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.« ABSTRACT

- . Ty

Varxdbs aspects of the physxcal and chemxcal prop- v

.

ertxes of mxtomycxn C bave been studxed in order to qaxn
: \_ . ’
:nforma;xon.qbout the mode of n-of th13»c11n1ca11y 0

1mporta5t antlblotxc and antxtuﬁbr agent The'}3c nmr

-

é ! e "'

¢

spectra of mxtomycln C and the sttucturally related strep-

‘tontgrln were analjzed and.the peaks assxgned _ The strohg

v =

con)ugatxxe Lnteractxon petween the N-4 nxtrogen ana the

‘qulnone group of m1tomyc1n C hhlch\has been prOposeé to

account . for the 'stability of the unreduced form,of the

-antibiotic, was 'confirmed‘.l -
L : . L

.

The interaction 9f mitomycin C with DNA was examined

using rapidﬂand convenient ethidium flhoresCence assays;

This 1led to th7 development qf an assay for measuring the

~

dblllty of varlous agents to covalently arkylate DVA.

-

Studies on the pH dependence of ‘covalent cross- llnklng and

'ulkyletlon.of DNA by mltomyc1n Cc, as well as work thh

LI

m:tomycxn derivatives confirmed, for the first time, the

]nvolvement'qf both the aziridine and carbamate groupq in

the covalent attachment to DN¥A. The step-wise nature of

L}

covalent Cross- llnkxng by mltomycxn C was demonstrated

and the reactlon sequence 1nvolved has been determxned
90551b1e-m1tomyc1n T metabolites were shown to have the
abxllty to cross- lxnk and alkylate DNA raising the possi— .o

beLty of thex& involvement in the action of m1tomyc15~c.

~o- °

It wasg found that m1tomyc1n C induces sxngle strand

o

. RN
o A v . rs
r 3 . ° :
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: - .
tscission in DNA by thq genpratxon Qf sugerox1d¢ and hydtoxyl

B

B
radxcals. ;deence was obtained for ‘the operation of a

. . o . .

\
proxxmlgy effect :n the-sc1ssxon process arxs&nq\ffbm the
'l"~ . v | ".

coialenthnteractxon thh .the DNA.v

Electro¢na1y*xcal experlmehts confxrme& tbe sbort

. , - .
life- txme of the sequuxnone of mxtomvcxn c. Quinono ana-,

. . )

_loqs of mltomycxn C were prepared.* Studxas o: the lnter—

, Al o

_actLon of these analogs with DNA supported the propo;ed

.preferent;al xnteractlon pf the azx:xﬂlne group with DNA.

'The covalent Cross lxnklng of DNA by avxrxdlnoquxnones was

. ‘

confxrmed and evldence ‘was obtalned’for preferentlal alkyl—

ation o’guanxne. The ab111ty to cros‘; =1link DNA Was found
to rorrelate falrly wellﬁblth antitumor act1V1§y

Poténtlal bloneduotlve alkylatlng agents were ;re-
p;red and structure—cgosq;llgklng ablllty correlations L.

were examihed.

'-.. ) .lyi‘ AN .
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* CHAPTER- I ' ' ,

-3 . > - .
. . .

~

. INTRODUCTION . ' N

The class o antxtumor antlbletlcs known as the mlto-

\\

sanes was d&qggzsre by HataI in 1956 and’mltomycxn C, one

-.component~o?.the éu1§ure broth, was isolated by Wakaki and

toworkersz from S¢reptomyces caespitosus. imwi958 Webb

et ,l showed that the nltosane structure was “a fused four

_rlng §ystem contalnlng both .an xndoloqulnone and an azxrx—
.'dine ring. ThlS structure was confirmed by x-ray analysxs,,
which also revealed the relat;ve stereochemxstry of the

.. - 4 . . .
four asymmetric centres. : ™

#
l — s
. X Y z
Mli?éyc1n AA . OCH3
Mitomycin B - OCH; f\CH
Mitomycin C NH, - OCH;’ . H
Porfiromycin . NH2 OCH3 CH3



o ‘ ‘
-

-

. The mxtosanes are antibiotics effectzve against
'gram posxtxve and gtam negative bacterxa, as well ‘as agajinst
some v1ruses.5 ,They exhxbit useful act1v1ty aqaxnst a

, var»ety of tumor cells 1nc1ud1ng Erlich 3scites tqﬁor

]
" Glioma 26 and Frlend vxrus ].eukeuu.e&n..6 Mxtomycxn C and

'porflromyc1n appear to ‘be the most active 1n this regard

and are now 1n,cllpxca1 use in Japan. They. have been fourid

to be most eﬁfectiée agaiﬁsé breast, stomach, and lung can-

cer, and cancer of the colon 7 Mltomycln é 1s toxic w1th

tolarated doses of approxlmately 40 mg per courSe of treat*

“-ent. '_ ¢ K

The presence of an actual or potential aminoquinone ‘ :

mo1ety in mltomyc1n C, a common structural feature of oth.r *k‘

- ,’,.‘ “,“

antibiotics and antitumor agents such as streptonigrin 3,, o
actinomycin 3, rifamycin 4, and hziridinoquinonesvlike'tre—

nimon 5, increases the interest' in the mitosanes.

peptide~CO

H
COOH peptide N 3

z



[

_Othgr q;ru:fhralusimilprities to the pyrroli%idine-aika-
ldids'(é.g;) senkirkine 6 which also exhibit antitumor ac-
. N [4 - A

tivity, provides aédicional impetus for studying this class

o

"of compouhds.
A

. Y . . P

.



- ‘siudiel on the Syntheggs of the Mltosaﬁes

. - ‘ '."

. 3

. . . & . -

despite the oqp‘}derable ettorts ot a nunber of re-

search groups 1n both North America and Japan, no rptal Syn-

-

thesis of‘the mitésané structure has been' reported to Qate.
Hhiss and hxc coworkers at Lederle Laborator;es be-

gan xheir synthetxc ctudies-in 1962 and in a serxes of*

papexs they descrxbed a stepwxse approach»po the Synthesxs
of the four rxng system. Th17 is illgsnrataa 1n‘6cheme 1.

