 1075
Cadet ot al., 1081 and p(l)ssib Iy Keeck, 100%5) must. be  amended o
stercoselective  radiation  chemical  svnthesis.  Such psyntheses  are

stercoselective, in Chat they exhibit a higher vield of one specis,
~

N

‘ “otur ether possible species, as a direct consequence of the pH of the
She et v .
T o .
Jpaddiion @t the time of irradiation. , Sl
IR ‘ ’

Q?v‘é»‘

In summary. the radiation chemistry ot 5'-AMP" has been investi-
sated in an attempt. to characterize the products which might. result

from adenine-based species in polynucleotides in conjunction with the

development of an immunochemical probe for the §,5'-cycloAMP moiety.



CHAPIER S :
DEVELOPMENT OF AN IMMUNOCHEMTCAL  ASSAY WITH SPFCEFTCTTY TO
NoSt-eveToAMP RADIATTON- INDUCED CHEMICAL MODITFICATIONS

t
INTRODUCTTON
The impetus for inmunochemical rescarch emanated trom the pionecrine

work of Landsteiner (104350 who initially demonstrated that a multitude of

organic  compounds ot lTow molecalar weicht could be' rendered ot Feenic

atter congueatiron to suitable protein "carriers”. Immumnoassiavs have been
. S . : . . P gy
developed with speciticity forr a variety ol nucleic il(.llﬂ:}"?’r()l];'isltll(?lll.\

includine purine and pyvrimidine bases. nacleosides, nucleot ides. small

ol igonncleot ides and nucleic acids (See reviews by Beiser and Frlanger,

luae: Plescia and Brann., 1907 lTevine and Stollar, 1ooN: . But ler and
Biviser. 1073: lacour ot al.. 1073 Stollar. 197350 100 Munns  and
Hiszewski. 10500,

The quality off -an immmoassay  is  inherently a tunction of  the
quality of the antiserum produced % detined by the following parameters:
1) antibody concentration. which reflects the concentration of ant ibodies

o .
that recognize a specific antigenic determinant: 2) ant ibody avidity (or
affinityvi. which is an expression off the enerev off the reaction between
. Y
the determinants and the combining sites of the antibodies and defines

the ultimate sensitivity ot an immmnoassay  and ) antibody speciticity,

which is a measure of the_deoree of exclusivity by which the ant ibodies,

+ . . . ' ) - . ’ <3 e — . . .
recognize an antigenic detoiminant. Since polyclonal antisera contain a
i PR e ) ‘ I o ' ’
heterogencous population of “antibodiesj. the avidity and specificity
Iaoved, R

Ay ’ . . . - .
reflect average measures of this },xﬁter'ouen(:it'\'. .o
B “ L.

) Vel -p . .
\: : M. 5 . . P '



"

In light (.‘>i" the vast quantity’ of literature addressing mnn‘\'l of the
techniques available for the development of  an immunochemical n.c.sa'y, a
comprehensive survey shall not be attempted. However, the development. of
an assay fore N §'-cvaloAMP invni\'(-(}'st,r'at,ugic decisions at three phases.

L
The rat ionale underlying these decisions shall be briefly discussed. The
three s(,rv';lt,v{_{i(- phn.;'('.\‘ are:
1) Synt.h(rsi; of an inmunogen by conjugation of the hapten via a func-
tional group to a protein carrier.

2) Induct ion of  anti(protein-hapten) antibodies by the selection of a

sunitable immunogen dose and time course for inoculation.

.

3) Characterirzat i-‘(m of the antisera to evaluate the specif'jci”t,y and
sensitivity  of  an  dmmunoassay “and  the ()[)t,{mizat ion of .various
paramet ers involved in the immfinoassay.

1. Synthesis of the Imminogen

Ant.ibodies with specific determinants to nucleic acid constituents

may be elicited by synthetic protein-hapten conjugates. The chemistry

involved in-the synthesis of a covalently linked protein-hapten é'().‘:‘ﬁlgat(?
. . 4 “g,..
has been extensively reviewed (Parker, 1971: Erlanger, 1073: Becker,
» . . .

107~ Erlanger, LOS0). ‘Two techniques . use to repare immunogens
& 1 &

W

containing nucleotide analogues are. the periodate oxidation technique
(Frlanger and Beiser. 1004 ) and the imidazolide method (Johnston et al.,

-

BEAR

| . ) . . .
The universal acceptance of the . periodate oxidation technique, as

originally described by Erlanger and Beiser (1004) is based upon: 1) the

simplicity of the reactions involved: 2) ‘the variety of nucleoside and
nucleotide constituents amerable to this form ‘of conjugation; 3) the
S ’ :

.degree to which the various haptens can be ,.‘cohjlégat,ed per molecule of

.

1

-t



carrier protein and 4) the lack of signiticant degradation or moditicia-

tion of the base during congjugation (Munns. 1977). The reaction, as
.

out Findd in Figure 14, utilizes the vicinal hydroxyl groups cont ained in

the ribose moictyv. Oxidat ion of these  hvdroxs ! “groups with

periodate { I'()__l) vields a nll(‘](‘()Siv(l(‘—(“Zi]d(‘ll‘\'(](‘ structure that readily
und(‘rg(x;s condensatior:  ith primary amino groups (i.c. the EM—»Y\“H: aroup
ol lysine pr‘(-'smﬂ in the carrier protein). The resalting Schi fi-type
bases are reduced’ with borohyvdride. jn} o stable componnds.

‘Alternat ively. conjugation of nmucleotides  to prot cin  carriers

through the phosphate terminus has recently been reported by Johnston et

al. (10530, Apart from the advantages of the periodate oxidat ion, method.
- P . -

the imidazolide method does not result in cleavage of the ribose ring and

thereforé. the hapten may better resemble the steric conditions present

i‘]hv.].l.i_.‘s‘t_ rated in

v,

is initiated l);\' electrophilic attagk. of

Figure 135. the imidazolide method

.<-;n"l)(m‘\'1(ii imidazole on ,Lh(‘ ;'—thSpha((‘ oroup of the anhyvdrous micleotide
wh.i(!‘x results in the f‘()gmqij()ll (“)f"'van imi(lii{()i(?—rul|(~lent,id(' derivative with
concomitant release. of imi(laz()i(%. Flect r'()}.)hi lic displacement at the
phospbat ¢ group -ot‘".,the_ imi(i;;/_()le—nuc'l(~*()'t'id(: derivative by the primary

amino groups of the carrier protein leads to the formation of a
protein-hapten conjugate designated as  prot ein-Im- (hapten) with the
release of imidazole and carbon’dioxide. One potential problem in this

reaction is the requirement of an anhydrous environment during synthesis.