Nu-erous attempts were made by these wor&ers to xntroduce

)

the az;rxdine-rxng. Converslon of 7 to the 1 2~ hydroxyamine

. and cyclization was unsucce-sful. .Att‘-ptt to 1ntrodncc
double bond between c-1 and C-2, so that other procedu}rsi'
(’ for formxng the D rxng could be trled falled due to rapid

lsomerxzatlon to 8. A flnal attemp to prepare the fused

» . R

. razlr1d1ne ring 'via a nitrene insertion was similarly un-

- -

successful. As a result, this approach ‘to.the total syn-

thesis of the mitbsanes had td be. abandoned. ‘ T

-

N

_However, in related.work Weiss and- coworkdrs® did

“
-

v
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dcvolop a number. of .useful mothods for 1ntroduclng the other

anprtant tuncti\ﬁal groups of the mitosanes. Thcy were,

able to cOmbine these mothoda in a conpatible manner to in-

itroduge both the quxnone and the carbamate side chain
(5cheme 2). This scheme was later moQifxed by Remers9 to

. allow for the’ introduction of the carbamate group at c-10 .
3 .

@ while St.lll maintaining functionality at crl (SCheme 3).

The product obtakned 7~methoxy-l-oxom1tosene 9, is a de-
gradat;on product of metonyc1n A-and represents the fxrst

link hetween the 'synthetic and degradatzon studxes on the
mitosanes.  ~ - o o : | .
-
Takada and hxs coworkers1° in Japan took an entirely

drfferent approqch. TheY'planned to 1ntroduoe the c r1ng
. % ,

and possibly the D r1ng intact into a- suxtablyditﬁitltuted.

a ting,. and then close the ‘cC-9,.C-%a bond to.give the mito-
¥ 3 .
mycin skeleton. Th;s approach is 1llustrate¢ ;n Scheme 4,

.The fipal ring, closure to glve the trxcycllc product in-

"y

volved the generatlon of a carbene at C-9 from the corres-

-« .

. pon8ing tdsylhydrazone 10 and insertion at tﬁe_appropriate

carbon of the pyrrolldlhe ring. Completfoh of~the synr‘ -

the51s of mltomyc1n C by thlS route would requlre the 1n—
troductlon of ‘the" correct funct1ona11ty at C-7 and C ‘10 and
the preparatlon of the fused azlrldlne ring system prlor tof

. 1ntroductxon of rlng 'C. -Work havxng a bear1ng on thlS last
point is deScrlbed 1n Chapter IV as a part-of a study on
the’ preparatlon‘of mltomycln analocs: - 1 ,“ 1‘

° N . . ) - >

Lo
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. A Japunoso group reported the synthesis of the tetrar
11

s

cyclic ring syftem of the mitosapnes in 1969, They mado
:puo ot the tr:cyclic pyrrolo compound L] proviou-ly obtained
by Heills (5chemc 5) They were able to ilomerize it to
11 by the zntroductxon of an ester group at C- 9 The aziri- :
dine was then iptroduced by iodine azide addition to the

dozble bond. This reaction sequence appears to hold grcat

prbmise since a procedure has been devised for converting . .
simiiax“&OmpOunds to the corresponding quinones.9 (. ,f

Franck and Auerbach also succeeded in preparing
the four ring mitomycin skeletong(Scheme.6). Their iyn-
thesis began with a é@mi%gr tricyclic compound 12. Singlet
oxygen oxidation introauéed a ketone at C-3. The double.
.bond.in ring Cywas then activated for 1,3-dipolar'cycfo— - .

addition with phenylazide. Subsequent photolysis produced

the fused aziridine system.
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Biosynthetic Studies

In studles deallng w1th the blosynthesls of the

2
mltosanes, Wakakl

[

found that the relatlve amounts of the
dlffercnt m1tomyc1n€ produced by the organlsm could be a1~
tered by changing the culture condltlons. Klrsch and his
:cowo;kersl3 develobea a chemically defined.medium which’
supported production of mitosanes by'a'wild culture of
Streptomyces verticillatus. This allowed ghgm to dnder—‘

. o . AT
take a systematic study of the effect of various organic

metabolites on mitomycin production:



The presence of an lndole 11ke nucleus in the mito-

saneathucture suggested a bxosynthetlc pathway 1nvolv1ng
4

che amino-acid ttthqphan. However,_the addition to the
culture'mediuﬁ of_compounds-structur511; or biosyntheﬁically.
related to the indole nucleus had no effect on'antibiotFE.- *
yield.  similarly, &ddition of ‘%c-labelled tyrosine or -
t;yptophan pzoduced no label lncorporatxon.13-’14 ’On‘the N
nother;hand, 14C label was 1ncorporated when labelled L-
métﬁfonine was supleed to. the culture mediam. Thls, along
wrth the thibitof§ effect of ethiohine, avgnown antagonist

of bloIngcal‘transmethylatlon by methlonxne suggesis that
L—methlonlne is 1nVO1ved in the methylatlon of sites 7 ;nd

Work by’ Hornemann and coworkers14 16 has shown .that

el 1P
Y,
‘label from D-g;ucose and f:om D-ribose appears in the methyl-
benzoquinene moiety (ring A), which is thus probably de-
rived'ftom these sugars;' A second study with-multiplé-

labelled D—glucosamlne 13 squested that this sugar was -

1ncorporated intact in the formatlon of rxngs B, C,  and D.

_CH,OH - NHC»ONH2~
e ' (CH,) 3 *
~—OH - CcH_COOH
: OCH——L— Nh, NH,

.14 °



In addition, _L-citrulline 14 was shown: to be an intermed-

iate in the insertion of the cagbamovl side chain of mito-

mycin. ' .
17

Recent work by Lown and Itoh;.’ described the syn-’

thesis of a hexahydro-2,3-benzazocin-S-one 15 and its con-

-

version via t nular interaction to a 2;3-dihydro-15-'

- <

: pyrrolo[i,Z-x]indéle 16, the A,B,C parent ring systems
. - \ ' . ~ .
of the mitosanes. This result led them to suggest:the

. following biosynthetic scheme involving-a similar trans-
. - o °

annular ring closure (Scheme 7):
r e

- ' d i "
15 SO2 §H4CH3 p
“ " Na’ 7 :
) ’ liquid NHy - L .
= - - T . . ,  ——
W
— 1o | .
.CH3.

.15
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As,is readily apparent, considerable wdfk,:emginsrtq

be done before the biosynthesis of mitomycin is fully eluci-

dated. In Chapter II:the analysis of the 13C.nm: spectfum

of mitomycin C is presented.. Tﬁi§ information.sHEUJd prove:-

.

useful for further biosyhlthetic,_incorpdr_atiqn‘ studieé in-

VOLGing';3C-1abelled,compounbs, thﬁs giving a more. detailed
. Ce w . ' . . \‘ to-

picture of the metabolic’ precursors from which the ‘struc--

ture of the mitosanes is '_’derived.
3 R - 3 y-4

R



o wzth DNA xs summarlzed 1n Table 1

,17

i ) . PUE . . ° : . . V» * '
‘Studies on the Hechanitm,of Action of Mitomycin Cc “

v

-

Hitomycxn C-exhibits strong bacterxcidal and antinea-
plastic actxvity.: In addxtion, 1t ‘also shows mutagenic ac-
tion agaxnst both bacteria and Dtosophlla, causinq gxant

cell formation and other abnornal gtowth such as tilament

.

gformatlon. It produces extenslve DNA breakdawn and trag-

'S

;mentatxon of chrowesamgg and is 1nsttnnnnta1 in the sstmnt;”

lation of chromosomal e changes and ciEfsing—over.i Mito~
f

mycxn C. produces selectxve 1nh1b1tlon DNA synthesxs and

1nh1bxts thé synthesfs of 1nduced enzymes.5 Thus Lts ac-
txvxty seems prxmar;ly to be directed toward the DNA of ‘

the cell. The evxdence fo: the .interaction of mltomycxn

3

,Egle B < L.

. e e .

-

vadence for Lnteractxon of Mltbmyc1n C thh DNA

1. Bacterza exposed to mxtomycxn Kol exhiblt an xnxtlal flrst
order decllne 1n v1ab111ty that melxes a single h1t _

mechanlsm.' ThlS points to the bacterxal chromosome as

the site of actxon.'" P e ...lf

2. produces selectxve 1nhibition of mbnltored DNA synthesis

. X
in bacterla '

3: Extensxve degradé%{on of DNA accompanles admlnxstratxon'

N

of m;tomyc1n C “\

4. Chromosome fragmentation-isﬂa result of DNA breakdown.
e

5. Mitomycin C is mutagenlc for both bacteria and droso-

:Phlla.. ) . Coe .{ﬁ,.

-
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xycr a" St"\lskila carried out a serioc of expcri-
nonts in which the‘ﬁblolated the DNA from bacterial cells

that had been treated with mitomyczn-c.‘ They foupd that

" on heat denaturqtion of the 1solated DNA, folloued by rapid

T A AT SR ]

cooling and denlity-gradient contritugatxon, most of the .t L

DNA appeared at the. density characteristxc of renatured—'ﬁ
.mnmmummammumiabym»
‘tured DNA¢< :yey concluded from this that the complementary

‘.,strands of the DNA were be&\g covalently cross-lxnked.

The dxfferent behav1or of denatured cross-linked and
‘\’ »

'.uncross-lxnked DNA on density—gradlent centrifugation arxses

because the uncrossellnked bNA does ‘not renature to double
'stranded DNA on. rapxd cooling (Fxgure 1). Thls is because'
the re—reglsterlng of the separated complementary strands

is a slow and temperature dependent process ~ On the other -

' hand,.xn covalently cross-linked DNA, also called coyaIT

thiy linked~comp1ementary DNA:(CLC;DNA), the cOmpi;;entarf .
strands cannot completely separate on heat denaturatxon and
the cross*link may serve as -a nucleatlon point for rapxd
renaturataon_to double stranded_DNA.» Studies have shown
that\once such a nqtleation-point is present, the propoga-

‘tion of the helix proceeds at 107 - los-base pairs‘per‘sec-

on_d._19 T B , ‘ ' A L.
~Shearing experxments with the cross- llnked DNA pro-
duced a decrease in the amd//t of double stranded DNA found

atter heat denaturation (Figure 1). This 1nd1cated that the "

S §

(3
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i.v-irs,

-dependent on mrtomycxn concentration, temperature; and' -

e

tA

. .\1 . ’ . : voe * LA i ) .
. . .

. . PR i .

uitomycin crossvlink- were infre ent. 'It'hasﬂbcen:estif-

’

mated that mitomycxn forms one cr

-1fnk per 20,000 .base . - .
is Y o .o
ol - .
o
The rate. of covalent cro¥ ,kxng was found to~be A -

o

18 4

Evidence that cross-lxnking is the primany faéche .

s s

anism producing the letnal effects of -mitomycin C in bac- o

'teria was supplied by Szybalski and Iyer”e whp.showeq that

'Thxs is- no doubt |

the -rate of cell death correlated well WLth the degree’of

DNA-cross-linking. Although mltomycxn C also produces ex-

rensxve DNA breakdown, this process is slow compared to the" 1

rapld lethal effect on bacterxa.» The work of 1yer .- and
Szybalskl indicated that ipactivation of ‘all cell} nuclei
~£& -
bxdgne cross link pe e should result'1n cell oeath.
A S .

inability of the complementary

strands of the‘cross- inked DNA to fully separate thus

making it impossible for the DNA to replicate unless some
repair mechanism intervenes.