The inabilit;yftf) maintain such an environment. may be reflected by a low

molar substitution ratio.



H-O
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HO OH
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0
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FIGURE 14: ‘i(‘h@rﬁdtit diagram

illustrating the conjugation of

O#N
HS ~H
/C\N//C
|
Protein

HO

8,5'-

cycloAdo to a protein carrier by the periodate odeatlon

m(‘t hod.

(Adapted from Erlanger and Bei qér‘

1004 ).

g

~1



CPOUOW - OP T OZEPD WL O} A Jdo BRI
O} IO [9AD- E g0 uoernluon oy FU e sngpn o weaseip o ol juwoyos 1y ,.E:.:_;

utaooad e

N
O
u-

NH ‘ z/\zz 3|ozopiwiipjAuoqin)
. [\

N
N
IT. IT .z/\z/u\z/\z
< B . . . H
HO OH : - HO  OH -0
- | -
N N ° J/ N N 0 odkd. ¢!
N NIZ-Ew_oi N _ ) dWVOo[A3- 68
N N k]
- . 0=4-OH . 0=4- OH
HN e HN h_V
, ‘ .‘ .. OH“”u

Em__o&,
Y

o



AY

Characterization of both the reactants (hapten and carrier protein)
and  product. (protein-hapten  conjugate) by spectral  analysis  is  a

necessary  exercise which serves two purposes. ‘Firstly, such analysis

provides the necessary information to determine the degree of hapten

e

‘conjugation to the protein which, in turn, provides some assurances as .o

the reliability of the antibody titer. Munns and Liszewski (1980) sugoest,

that immunogens containing less than 10 nucleosides per albumin molecule
’ \

are usual by poor immunogens. i.e. would lead to less than 100 ne of
ant ibody per milliliter of antiserum). Secondly, spectral analvsis may

also reveal if the hapten has become altered during the conjugation

reaction. thereby presenting different antigenic determinants to  the

ant ibodics as compared to the {ree-hapten.
2. Induct ion of Ant ibodies ) ’ :

It immunochemistry is an art, then the immmnochemist's artistic

abilities are manifested during the immunization protocol. The framework

e,
RV

pertaining to dosage and duration has been established in, model systems
and shall be reviewed. However, an immunoassay which utilizes polyclonal
antiserum has a broad spectrum of antibodies with different qualities.

. A ) . - . .. . . . .
Antibody héterogeneity from an individual test animal may exist at four
levels as summarized by Steward and Steensgaard (1087%):

-

1) Antibo®Mes miay belong to different classes or sub sses, involving
structural and functional differences.
2) within a single antibody subclass, antibodies exist against different

antigenic determinants. .

‘ ¥ .

2) Antibodies against an individual antigenic determinant and bqlongihg'

to the same subclass still consist of different antibodies showing

. a

affinity heterogeneity.

50
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1) Individunal ant ibodies may possess difterent [)h_\.\i('.’ll"i)‘;‘()ll)'(‘l‘l ies bevond
those defined by the subclass definition (i.c. solubility, oross-
react ivity., contormat ional changes).

Fisen and Siskind (10040 demonst rated that ant iscerum from individuoal
rabbits possessed average associat ion constants \\'hi.(‘h diftfered as mich as

10,000 fold tor 2,4-dinitrophenol when assaved by ~t'lum'('>;(‘(tn(-<' quenchine.

In  retrospect.  this  diversity  in antibody ™ quality is  probably a
comservat ive estimate since the puritfication methods emploved by these

. . ;. N P . b .
anthors selected against antibodies oft low aft'inity (less than 10 litre
-1 . . . . .
- mole ) and cannot discriminat e between associat ion constants exceeding

oL -1 ' : - L o
107 litre - mole "o Protocols emploving amall quarnitities of  immanogen
i ‘

NA!" . .
(i.e. 5 me as compared to® 350, 100 or 200 mg) produced ant ibodies with

hisher average attinities and of which the aftinity for the im*no -n

increased as the time interval bo,(&!?ccn the 1mmmnizing injection and

bleeding was prolonged (Fisen and Siskind. 1uod: Siskind et al.. 1907

-~

werblin et al., 1073: Steward and Steensgaard, O3, Werblin et ‘al..

3

(1073) reported that a sionifj

cant.  amount ot the highest af'finity

3

antibody that a given rabbit would svnthesize at any time during the

immune response was already present by day 42. The theories of "ant ibody

. - 3 .

affinity maturation are reviewed most recently in St eward and Steensgaard
o .

(10%3)., - ) ~ .

The use of adjuvant during immmization has been a usetul method to

stimulate immune reactivity. EmulsTons of Freund's C(,)m;;]et,() ad._j'uvant
“(which contains M}'cobacterium) with immmogens has been demonstrated to
increase the inflammatory response in régiona-l nodes. theréby amplifving
‘the immxﬁé response anq helping to stimilate the eventual formation of

'/high affinity antibodies. Freund's ‘adjlivant, also partially protects

)

.

a,

o0
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certain l;ll)l']('?‘ antigens’ by increasing  their biological half-life

permitting fewer: subscequent .i.ﬁocu]at’,i()ns. ,

3. I)('v(:]()lpmo'nt of an Imminoassay

. The  types  of immunoassays used to characterize anti-nucleotide

antibodies ’in“‘(j]n(l() quant.itative pr‘(-.*(:ip'it,at‘,i()n analvsis, complement,
\ '

4 .
tfixation, passive  hemaggel 9(’ ination. hapten-conjugated  bacteriophage
»

inhibition. radioimnmmoassay (RIA) and ehgvme immunoassay (EIA). Excel-

lent  reviews  which  detail  these  techniques available .in  the

literature (Landsteiner, 1945: Schurrs and van Weeman, 1077: Munns and

Lissowski, 1050: van Vunakis. 1050). Due to their high /sen.qit.ivity and
their potential for antomation, radioimmunoassays have b‘een '. thel proe-
dominant assay {o assess "antisera during the past few decades. However.
within the past decade. enzyme immunoassays have been recognized by manv
laboratories to have -advantages compared. with RTAs. Criticism of the I'1A
methodology .is directed t,ow;n“ds:'t,hc use of radiéisntopes, which, due to
the short. vha]f“—]it'(: ‘of the most common isotopes used, limits the shelf
)

’

life "of the reagents. Furthermore, the
1

isotopes subjects the user to a potential radJl"ation hazard. j'iEnzyme
inmunoéssays ut.i ]izé enzymes to amplify the "signal” an(i thereby offer
gains . in .sensiti.vj t:y.g The 1imit of this amplification factor is the
ability ‘to -separate "S]: enal" (generated by the: specifically bound
enzyvme-labelled . antibody complex) from the 'noise" .(consequent upon