Interestingly, the transforming ability of mitomycin

cross- llnxed DNA is only gradually lost 18a . This provides,

i
t . .

further nce for the 1nfrequent formatlon of cross—'
) . & .
links. 51nce normally only small DNA fragments.are invol-

~v&é-in:the”transtrming'éCtiVityf‘the few éndwhiaelyhseo?

arated cross-1links wounld probably not prevent the localxzed
denaturation requxred for the transfo:mxng activity of DNA,

unless a cross-link ocourred close to the DNA fragment -in-



Volved,

The mitomycxn nugleus contains several reabtxve

- groups which could serve as the active sxtes for cross-i'

linking:
» .1 . thé
Jdcd",z;,.the:
. 3: the
4. the

Changxng the 7

effect on the.

‘mltosanes.zo

. ’

Y-amiho_of 7-me£hoxy-group' ” .
?afmefhoxy‘o;'hYﬁtoxy'group'
aziridine ring - . - . '

carbaméle side coain o o .

~amino or 7-methoxy group had only a small

lethal and cross- llnklng act1v1t1es of the‘

It has been suggested2oc d _that the C 7 sub-

stltuent may modify the redox potential of the ‘quinone and

thu% effect the b1ologlcal activity. “Replacement of methoxy

: w1th hydrOxyl at position 9a produced a decrease in activs

1ty, while replacement with hydrogen produced an 1nact1ve

.compound. However, the mltosene derivative 17 in .which the -

methoxy group has been eliminated is stild a very active

compound. Thus the‘9a-position is-also not involved in the



alkylation procols, and in fact, the lubstituent at this.
poaition is eliminated during activation of the mitomy-
cin.lsb hrtomycxn derivatives in wnich the aziridine nd‘
ttogen was alkylated retained their-activity, while N;

acylated der;vatives, in which protonation of the azxridxne'"
nitrogen 1s preventeq, showed decreased or no activity.

Furthermore, a21r1d1ne rxng-opdhed compounds showed no

.cross-linking ability. . Thus <he strained azlridxne ring

‘is 1mp11cated as one of the alkylatxng sxtes. nlvatxves

-in which the carbamate.ls replace by hydrogyl s ‘wed d?_
creased biological activity. Methyll“ggﬁof the alcohol ‘.
to glve the'coirespondlng methyl et;et, ﬁ%oduced a 8omp1ete
loss.of "activity. Further ev1dence for}hhe 1nvolvement of
the carbamate 1s prowided by the demonstrated abllrty of
ethyl carbamate to alkylate DNA in vivo. 21 . - v
Attempts to induce cross‘f&hkingfin pnrified DNA by
hmitom§cin-in vitro were unsuccessful. However, if' a cell- '
freée lysate from mitomycin sensitive bactefia was addedf
eﬂchxent cross—lxnklng was observed. 18b Thls 1nd1cated
that mitomycin must be activated prlo croes-linking.'
Further 1nvestlgatlon suggegted that :;??actlvatlon pré-.
. cess.was an NADPH dependent enzymatlc reductlon of mlto-‘
-myc1n to rts hydroqulnone. Crossﬂllnklng of DNA by m1to~
mycin could also be 1nduced by chemlcal reduction w1th
sodlum erohydrlde,_sodlum dltﬁlonlte, or by catalytic re-

duction by hydrOgen. The reduced species thus formed is

*



quite unstable, since for crols-linkinq to be observed, DNA

-had to be addeqfikithin seconds after the completion of the

chemical reduct n. Chemxcal reduction of mitomycin c fol—'

- lowed - -hy reoxxdatxon gave the aziridine rlng—Opened deriv-

ative 18 JSlah showed nd cross- llnking abxlxty.

Il

The stability of,the unreduced mitomycins is re-

"lated to the résonanqe bet@eéh forms A and B which results

. . « %

in’ partlal w1thdrawal of electrons from N-4 1nto the qu1—~

none r1ng and consequent stablllzat1on of the 9a—methoxy

- i - hd c e
I . B y -
.
.

.23
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o NS - .
' substituent, an otherwise good leaving group. 1Iyer and

Szybalskxlab havohprooosed that when mitomycin is reduced

fhe conjugative interaction of the indole nitroqeﬂ with ‘the

.szx—membered ring is lost ~The li?e-palr electtons on the’

N
N- 4 nxtrOgen can then. assist the elimination ¢f the methoxy
Y /

followed by formatlon of the fully aromatxg’xndole system

(SCheme 8). ,\Thxs proposal is supportgd/éy the facts that

/ o
~\\\\M methﬁnol was 1solatéd quantxtatlvely from reduction of

L]

ycin C18§ and that the m1toq&c1n~der1v9t1ve ‘17 shows

act1v1ty comparable with that oflmltomyc1n 1tse1f  Fur-

'ther activation at C-1 and. Cj}O/can then lead" to the co-

valently ‘linked complex with\DNA env1sxoned as 19 \,

- i . . . - o

The activated form of mitomycin 20 shows aﬁsiriking

L ]

similarity to pyrrole analogs of the pyrrolizidine alka-
loids e.g;deoydroscnecionine 21. 'Both are bifunctional
alkylating agents with similarly located linkage points.
There.is evidence suggesting that senFcionino activ&ty

may involve covalent cross-linking of'DNA..22 The alkyl-



Scheme ‘8

i .
Reduction
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" CH
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“ating ability of structures such as 21,may be associated Q'

with the possibility of alkyl-oxygen cleavage of the allyljco

ester linkages. - '> _' : S 1

—» alkylating sites

Attempts t® determine the sites of élkyfation on the
DNA have been made diffi?ult by the low frequency of cross-
links, not exceeding onetper l,OOﬁ;bd;e pairs.lsa( Iyer
and Szybalski have shown that the degree of cross-linking
increases with 1ncrcasina (G+C) content of the DNA,IBb in-

dicating that either guanine and/or cytosine are the most

favored points of alkylation. Studies [by Lipsett and



labef?ed porf1romyc1n, showed that guan051ne polymers were
alkylated to an extent at least four t1mes hxgher than
other nucleosxdeﬁbolymers. Atﬁ%mpts to-alkylate S\—AMPyir

reduced mitomycin gave no alkylated

2'-UMP, and 2!-CMP w

hucléotides._ However\ guanine, " guanosxne, and 5'—GMP all

-

underwent alkylation to uve .two products, guanyl and di-
i ;

'guanyl-mitomycin, lation of tritiated s-RNA thh

1.“C—labelled porfl b whs examined. F@llowing alka-
11ne hydrolySLS of the RNA, paper chromatography revealed'
two radio- labelled products correSpondlng to monoalkylated
- guanine’ and dlguanyl—mltomyc1n There was no ev1dence for
the 1nvolvement of C- C or G- C blndlng sxtes More recent
. work by Tomasz24 has cast some doubt on the reported chro-,
matographic separatlon of the mitomycin~-guanine complexes,
however, the guanlne reszdue still appears to be the most
likely sxte of alkylatlon v

The N—? and 0O-6 positions of guahine are the most
sehsltive to alk}lation in DN;;’ Cross-link's between the"
N-7 positions of the guanines on the opposife DNA strands
has been postuLated for crose-lihking by nltrOgen ahd sul-
fur mustards.25 However examlnatlo ¢ space fllllng
models of DNA and of mitomycin, revealed that the short
(4,3 A) four carbon span between C-1 and C-lO of mitomyc;n,
severely limits the ch01ce of potential binding sxtes on

the DNA. 18¢c The best f1t with the models was obtained for

-



Y
lxhks betwaen the 0-6 p051t10ns of. the guanxnes
: Further evidence aqalnst the 1nvolvement of the N- 7'

posxtlon of gquanine in- the alkylatlon by mxtomycxn c was

presented by Tomasz?s-who deScrxbed a new assay to measure

-

7- alkylatxon of guanlne residues in DNA.’ This assay is

' based on the fxndlng that alkylatlon of the N 7 posxtlon

o

of guanine derxvatives makes the C—8 hy ogen extremely
labile, resultlng in rapld exchange of the C- 8 hydrogen

with the solvent under physxologlcal conditions. when DNA

e

. labelled with tritium at the C-8 position of guanlne resi-
\J
dues ‘was exposed- to mltomycln C under ‘the optimal condl—

tlons for .covalent binding to DNA in. JLtrO, no loss ‘of tri-
tium from the DNA was detected' thus Lndlcatlng that mito—,

mycin C did not alkylate at the N- 7 posxtlon of guanlne

reslduea in DNA. ' . | 'p]

3’0
J A recent paper by Tomasz and coworkers24 proposes

g

an’ meortant role for the semlqulnone of mitomycin c. They
suggest that the: semlquanne comblnes Wlth DNA in p non-‘
covalent manner in a rate determlnlng step. Thls 1nterac-

tlon w1th DNA, which is proposed ‘as 1ntercalat1ve\yﬁ:?a-.

ture is then followed by further reduction to’ the hydro-

quinone and covalent binding to the DNA. ‘
Weissbach and Lisio?’ used triti’d mi'tomy.ci_n o

14 ' :

“and “%c-labellea porfiromycin to study.the'alkylation af

DNA. They found that as many as one drug molecule per 1,000

base palrs was attached to the DNA. This is a much larger



f_denatured sanle st:anded DNA also showed alkylation by

-

»*

'fiqure than the one obtaxned by Iyet and Szybalsk1 in thexr

-estxmate of the extent of cross-lxnkzng Purthermore heat

-labelled mltomyc1n. Thxs 1nd1cated that only a smalI prop-'
iortxon. approxxmately 1 in lo 'o{ the mitomycin nolecules o
that alkylate DNA is actually lnvolved in. ctoss lxnkxng. e
- The other molecules must .either alkylate the pNa with only
one of the- actlve 51tes qn the mitomycin.or must alkylate
‘twice on the same DNA " strand Thxs type of mechanism,
_whxch will henceforth be’ called alkylatxon of DNA as op-p
posed to ‘cross-linking of DNA may have some lmportance in
the mode of action of the mitdsanes, since some mltomyc1n .
'derlvatxves in which the azlrxdlne rxng has been opened °
retain their blOlOglCal actlvaty, although lt is greatly

20 1C slmxlarly, other monofuncé!onal alkylatxng

agents are known which also exhlblt blologlcal actx‘ 28

'reduced.

For ‘the most- part thever, monofunctlgnal alkVIat1
gents tend to be less actlve “than the coq‘ﬂspondlng blfunc-,
tional compoundsi Thus alkylatldn of DNA, although it © -
doesAnot abpear to be a grlmary mechanxsm must be con51d— -
'ered as a'possible seconda}y mode of action.

It has been reportedvthat*mitomycin C produces ex-
tensiue DNh breakdown 29 Althouoh;this process is rela-
tively slow compared to the tapld lethal effects of mito—
mytln ¢ on bacterlal cells it: has been,suggested as a

p0351b1e mode of action for the drug A 51mllar mechanism



o .

. "o
- .

has been proposed for other antitumor agents.22 30 ‘Ihe»ﬁigﬁh
| breakdown has been expla;ned as being related to the ex~n-

cision phenomeuon connetted’ with the repair of mit0myc1n—_

~

alkylated DNA 3bwing to the stlmulateﬂ productxon of .exo~

fnudleases.

LAY
’ .

" Thus -the mode of actxon of mLtomycxn c appears to.--
. be two‘ 14

cross llnklng and alkylatxon of DNA

® 2. degradatxqp of DNA L S S

‘As a part of our. work on mxtomycln C the crOSSolxrkxng.
alkylatlon and degradatxon of DNA by thxs antxtumor antl-‘
-b&gixc was examlned by a rap1d and convenxent ethldlum .
bromxde fluorescence assay. The cross- :linking and alkyla-
‘tion of DNA by m1tomyc1n C and some of its derxvatxves was
studxed as a functxon of pH in order to obtaln'lnformatxon'
about the sequence of the cross llnkxng event The prefer—
ence for'hlkylatlon it guanlne bases was exam;ned by a
study of cross- 11nk1ng thh DNAS of dlfferent (G+C) ‘corLJ
tent.’ An electrochemical study of the reduction of mito-
myc1n C was carrled out.and the redox potentxals obtalned
‘were related to the oroposed ‘mode of actlon of the antl-'
tumor. agent“ Lstlmated lifetimes of the 1ntermed1ates in.
the reductxon qf mltomycxn C were determxned from cyclic
_voltammetry and related to the proposed anolvementﬂpf the
semlqulnoue 1nothe mechanism of act10n. The degradation'°
Qf DNA by mitom§cin € was explored by examining“the_inducf