) ) :
nonspecific labelled -antibody binding) (Elkins, 1080). The EIAs may be
. R . '

R

divided int:(')': 1) .l1om5gen0115 ":’E:[Asv, more commonly called the enzyme-
multiplied immunoassay technique (EMIT) (Rubenstein et al., 1972;

Scharpe et ~al.,'. 1976 Wisdom, 1976) -and 2) heterogenous ETAs which

reliance on gamma-emitting

01



require scparation ot tree ant ‘i{_’;cn.nnd antibodies from bound antigen-
ant ibody complexes. 0f the latter tvpe of ETA, the most common technique
has been the enzyme-linked immunosorbent assay (FLISA) which utilizes
plastic surfaces to ;'1(1s(>1'l) ant ibody-ant igon complexes to effect separa-
tion from wanbound material (Engvall aun(l Perlmann. 1971: van Weemen  and
Schmn“s.r 1071) . ELISA nx‘t‘hodnl'ng}‘ f'md't“(-(‘hniqu('s have been the subject of
S)m[x)sizi proceedings (Feldmann et al.. 19701 Sever and Madden, 1077 Pu’
107> reviews (3Scharpe et al., l}),”(\: Voller et al.., 1070; .\\'i,sdom. 1070

Schuurs  and  van Weemen. 1077: Engvall. 1077: Voller et al.. 107%;

N ‘. o
Engvall., 1050} and monographs$ (BEngvall and Pesce. 1075 Voller ot al..
;

(0707 Maggio., 1050)., ‘ .- e

The early literature had suggested that ELISA assavs were less or

equal in sensitivity to RIAs (Dray et al.. 1975: Belanger et al.. (070

Miyai et al.,. 0¥ Jarvis, 10701, However, recent. advances in

. \:g o
methodglogy have emonstrated that the ult_.inint‘(* limit of sensitivity of

i

EIA  syvstems 1is determined by the nature of the antibody - antigen

interactions. Althoush ot,ho attinity  of the antiserfl.lm. is the .most.
important. factor amc;n{_"tihe variables that determine the sensitivity of
the ELISA. a number of p‘)aram?ters must. be optimized t.(y)'gain'the hishest
sensitivity.

These are:

1) Concentration of antigen included in the coating butfer to adsorb on

: Lo
Lowlel .

to the solid phase. ' A =

e ,

2) Times and temperatures for sample incubation.

3) Use of the lowest concentrat ions oOf antigen and antibody -with longer

/

times for substrate development.



\
4) Selection of enzyme-substrates which allow a greater ampljficafion
fuctor fnrlspeg;fically bound label.
In terms of ”the Sé]ection of appropriate enzyme - substrate

combinations. no grotk differences in a group of colorimetric ELTSAs were

h ]
)

ol ~cived (Schuurs and van Weemen, 1077). The sensitivity of ELTSAs has
I

surpassed Conveﬁtiona] RIAs by up to 100 fold with the use of eithér a
fluorogenic substrate (Katn et. al., 107# a;b: kato at~ al., 197H:
Hamaguchi et al.,  1970: Yolken'and Stgpa, 1979 Shalev(et al., 10K0;
Yolken andxheﬁgtgr, 1982) or a radjoiabelled s&bstrat?‘in éééays}cbmmon]y
described as USERIAs {van der‘Wgart and échuﬁrs, 1076 Harris'et‘a].

10707 Hsu et al., 1081). Therefore, the ELISA techniques have proven to

' 2
be more sensitive than conventional RIAs to 'the point where antigen -
antibody affinity may limit the assay. _ : /

The methodology that. shall be employed in this study is the

NMIndirect" measurement; of antigen as diagrammed in Figure 10 in which the

~antigen is used to coat the wells of polyvinyl chloride microtiter

plates. Degradation  of a chromogenic substrate by an enzyme vields ah
smplication factor which enables accurate and sensitive detection of the
o s _
sence of enzyme.

Immobilization of an ant¥gep to effect a rapid, facile separation af'
co L e o0

"tree" antigen and antibodies: from antigen - antibody complexes is

characteristic of ELTISAs. The most. common techniqué, and Ehatvwhichﬁgﬁ‘

part. of . the success of ELISA methodology, is the passive,‘_phySi@ai
adsorption of antigens and antibodies tol. plastid carriers’ (i.e.

- . . ~, ) »
polystyrene, polypropvlene, polycarbonate) (Voller et al., 1976)v The use

of disposable polystyrene or pé]yviny] chloride microtiter piates (vVoller

5 -

e
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i . hal I3
Ll . &
e }‘a : , S L .
ot ab., - 1078 it tubes. (Engvall. 19710, has  followed trom  this
PO o . . : . - . ‘ ~ : .
obscprvation. The o tion oty proteins to plastic surfaces is a result
. S 4 ;

LA »
4
- . - . N . )
.oft hvdrophobic ginteract ions between nonpolar protein substrictures  and

the nonpolar |)1(1\'t ic matrix. The 1 at ¢ and exte nl q,rt coating is depende nt.
- \‘(\m. g .

upon: 1) the'“ditfusion coc 1‘??( i m ()f' the, ;.adsm*bing_{ material:; . 2) the

» 4

ratio of the surface ;u“o.'{ t‘(igl)(;‘ (:km( ed, toacve 2 of agat ing, . solution: :
B . . ., Ty T A p o
-4 3) the ('()n(:vnt\r);xt,inn “of . the adsorbing vkl mces: 4) the temperature and

2 . 'k' . . -~ . :j i . ~
St the (hu'}u@t‘;gn Lof the  adsorption redction (Engvall, 1050).  The
R N . . 4 " } .
shortcomings off the physical adsbrpft oy of proteins to ~plastvic suri";uw:s »
. : . .

arc: 11 due to the loss of adsorbed prot ein, which may be up Lo’ 30°% for
. ‘ ,

the durition of the assay ., th(\ [)IC‘(]\.]()H J)f ’(‘n(‘ IIIQA J‘s ddvm%

aff'ected: 2) the plast e surf .'1C(\.< have a1 imited- uxpd(nty for ddsor‘pt:lorguu
. | o~

and 31 the adsorpt ion processgis nonspecific. "l‘hi&?, \]‘at'.tzer' pﬁob]em ‘mzl':v