- tion at sin91¢ strand sci:a»ons in covclcntly-ciostd cir*'

.cular DNA (CCC—DNA) hy the ethidium fluoxp:ccnc--nqiqy.-» -
'rhe dqtails o: these s:uain, the temltn obt:aimd. and - l'j IR

thoix relatxon to the,mode~ot action of nitonyein C ar.

w e
Vi e
v B

mrm‘ - mr xu ot “wide. mk» RS AR

Studies on Htt Aycin Analoqs

Despite changes 1nVO1vxng the substxtuents on the

_"-1tomyc1n skeleton many mitomyc;n derxvatxvns st&ll show

"mantxbxotxc and antxtumor activxty.’o' All of these com-.

RN

' pounds seem to have one common feature the quxnone ring

sttem. Other benzqu1none derivatxves have been shown to

.be good antxbxotzcs and antlneoplastlc agents.32, Iany of

these,_xncludxng the clxnxcally 1mportant antxtumor agent,

trenlmon, 22 ‘have other features in- common thh the mito-

-

2

mycins, such as aziridine and carbamate groups. For the

'most part their mode of ‘action has been prOposed to 1n-

volve alkylation of DNA.




: Hotc recently, Nakao and Arakawa
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beon synthésftod cnd their antitunor activity te:tod.

U reenen in . cacm-m closedy e

a sotiqs of. uino und hydroxy beuzoquinonen havc | _‘q .

34 have pmparo& s nrics }
ot quxnones containing both aziridina and carbanate tuboti- | .~
sabiting vhat of wite-" L
nycxn C. Tbsts revealed that many af these conpounds uorc |

very act\ve an&icumot agents and in aevetal casen nuck? more

actid( than mitomycin C 1tse1f. Since it segmed lxkely

that tgngechanxsm of actipn. of these-compcunds involved ‘ .
crots-lxnkxng qQr alkylatxon of DNA. we undettook to syn—

thesxze some gt them - and~to study their xnteractxon.vith

DNA using the ethidxum fluorescence aSSay. Other aziri-

,dxnoqulnones that ha& exhlbxted ant;neOplastxc actxvxty '

s

'1n Chapter Iv

tween. the alkylatlng sites of mltomycin C, the number of

,possible'aikylating.sites on DNA is limited."ln order’ to

were also prepared and studled. An effdrt was made to.cor-

. ?

.relate the blologlcal actxvxty ‘of these compounds thh

their structuxe. -Results of these éxperiments are reporﬁed

Because of the relatxvely short span (4 3 A) be-'

-

prov1de greater conformational flexlbrllty between the

alkylatxng centres, a’ series of mltomycxn analogs 1n which

.-the c-9, C—9a,bondzhad been broken were prépared. and thexr

alkylating and antitumor activities were investigated.. =

These studies are also described in Chapte} IV.

.Recently, Saito}elli,and coworkers have begun a study

.-



on pogentiql bio:eductive alkylating agents related to the_

: nitosaﬁei.za 35 It had pxeviously been proposed that the

portions of mitonycin essential for bioloqical activity

'oould'be repnesented as 23.20d Satto;elli squected that

LU

locelization of ﬂn Wiu Mﬁmc -

could rgsult.in_o-quinone methlde-lxke intermediates which

could act-as the'alkflé;iné.aéent'(Scheﬁe 9). Consequently,
they prepated a. serxes of substltuted naphthoqulnones 24

-benzoqulnones 25 which on reduc-

-] ¢

-

tion could rm guinone methides and. thus would have the .

-

-
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!potqntlal‘to akkylate bNA; These compounds were tepted for
antitumor activxty both tn vitro and in vtvo and. many wete
found to show signxficant actxvity on reducxion. _
COmpqunds of thls type, especially those havxng
‘caxbamate side chains at X and Y,.wgre of intetest to us-
.since a study of the1r abilxty to alkylate DNA could pro-
vide useful informatxon about. the alkylatxng abilxty of

the carbamate qroup in mxtomycxn C. As a result, a'serxes
‘fof 1snmeric benzoqulnones was prepared and tested for cross-
linking and alkyl;txng abx;;ty. W1th the collaboratlon of
Drg‘SArtorelli, thepe‘compouédé are bglng ‘tested for anti-
.tnmot aqtiyity Qnd possible sg}uéturé;activity-relation—
ships wil} b; examingd;'-fhese experiments are éresenﬁed

in Chap'tgr iv . . |

" 38
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THE 13c ap Yi NUCLEAR nAcNa nssouan;g SPBCTRA o#

. - uxrouvczw c AND srkspronrcnxn o L K

Mitomyoxn o and other telated mxtosanes are potent

. antibiotics

S .and are preson;ly An mlinical usa*in Japgp as
antitumor agents.s' Conszderaﬁle xnterest has been shown
13 127

*‘in their bxosynthe51s and in thezr-electronlc struc-

ture and conformatlon as 1t relates to their mode of ac-

tion.l® - . : ' ' ) o

We undertook to carry out Spectroscoplc studles, in-

-

cludinq“the natural abundance 13C spectrum of mxtomycxn c
and the structugally related streptonxgr1n.36. It was hoped
'that the posxtxon of the quxnone resonances would p:oV1de
information about the proposed stablllzatlon of mltomy01n
C in'uivo. In addition 3 full ana1y51s of. the 13C spectra
of these antxtumor agents could p0551b1y assxst in further

13C label—

bxosynthetlc studles employlng 1ncorporat10n of
led substrates and in characterlzlng synthetlc analogs.'
The stabllxty of the oxidjzed form of the mjtosanes

‘has been attributed ‘to resonance between forms A.and B

36.