“arise in - subsequent - steéps during the ELISA. For instance, dlﬁ}g; the

&

o

-y ) - Ve . . :
ncubdt ion’ of Lh('* 1mm8b1-] ized. ;miﬂ gen with "_1 mmun i zegl serum,- ang “,d_ur‘lng_"
’ X . L. .. oy X

nh;ltlon ()f h‘no[‘ antlﬂon g antJbodv C()mp]O\ with enzyme- lab"él]o
, : , 8 AT

ant.i. —[{_ZG Ant ll’)()dl(’\. ’twn r'oact 1()p< may  ocenr: 1) f;pemfjc b]ndlng Qf the

. : S5 s
. --vant.lgon \~'1_t:,}1 Cits cor‘req[wndlnp dnt 1bod\ cmd 2) non%pemflc gdsp‘r‘
-1. . > e ‘JJ‘. g ~ . - o, . ,
thg ant. 1bnd\ di rectJy ' oniiow-’ the so],id '-ph'as'm. However, - S0 o
EN . ¥ o ' T
ade&orpt ion may be minimi /e,q,\bv the. LnC]umon of ‘a.nonionic det ergent such s
v C. " ’ '
as - ”I‘wcen—ZO ‘in " the buf"fers which preve_nts @1‘3 format ion pf new .
L8 - . a
g : ' o : > saa

) .
hydirophobic. interactions between added prot,eins_ and the solid phase

without di sr'upt‘,\'ing, to any -apapr'eciab]e extent,’ those thydrophobic bonds . 5:}’
. ‘ . .

alread;\' pr'"esent. Norspecific binding of the enzyme—],abelled a’ntibody may : .

be pr‘ovented by coating unbound sites on the sol 1d phase w1th serum from Ty

a non-imminized am'ma] of the same speCJeq as the enzyme- ]abe]led LW

antibody conjugate. A T o S Cn



S
Frt

A . .
<bhie major factor

Jrotein’ in thd coating buffer is  generally

LA . ' o

/‘x“ Variability in (he adsorption process, daring an Fl1sA is probabiy
\ i ‘ e

in determining the precision of golid phase immunoassays
: N R .

(Denmark and  Chessum, 1975

Herrmann and Collind. 107007 However, the

W

A e - 7
drawbacks ol passive adsonption are part i;r] v (‘nmp(.nm‘utvd by the cast and
rapidity ot separation ot ant ibody - (un ioen compl eNes ; Prom free ant igen

ok ¢ |

S 0 . .
ant ibodv. Manyv: reports suggest  that the opt Iﬂ].l] (()n((ntrd( jore of

and

\

bt \\'(‘(‘n 1 - 10 He - ml

(Fngvall., 10501, Higher concentrations lead tu~ 1”( x( (1\('(1 ({(J\(n ption.
. A o) i f

two  general  problems
. . o \
! " . s ot 'J

Y .
adsorbed decreases and 20 there 1= an lﬂl"l"‘ﬂl\(‘(] desorpt idn durine the
A R .
course or th(* ELTSA assay probablw rel al((] t() '1.1\(,, ing or I%
. i
v - ’U . i -
. The ]()\\' yi(:ld- ot . 5'—( N 1()/\‘1[’ expe c‘,t»f*d in 13 I‘dd rapy dv
) ! - RS . N

oA Th 7 - . A : PR / = o
the =€ cof “a highly> s<,~n.~_;1t ive and Spv(tl"t i ;H,;.'ly_ ‘ llu-x'({t‘mfo;) f;,l,l.\y\
: ST . CLy , ) .

- - Yo N

b . ‘
hjn(h has thv pol (*nbm] to b(* more s nslf"?l\n- \Qﬁm (*Un\(‘n—

Ty

‘methodoloay .
it

- k]

.t«\g'.(:)rm] 4 RTAS due (o ('n/\m ‘%%npl 1t 1o .nl ion, has b( (‘v)‘; ‘«0]( ctied fuf':*.*t h(

el ‘,:L p . R “
developmen{ @ ofi an-assay ‘i'(n" = ;’f('_\'(‘l()f\.\if,'.. LS “ .o B !
i Lo . . . ! v, Lo - /
5 i 3 ‘ Te f
L N Sowd =5 ‘ «Lb ¥ Lo ,: K ' . o

MATERTALS AND METHQDS .

I. REACL\I\ .

7

Bovine “serum albumin 1%/\)

.. o . : ‘fi%"“’-' . T . n
Type' VITT (hemocyanin)_, alkq}li‘né‘ gphatase (1,1 U/ma) o Sigma ]0.1,1'1

Ph()C.phdt e Qubqt r at

. (p-nitrophenol  phosphate) ~and IX)I’}"()xyCi:h_\']en(‘.

£

sor-bjtan (Tweén 20) were purchased from the Sigma Chemical

monolaurate
: iy

Co.:. pb]y\f'ihy]_ chloride. 96 well microtiter -plater—;’ were purchased from

fetal calf serum. goal sel“lgn\ and Freund's
> : ' T e

%

Dynatedi Laboratories Ine.
adjuvants were glrc’h'asé'd fr‘om.bGich Laboratories 10C.; Zoat anti-rabbit

TgG alkaline phosphatase conjugate is a product of Mj]@S"I,a'bm“at()r-'ies

-3
. .

bt

‘-

(318}

. .
become  limiting: L) the p(l‘?‘r('“ldg_( _' J,t protein



L

st Fisher (homltk‘ﬂ Co. product..

LAN2  Imol)

1500 rpm for- 5.0 min then -washed twice more with dry acetone 1n_a

1

Tnge.: act 1\'at(“(l lw)(‘ SA R-12 meslr moleadar’ sieves were purchased {rom

[ w

Y

the JUT. B(ll\(‘ )5[’1;;ml((l] Co.; Sp(f(‘.t,l'n/pm'] Dialvsis membranes (MWCO 6,000

R

L \ . 5
-“MH,‘,OOQ){;N'(‘ a, product  of Spectrum Medical Ind. Tne..and diethanolamine

T ' '&(“5 o~ . R
‘1. PRE l/\R/\l 1ON OF PROTEIN-HAPTEN ¢ JTUGATES

A. Preparalion ot Hemocyanin=dm « ¢+ §'-cveloAMP

(R) S.5'=CveloAMPy (13.5 me 3.2 umol) was- dried in

“+ three consceut ive additions and evaporat ions of 5.0 ml. of drxspvridine.