whioh :esults 1n partial withdrawal of,electrons from : ¢

“.dnto the quxnone ring and consequent ltabilization of the a
: 18b

. 9a methoxy” an otherwxse good lbaving group. Such, con-

.ﬂu at1ve interactxons would be expected to 8 ft the posi-
9

tion of the qulnone carbonyls to higher field as compared
5to unconjugated quinones. The spin decoupled 1H nmr ‘spec-

trum of mitqmycln C was also obtalned to ga1n 1nformat10n

about the conformatlon of the antxblotlc in solutlon

’The 1H Nuclear Mggnetxc Reqr»ance §pectrum of M1tomyc1n C'

Y

\ A 100 MHz pmr spectruh of m1tomyc1n C"in pyridine-
?ds ‘was obtalned (Figure 2). DGhble lrradlatlon experi-
'ments were carrled out ln order to a551gn all of the pro-
ton sxgnals and to determine the* proton proton COupllng

consté¥ts (Table 2) The ‘double 1rrad1atlon e;perlments
. Table 2 ) S

-

Double Irradistion F\pe:imcnts on Hitonycin C at

100 HH: - _Proton .Spectrum
- : Lines Collapsed . Meagured
" Proton Decoupling /-_- . Rematning
Irradiated F'rethncy (Hz) Orfginal Form Final ‘Form. Coupling (Hz)
5, 538 dofa, 3.96 (1) . d 9 10 " 10.5
B0 502 a of ¢, 3.96- (ny) a Iy 100 = 45
u, 453 d-of 4, 3.56 (5,,) 4 BEARLER
B, 00 . -dofd, s.36 M) d 31003 100" 10 s
8, 400 B t, 5.00 () . a J10,10° = 10-5
L 358 4, 4.50,(33) s‘ J3q0 = 13
5, 358 d of 4, 2.68 (M,). 4 I, =5
m, - 270 4 of.a, 3.6 () 4 I3 = 13
u, 270 - e, 5.9& m) . T, sas

37
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Figure 2. 100 MHz pmr sbecgrum of mitomycin C
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in pyridine—dsf
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t;veal that the C-10 methylene proténs at 6 5"00 And'S 36
are diastereotopxc with unequal couplinqs of 10. 5 and 4.5
Hz to the c~9 methxne proton. In'addxt;on, thg dlhedral
anglerf H—L2~C3—H3 ig 90° since the vicinal coupiinq'
consiint. 23 = 0, in aqreement with the molecular goometry
for the solid phaée as xndlcatqg by x-ray ana1y51s of the

) 4

* N=— brosyl dexlvatlve of m}tomyc1n A 'jThe observed value
‘a N .

of‘“12_= 4.5 nz is aldg-cbnsistent with"is—coupled aéiri—'
dine ring prOtdnslf The broad 51qnals in the reglon § 3.7-
4.6 (3H) were exchangeable with deuterlum oxide and are
assggned to NH and NH2 protons..

A This infofmatioh‘gn the co rmation of mitomycin,

C in solution -is of in;erest in tion with its pro-

posed'mode of antibacterial act ich as discussed
above is belioved to involve cross-linking of the comple-
ménfary strands éf DNA by bifunctional alkylation at the
reactive centres C-1 and C-10.

The }3C NMR Spectrum of MitoﬁYcin C

A natural abundance 13C noise decoupled ngg-Epectrgm
was dbtainéd at 25.15 MHz on a O.ébé'm §olutiog of-ﬁito—
mycin C in pyridine—ds. zll'fifteen-caybéns are cle;rly:
distinguishable and appeér as singlcts£"The spectrum
(Figure 3) can be divided into tHreeCregions{ low>field
carbonyl carbons, middle range édiqén@,riné and quaternary
carboné, and saturéted~cafbons a£ high.fielé, ~

L2
>
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»

- i The following carbons could be reaéily assigned by

'compafison with commercially available ethyl carbamate 25;

6'168.0 ]C;lpay carbamate carbonyl), & 62.7 (C-10, CH ).

2
In contrast, the poor agr%ement fqr.the éuinépe.ring carboﬁ
. . . ‘ - -
. -0 .
Lo ca3_c1¥20gn'52 K -
_ T 60.4 158.4
26 )

——

‘signals at ‘6§ 104.5, 107.0, 150.0, and 156.0 and for the
carﬁonyldresonances at 6§ 178.6 and 176.8 with thosq of the.
quinone models 27, 28, and 29 signified an unusnal struc-

ture for the quinone moiety of mitomycin C. Resonancel-

°

. o 187.4 _
' CH
: ; 3 CH
13076 oy 140.4 o
’ CH
.} ‘l CB3 . 3
. -y , V,"t - -
27 T 28 23
o S S . . ;

. o . " - : . ’ T : . 3 '
intera tiqn of the type shown in A and B could explain the

v ’ ) °

poon agreement with the simple quinone models.

Pullman .and Pu}lﬁan have pointed Jdut the strong con-

jUgétive interaction ©of greups directly attdched to the

. 41
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éuihdne ring.”’. Since sxmxlar conjugatxve 1pteractron has:

Ne

been establzshed in sxmple amlnoquxnones by other spectro-’
SCOPIL means,38>we sought lnformatlon_on this' (A «f B) in- -

teractibn and confirmation of ‘the lac signals of.m;tomycin

et

:C by examining compounds 3 - 34.

« . :
' 183.6 158.2 .
Y \oo 5 63.9 /) -
. N _ CH:——CU—OC\HZ-
’ ' -.t >
o33 ¥ e .
T c T :

- ‘, 



() . The pyrrolidine and pyftoiihe quinone models 30‘- 33

- were ptepared by :eact;on of the tive-membered tlng hetero- :

cycle with the approprxate quxnone under oxidative condl-

'_t;on4.39 The 1ntr0dudt10n of the 2,5 nlt;ogén substltuents,\,

'-

«Bltespecfrvely. Model 34 also permxts the assanment
’a”lso;o,to‘é—v; & 156.0 to. C-5a, and 104 5 and 107. 0
to C—é and C-Be, although -at the present the latter paxr ~

o

cannot be dlsetlmxnated further.