. . 5 \ ,." .
followed by three consecutive additions and evaporations of 5.0 ml' of

drv benzene . iy a 50 ml. conical fl as"k.u The ;r“(fsi(lu(‘* was dissolved in a
mi"/\‘t ure of dry dimethyl sultoxide (.I_)MS())_ (2.0-ml.), (,L‘iethy]am:in(‘, (100
. . ‘ o M
pl . 720 pmeol) and tri-n-ect viamine (50 - ul. 114 pmol):rand transferred
) o - C !".'.. . - 'V\%f -
to g I3 x 100 mm borosilicate test tube. Carbonyldiimidazole (30 “mg. - LM
» . . o to . o ;

i

: ' . R O O
umol 1 was added. and the reaction mixture was stirred for 60 min at -

\.L, ‘ 1

T ey A e . ' . ! cm o,
oo tompératy $his solntion was added to a solution of Nal (57.3omg,

a

1t
AN ) Y - 2

CréSultant - white px-voi[;it'a‘r,o was vortexed. pelleted by centrifugation at

o

-

=

‘<imilar “manner. The imidazolide of (R) 8,5'-cycloAMP [I‘r;n('R) S 8,5

-

,g;y(.']n,»\\_ﬂ’.] Cwas cﬂ'a()or‘at,‘t?(];”_/t_\()‘ dryvness ¢ d then dried over P,jOg “for .2 h

//'\ .
bef &Qr( further redctxpn The -vlold of Tm (R) 8,5'-cycloMP was 58% (10.2

/ . A ]
< -

ma, 23.2 um‘()l»)".. > —— | '

A solution \\1 flemocyanln (SO'.D mg, 16.7 nmol)} im dry dimethyl

-~
.

sulfoxide (4.0 mI)’ was addeé¥ to 10 2 mg (23.2 . imol) of Im (R) 8,5'-

[

cycloAMP and st)yrfr ed for 60 m1n in a 70 °c water bath The solution was:

> » <

’ :
p]a(‘ed in a dla]yms membrane and dla]v/ed affaln@t 8.0 L (8 chdnges of"

1.0 1) of PBS (pH 7.4) over a period of three days. Direct esti_mates of

rach 1 th,
\ ((Q/\»H'lb

: S o . oo ) R ,";" by
25:0"ml of dry acetone in a 50 ml. centrifuge tube. The.

e,

o



Ox

NN

gt

4

. T ‘ ’ :
the optical “absorbance .of the conjuddtce were not made since the con-
Jugate precipitated. The conjugate was di huted to 10,0 ml with PBS (pH

740, Aliquots of 0.5 ml ot this mixture were dispensed into tubes and
. ) .

. » -0
stored trosen at -17 €.

B. Preparation of BSA-m () S.3'—cveloAMP

' (2) N1 -CveloAMP (0.0 me. 10 ymol) was dried in vacuo with three

~

consecut ive  additions and evaporations of 5.0 ml  of diyv -pyeidine

tollowed by three consecutive additions and evaporat ions of’ 3.0 mb ot
. ‘ R G

di'v benzence in a 30 ml (‘()ni(ﬁﬂ’] tlask. The residue was dissolved in a
: 2 b
P

mixture of dry dimethv]l. sulfoxide 2.0 ml ). triethyvliamine (100 ul ., 720

ks w2

-~ N Y «“.‘.. * N ) -
umol ) ;m'd.t,r-i~D4Ae'%(}.tA‘\'lnn1i11(\ (30 wl., 114 uwmol) and transterred to a 13 x

100 mm borosilicate test tube. Carbonvidiimidazole (N4 me. 550 umob)
. \ i) \

was added” and the reaction mixture. was stirred for 00 minutes at ‘room
SR ~ : ‘ B s v vy .

was added to a selution. of Nal (1635 me, 1.1
. W ‘ e i ! “

temperature.

acetone in a 50 ml cent K{g‘f’ll{_!(.) t%. e resultant
Wy - U . alCT 3 “ .
- . , .‘ﬂ, ::pf) ) . . ' .
white precipit ate was vortexced. pelleted by centrifusation 3% 3500, r'pm ,
o " X ’ o . "«w«"' ';'\ -
*for 5.0 min: then washed twice more with dry acetone in a similar
.. - ’ .

2y 3
RS . “ 2

o mmol )’ in E'.Q ml.

.i’

mamner. The imidazolide of (8) S 3'-cvceloAMP. [Im (=) >3 -cveloAMP | was
v} .t
evaporated to drvness and then dried over P,,()'; for 2 h before” further
. : o= (‘\3 ' .
reaction. The vield of Im (S) %.3'-cvcloAMP was 617 (22,0 mo.yo7
B = . . 1

3 : RIS

pmol ). ‘ . . , e u

’ . . . £ . )
A solution of BSA (50.% mg. 736 nmol) in div dimethylsulfoxide (4.0--

-ml.) was added to 22.0 mg 63.7 umol) of fr’n (S) n, 5" —cyceToAMP and )
¥ 4 ’ . J - ‘ o  J ) . "
stirred for 00 min in a 70 C water bath. The solut i(on~ was placed in a

~ dialysis membrane and dialvzed with 8.0 I. (% chagges of 1.0 L) of PBs

“(pH. T+4 )(JV;F‘ a.petiod ol f}ir __

N - . ' o
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st e '
The molar ratio may be determined spectrophotometrically by two \

methods since the protein-hapten congugate was soluble in PBS (pH 7.4).
" . , " e A'/ . ' N '
The mimber of (K) 5,5'—(;\/_(:{]‘,‘0/\%1}" (N) mpic(:ule.s; bound per molecule of BSA,

m according to  the_

n(moles/mole) may be calculated from A - /A,
( : ‘ 200 nm’ 280

2

t

following formula. assuming that the extinction coefficients of each

1
'S I\" i N 4
component. were not. altered by conjugation: -3'\"? o r :
oo :
g 280 /A 260 "
= e 07 200/ € .n\
BSA TA, BSA
n o 2580
‘ o 280 /Ay, cow Y
<00 REalN . ,
€ - € . . Z()() / .
N \ : A
250 Ry
o . ) {';l\;’ -
‘ ‘ A‘%V . &
] o N "‘: ] \'; 2 @.: Y %
where A,,(m;g/\q,go the observed absorband¢e at. 260 pm-to i
“y el * At ‘ P
o : . ; . 280 4 260
that at 250 nm of the conjugated materials: e 7 = 4.3 x 107 and e+
’.:”;- . T .“ . oo . O vt u o, . ' v i C
oL 104, “the moFar extinction coefficitnts ¢ “A-at. 280 nm'and 2000 ¢
‘ ? : v ' ‘ .'\'L"\?ﬁu“ RS e
‘ LT 3800 o 3. 2000
nmarespectively, and € = 5.3 x 10 and © € .= .
e . S e St . L
. L e e . - . _ -
extinction . coefficients of (S) 8,5'-cycloAMP -at. 280 nm and 266 nm

o)

respectively. The molar substitution ratio of the conjugate and BSA was

calculated in this manner from the UV spectra illustrated in Figure 17

(AZOCS/A"SO 1.05). The number of moles of (S) 8,§'—cyc]6AMP bound per
et . A . -

mole of BSA was 2.3. The molar ratio may also be Somputed directly from -
’ . b -~ ]

the UV spectra (Figure 17) by‘ calculating the d-iff.’ér'enc.e spectrum % ° !
A R ' ' .
- between the. spectl,ra of the conjugate and BSA 6My. This analysis
A‘:sugges'ts ‘that 1.6 moles of (S) 8 5‘:'.—cy‘cloAI\'IP are bound per mole of BSA.
; ’ ’

* The cdﬁjugat:e was diluted to -16*mL with PBS (pH 7.4). Aliquots of 0.5 mL
. ' N Yo o . C "' , .
were dispensed into tubes: and ‘stored frozen at —17OC. o :
| R AN - N

B ,
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FlGURF 17: UV Spectra for conjugation ot (S) 3 §v—r\('l(( \Ml’ 1o BRA by

the -imidazolide method. The mnl.u \ubst itut on ratio  (n)
may be calculated from the dit ‘ot (‘n(“(*' spectrim (se. ) which
is “obtained by, subtracting the vdbs(n‘l)(m’( ¢ spectrum of  BSA

il

(e==— } from the .absurb,mr( sp(*(trum of BSA-Im (S) S.§'-

%
s .. GyCloAMPH(&=), _ )

3

C. Preparation of BSA-(S) &,5'-cvcloadénosine 4

©(S) 8,5'—C}'C]Oadeno_sfine was formed }')y the deph(;sph()r-y]at 1:‘on of the
pax-eﬁt nuc]'eotl'ide (8) 8,5 Cvc]oA\ﬂ’ 42.0 mg (1 umol ) was dissolved
in 5.0 mL of ‘%oﬂrensen s glycine buffer 17 (pH 10.4) containing 10.0 mg
of ﬂ—kéh’ne phosphatase andvincubat,ed for 18 h a;,, 37OC-. Completidn of
the  dephosphorylation was assessed by following the loss of (S) &,5'-

1

cycloAMP by HPLC 1in the supernag ant. Crystals of (3) &,5'~cveloAdo

70



o I 2 " -
ated: flam. solut, fon and we e collected by centri Qe on at. 1000
d N P e y
R q{ \\P Iad '

vf‘l“}«l ()t (S) ‘\ »5'-cve ]0/\(]0 exceceded 0§57, Q

'5' S [Conjugation.of (8) 8, 5'-cycloadenosine (%‘"BF!\ was performed by the
of ;
POy

late g)xiclzizix;-:ji on ‘method  (Erlanger and Beiser, 1064). (S) 8.5
.. ;) L S .
Cycloafenosine: (32.0 mg: 2] umol) was dissolved in 2.0 ml, of 0 \I‘?"\H

¥l

Na]()4 and altowed to stand for 20 minutes at ambient. temperature. Excess

- . A

07, was de(‘omposed bv the addx( ion of 0.1"'mL of 1.0 M ethv]cne glycol

4

during a 5 min incubation at ambient t,emperdtnr'(‘ 'lho react. |on mixture

.
-

was then added wn,h, »stzlr‘mng‘ to 3.0 ml. of an aqu’eo{.ls solution (Adjust;éd
o Wl

mm "[hc m\ ’s{d] S were ashed twice with deionized water. The

0 v L
to pH v - 0,3 _\vi'FlL % NaCO,) containing 0§ mg (1.38 |mol) of bovine |
3 .

serum albumin. Qtnruw was contimed for 00 min and the pH was main-

tained at 0 - 0.5 with 1.0 N NaOH. At the end of t;hjs per*iod, a So]ul,jon

»;('(mt";jlinin{l';fﬁ-o mg (].10 mmol ) of NdB“4 in 0. L;nmb? }; delonued HZO W{ls

.” -

. addod %]()\\]\"ax)(i fh(-_ react.ion ml\turc was st }rr(l AP 18 h. One ml, of
D . '—‘:—.‘v\&‘(“

1.0 N HCOOH was added, followed one hour later b\ thed*addition c‘)f 1.0 N

NH4OH to bring,tvhe pH to 8§ - 8% The sc)]ut ion was p]ared in a dia]ysis

m(‘mbrdnc and- dm]\zed aﬂdlnqt PBs (pH 7.3) over the nO\L 72 h with 12 x

1.0 L changes of ‘buffer. The final volume of the dn]ysate wasbrought

-

“‘to 150 ml. with PBS (pH 7.3). Aliquots of 0.5 mlL were pipetted into 0.5

= e - ,f&ﬁm::‘.’

ml tubes and stored below —]7?C until ‘usé
' A o, ‘ .
The extent of substitution of (S)

\' ‘was

/ determined Specturoph'ot;ometrica]iv by Qu]at ing the dltference spectr‘(pm
g : _

<~ between the congugate and BSA (Flgur‘e ]b) By ans method. 5.4 molecules

~ -

{
of (S) K 5'-cy(‘]oAdo were conjugated ¢o one molecule of B?A The molar

substitution ratio.calcul ated from the Sspectrum of BSA-(S) 8 »5'-cycloAdo

: N
(VA206/25’O = 0.53) was 1.0.

By
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FIGURE. 1>: 1V Spectrd tor
BSA by “the periodate oxidation method. The molar substitu-
tion -ratio: (n) may  be  calculated from the difterence
spectrum ("+e=. ) which is obtained by subtracting the

_absorbance spectrum  of B\ (= ) from the absorbance
- s'g(}?ct.r‘llm of BSA-(S) A 5'-cveloAdo *

A ——)

TTI.  IMMUNTZATION AND TREATMENT OF ANTISERA R

°

Two New Zealand white female rabbits RO0O! and ROO2 were i;'lject ed

. i
\(Jth the hemocyanin-Im. (R} &,5'-cycloAMP conjugate. Prior to the initial
- ’ B 4 i ) : . : N
immunization. 30 ml of blood were col tected from cach rabbit by cardiac

- . ) I . )
puncture ‘using an 18 gauge cedle and 50 ml syringe to act as control
sera in subsequent assa.s. Each rebbit réceived 5.0 mg of conjugate in

0.5 mL of _PBS (pH 7.4 o

. e

conjugation of (S) 5, 3'-cveloAdo o

asiied in 0.5 ml o of Fr‘eund"_s Complete”

~1

te



S
adjuvant injected at miltiple subscapular sit ess - Subsequent ‘iAn']‘e(,:(. i:pns.

of 5.0 mg of (()rx;llg.aéf. in. 0.5 ml. PBS (pll - emlsified in Frm}nﬂ
N e

Incomplete’ ad mv(mt w‘ o
e it
“and*0l. Sera (30 ml) were C()Ilocto(l by cardiac suncture on days 21 ("pa

' Al
; bleed), 43 ("rb" bleedi, 60 ("re" bleed) and 80 ("rd" bleed).

~,

S

\""

."‘l..tdmlmst ered bv the same route. on days ﬁ? “!40

1

: a

< x
35

¥ ler

e s

Two New Zealand white female rabbits S003 and S004 were injected
. . . 3

—1&!

s

4
{9
he

with the BSA-Tm (S) 8,5'-cycloAMP cqnjugate.  Prior to the initial

immmijzation, 30 ml of_ blood were collected by cardiac puncture from

n"v}‘
. \id *
¢éach rabbit. Each rabbit reccived 5.0 mg of conjugate as above. Subse-

quent  boosts of conjugate in Freund's Incomplete adjuvant. were admini-

& ~stered on days 21 and 12. Sera were collected on days 35 ("sa" bleed)

and 50 ($sh" bleed).

»

Two New Zealand white female rabbits Al and A2 were jr’)jected:.wjt,«}‘l

Ry, . . ’ >3
the .BSA-(S)  §,5%-cvcloAdo conjugate. Each' rabbit y‘i}}?elvcd 6. &'-Uf,

s

w4

) , . '\)‘& :
conjugate as  above.  Subsequent.  boosts  of conjw&éﬂ%{ [1111 " Fr euma
g SN .
Wt

-

lIrSC(.)ﬁp].et,Q\‘adjin".\"éxnt, Iwér'e' administered on days 13  °5 ‘.41 55 and- 70.
Sera were collected on days QQO ("Aa" b]eéd), ‘120 ("Ab" bleed) and 160
("Ac" b]eedi.\

Immediately following co].]éct.ion of B]ooa by cardiac punétur*e. the

blood was al lowed to clot for one hour at 37OC the clot was rémoved a@d

the serum was “eent r*]f:ucred at 2,000 rpm fo 10 minutes aty 4 °C. The
. .
Supernat ant  was : drawn off and the seérum was recentrifuged tw1ce.
; < . - 2
~ Aliquots of 2.0 ml were stored at —170C. Repeated thawing and tefreezing
" . . a "\ i » i

were avoided.

4 . T . ’ . #"}
. IV. ELTSA METHODOLOGY Pt .
A Deter'mini\ng the Optimal D%ilution of Reagents .
1y The reagets- dilution assay is designed to de'teri’mi_ne the 'o‘pt,ima]

S .
T, v

=

Ty



rd

dilution of copjugat e nw‘(l t(i'-(“n.n th(‘ wells ot the, ml(lul iter |)]<lk(‘s.

- ) ' "}" L 'l\ *
the titer of the (lllt iseria. .m(}\'{h(' dilntion at which an FLISA reading of

.
NS

5077 maximm Mlue occurs. This screening assay was pertormed for cdch
H o . . '
e . !
bleed prior to inhibition assays, Negcative controls for this scereening

[

-2

assay  and competitive inhibition assavs consisted of's 1) no protein-

hapten conjugzate in all of the wells in the First row: 20 0.5 me. mb BSA

il

in all the wells il]L§h(‘ second row and 3 10 7 dilutions of seram

collected before the initial inmmization in columns one and two. Rows

three to eight of the . plates were coated with a 0.2 ml alignot of
o - T o
protein-hapten conjugate serially diluted in 00 mM coat inz buttfer (pH
A ‘ PR B

0.5) for 14 h at 4°C. The wells of the plates were  cach washed tive

tinfles in PBS-T (pH 7.4) with a pllast,j(' 'wa‘sh ‘ I)()_U](\.w Tao - pr(\(m

» . . o LT

non-specific “binding of the goat anti-rabbit TaG alkaline phosphat as

y O

conjugated antiseriuh to tde wells, each well was exposd 2 ml. of:

;o N - O . S . L
goat serum in PBS-T for 1.5 h at 37°C and then wastied five times with

PB=-T. S&‘l"l% obtalnod tr'om thv same rabbit befm'e and af'ter 1mmunizat ion

i o
f

was - %orla‘l@, d]]uted in PB\~ .md 1&}9 ul of the dJ]utmi seram were ad(lcd

0 I

. =0
to. each” well. After a 2 h incubation at 37°C, the p]a@ es were. washed

alkaline phosphatase conjugate per well (1:400 dilution in PBS-T)

.
s

~ supp]ement,ed with I%A f’eta] _can' serum to prevon( n(‘mspocit'i«(: 'bi_nding.

b
‘6& ~
then inhibited "with 50 uL/we]] "of 2.0 N NaOH. ~The extent of t,h(*,
-4 . v L .

The pxldt es were uaqhed fivd more times mth“PBQ T and thcn twice w1th a
\’ “L‘ - > . ) .a?’ \
0.1 "1 °dJet{{ﬁéno]am1ne buffer (pH 0.%) beforc agding‘ 0.1 ml/well of Sigma

o

104 1 Phosphat;ase Su’bsti“ate : (_0.1 mg/ml,) dl]l‘ﬁ;:i in 0.-b’,M diethanolamine

0 ‘

>

bufferu The (,n2vmatlc r‘eact1on was allowed to continue for sO 43 minutes’

enzvmat ic reactlon was, mea%ured 1151n0 a Dvnatech \&(100 \horop]ate Reader-

-t . 03‘

>

five times with PBS-T and incubated with 0.1 ml, of soat anti-rabbit Jg(;{)

<&




\

(Dynatech Laboratories TInc.) operating with a reference wavelength of
" .

010 nm and an operating wavelength of 410 nm. The spectrophotometer was

-blanked on an uncoated¥well containing a 10~2 dilution of preimmune

rabbit. serunv. -

B. Deve]oping' an Inhibition Curve

The ()[jt.'inuxl dilutions of antigen coating the ELISA wells and of

posit ivg, antiserum were determined in Section IV-A. For inhibition
s '

St,ndi(rs,."‘t‘,h(‘ dilution of antiserum corresponding to 50% of the maximal
( .

¥
’h

-EL I\A r(‘admp, from the dilution assay was selected In a representative
8
v

e\;xwant a semdl (h]ut ),én of a potential ththor was prepared A

1=0 %l aliquot of each concentxatlon of, 1nh1b1t0r‘ was added to 20 ul -

¥ ]

-1 . . .
of ;znit.1semxm diluted to 10 - Preimmine serum was.d‘l J.uted to a fln‘éﬂ;"

a2y

(li]l"l('flu()!‘ll corresponding to ‘that of the poSitive antiserus. - 'These
' : . U G

, nﬂ”'

P

solutions, were incnbat%d for 2 h at 27 C pxlor to addltlon to the‘

. TR ' W 5
micr(flfi'tzer p¥utes. -Exposure of . these eo]utmonq to the m]crotlter' plates
‘ - : ro
was afor' 2 h at 37 C, fo]]owjnn Wthh the 1nh1b1tor' Sdlutlon was

I

N K]

careful]v wa%hod from the we11< with -a TJtertek 8 channel plpettor and

4 .

five Changeq of PBS- T Addition of the anti rabblt a]ka] ine }\ohosphatase

\

second antibody and subsequent exposure of the enzyme substrate to the

-

wells was descr/ib‘id in Section IV-A.. o A N

V. EFFECT OE INC

.THE ANTISERUM
:

¢

Com t1L1v 1nhlb1t10n studlee‘were rformed as descr‘lbed in '

- ¢

Sec‘uon [V B 11€1n0 the (R) and 1S) dlaster'e01¢.omer‘<; of 8,5 —cycloAMP in

,_Lhe pr‘eqence of 10. 6 2.27 and 0.69 uM solutlons of 5' —AMP pr‘epared in
|

PBS- JWeen (pH 7 3).. The I\eagent antlser'um was fr'om Mre bleed

o~

7 =, . : °

R PRS

ASING. CONCENTRATIONS OF §'-AMP ON*THE SPECIFICITY OF-

5

. :‘{},"

U

4v



VI. DOSE-YIELD RESPONSE  FOR  THF  FORMATION OF  N,5'-cycloAMP  FROM
IRRADITATED SOLUTTONS OF 5'-AMP

o .
To investigate the formation of  S.5'-cveloAMP in irradiated
A . .
e
. .

solutions of §5'=AMP. 174 me (3501 umol) of §'-AMP were added to 00 ml of

a

(lei(")nized H,0. the pH ot the* solution Wit adjusted to 5,00 with NaOH and

~Hhe total volume was brought to 100 ml with deionized water. Aliquots of
- , o . ) A .
4 - . : ‘
2.0 ml of . thi's 'solution were added to cach of W - I3 x 100 mm
P) - . .

g . w M o *

horosilicate "th t(n-.( tubes. Samples were saturated with nitious gxide
. s : : N

(sce Ch:’ip(vel‘ 1 Met ~h()dsi forr 15 min prior to andgluring irradiation.
. . R .
dmp] es \\ér e dr r-adl,g,( Cd ~r1n tr 1pku§guto at 70.% Gy min in a lucite holder
(P] ate 1) in th("dnsb?r(mg_(‘ of 0 - .5000 Gy. - Following irradiation, the

LT

N, ‘b . : y . <L '.9, , ) " i ..<.
vo]nme of thc amp]&g h‘[l\ retu'rned t() 2.0 ﬂl,__»_\;ix,!?l‘x*ﬂ\;;/vlon‘ued water “and.
g : | T A

‘dl\lded into two 1,&% ml., p(ntl()ns. ()no series of irradiated solutiions

LR P KA PR—

- . P - ; . ~ 1 g < ..
recedved nd further, t,x"eat,ment..- The second’ seri es of 1.1-1-;1(113110(1 soluttons
. ! ~./ . N : ' ’

or<1.0 h ’m a 100 ’C water bath.' Fo].]()wi’ng_{

was hydrolvzed.with 0.3 Nt
ed to ].@ r'nL. Botxh Ser"i es. of hydrolgzed

R

and Lmhvdro]yzcd qamp]es werce (11 }%ed JO,QO‘—FOI(I in PFMI ’(pl 7-3) prior

s N s

. e IR o
hvdrolysis the vo]ume was)

. ST | x ) . i‘m, . ) i
to ,compet, itive i n‘h"i biti (m ana] }'31 s, Cali br‘at ion - "(.1 irves in~ which the
. g » oo : e Y
mo] ar (‘on(‘ent r‘dtf'u)n of 1nhlb1t or was p] ()t tod as a function of tho El TSA
. ” " “ . ‘J‘ R ) . . .
value p]et.c;d of each mi cr'ot: iter plate and the concéntra-
. ' }
tion of ,,., measured: from t heqo curvo\ . The r canent ant iserum
S & @ -
was ‘obtained frém "rc® bleed. .
S A . ! - i
Co “ . " - . e
R ¢ - 5 o »
N - .- - AR e '}' -«r .
. oo~ . LI L . \

£
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RESULTS

1. ANTIBODTES RAISED TO BSA- (Q) y 5! cv(]oAdO ‘ , \'» "'

-

A. Reagent Dﬂut]on Assay ’ 2o o oo

~A2nt1sorum from rabbit A2 immunized w‘!ﬁth ths Con]ugat(‘ ‘( "Aa" bleed)

' l v "
JN,.

was  streened  .using the - same conjl,lgate 'coated onto the ‘wells of
goo@ » '
“microtiter plates. The opt‘.lma]' dxlut ion of BSA- (S) 8,5'-cycloAdo far

coating the polyvinyl chlomde microtiter p]ates was | x 10 7,

. i . - . R . -
corresponding to ‘a conjugate concentration of rapproximately 63 ug/ml -
. ” e - \ .

. e . . ' . ' L ' . .
" (F;]'gure ]()). Reducing the conjugate concentr‘atmn ]O—fo]d r*esn]t,ed in a

Y

&.1gnJ f1cant decrease 1n the ELISA readi o Pla’ce% coated_ w1th a 31m1]ar
» g‘f ) : J . » . N
. : { .
~,‘concont1dtmn of BQK C.howed no %1gnlf§a cr‘os:—reactlwt\ “For t'he
. N g v
: TASSaY . . B‘%Af was 1nc1’uded Ln the ]]v dJluted an‘(bser‘um pt“epar'a—
tions. to adsorb dntlbodleq wluch are dJrected to antlgenlc deter'mlnantq
; PR
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PIGURE 10: Reagent dllutlon © assay . for ant1 BQA (S '8, 5'-cycloAdo
v o ,antlser'um. Antlser‘um contalnlng antl BSA- (8) 8,5',7cyc]ohdo-
~ ' antibodies was serially ..dil uted, adsorbed
'wells and screened with ‘thie’ ELISA procedure a
the text Dllutlgn of‘con\]ugaﬁe in coat 1ng b’
-0 10° ,‘.OIO ,and ®.10 o
. o ‘ Lo

to - microplate
S descr‘lbed 1?"
uffer: A 10

A\
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