-

SIn’ order to observe the peak: multxplxcltxes, ue)also
'vrecorded the off -resonance decoupled 13C -‘nmr spectrum of .
‘mxtomyc1n C (Table 3). The 62. 7 ppm absorptxon became a
-triplét hneer theseicopdltlons confarmlng its a551gnment‘
‘as 0{101 The oely.othér triplet signal et 50.7 ppm is.

‘therefore unambiguously assigned to C~3, consistent with

. . s __— .. . ,
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) mndéls 30. 31. and 33. The absorption at 6 l 7 becanc a

quartet under orf ruadnance decoupling and "the siqnal ae :';“

e

8°49.7 appeared ,a doublet but. mnynwoll have' becn-a q“"‘i""

"tet,_ On the basis of thzs informatiOn and by comparicon

LS~

@

1

vith 3! the 6 - CR3 carbon was as:igned to 4 8. 7 Thcre-
forp the & 49 2 peak was ascrxbed to tho 9avnethoxy carbon.
The line posztlon 43 also in excellent agroement with lit- oo

:.eratugg vamues of 51 0 ppm‘fox nqtngay 9'°“P"iqj-§*$§¢Au

.

“vsiqnals appeared as slnqlets. All except the line at 111 O

Y

~

‘ppm. have prevxously been . assaned, allowan its Absxgnment
to C 9a. : jf : ' ‘, PR ':-.‘ -‘\ ,A o
%. Three signals appeared as clean doublets ‘on off-.

Jesonance decbuplxng, at 44.5, _36. 8,_and 32 8 ppm, corres-'_‘“

pondxng to" the three meﬁhines in- mltomycin C. Models 35,

°and 36" 1nd1cate an upfleld shift of the azirxdxne ca;bons

-

235

due tO'qn.adjapent ox?geh'function. on this' basis C~1 and

S

e
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._,ﬂc-z \nro tcntaéivcly aotiqnod to 32. 8 qnd 36 .8 pp- ru-pcc- ‘,\.
“ tively, permitting tm nuqmm of C-9 at 44.5 Ppm.  The |
. btcycloaziridinco wore pxdpatnd by 1;‘3-dipolar cycloadditioh
fonow-d by thormul or photochnmical dccompotition of tbq
1ntemdiate cria;olinos. . ' ' Lt :
v ' . !
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F._',fe The ‘;?Clﬂnt'ggg ctr gg of sg_gptohiggin o ’; N ~.;1.'
Stroptontvrin 2.10 an entibiotic and antinoopldstic o

agent deriqu txon Strcptonyacd Flocculul.‘l Strcptoniqrin ' .
“and -ItONycin C are oimilar in a numbor of respects-‘z " " o

s V.

(a) bothrtontain the aninoduinone noicty (b) both solcc--

)
- . . ‘e
r .. .

2

tiyeiy }nhibxt DNA synthesxs in bacterial cells (c) both"

initie e bacterxal DNA degradat;on (dr the primary cyto- A
Atoxib actxvity of both appears to be. connected wlth 1nh1b-
ition of DNA qynthesxs3° a5 (e) ‘both must’ be actxvated by

roductxon to. the hydroquxndne fdrm ‘This poxnts to the.
bxologxcal sxgnthcance of the cpmmon amlnoquxnone moxety )
in these dru); so a’ comparxson of. the 13C spectrum with

that of mxtﬁmycxn is approprxate to see if a similar con-'

Qlﬁugatxve 1n€eract10n obta;ns for streptonlgrln. The®fore,

[



. . . . .
L s P . . . . . . . ’ B Y . P
." wses ,'V‘. ow L R i P - A RREE . ﬂ_. .n . . . ’O‘n..\,. s .,\‘ B

13¢.notsc d-couplod nmr npcctzun of q n,xso u ‘olution 'z-.;'iﬂn}
ot .trogtoniq;in 1;\ _pyxid&no-ds w.u obt.ai.ned (riqnn 4).
“In otder to aid xn tho assiqnment of pdakq, nn off-t.lonnﬁco . .
docogpled ap‘cttun wat glno obtnincd té detcrminc tho nlqu-

‘,na1 nnxcipxiciéxc-,

.

All twonty‘fxve carbons are clearly vilfble cnd
‘sovoral firm asslqnaonts could bc readily made (?ablo 4). :1' ;
The' four Aijgh field signals at 60.3, 60.1, -36.1, and 17.6 '; L
'“na- qcih ﬂﬁi’ciartOts.aa-bc!-zo-nnaoc Bleouﬁﬂluh !ho SN
lattor was assigned to’ ehe C-3' methyl group by conparison SR

Lwith the quinone models. The remaining three quartets

(13

véra assxgned to the three bcu3 groups._' )
;'. ‘Four’ slgnals became doublets on . dff-resonanee de--

coupllng as tequxred by the structure of streptonlgrin,

s 133.57 126 2; 125 4 ~and 105.1.. of these, the }attet

twcx are tentatxvely ascrlbed to C-8' and C-9' respectively

on the basxs of- subst;tuent shift predxctrons for model

37402 4rab1g 5). - ~ . Q
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‘13¢ chemical Shifts in pgmﬁfrbm ™s ot‘sékiptonﬁgrin as

0.15 M Solu;idn'iﬁ-Pyriaihé-ds at 25.15% MHz¢t

— T~
_ - ‘ ~ Carbon

. Mult¥plicity* .‘  Assignment

- Chemical Shift

S 181.1 1 IO . I ]

176.9 . I T S s,
63 - . s . cQH
161.0 . . e L. s

' 154.2' . --,5 R - ,' k | .. Sa
150:0 - - R T e'i'
N s ‘ T

‘1449 - .. s T 10"
141.9 - : ‘:' s - S
136.6- . 8. . 2
137.8 - - 's, 3 a2
137.1 . s et
135.9 I s 6
135.3 ,". . s . 3
133.s .- . & ' Y

¥30.7 s o1

127.4 - 8 . ' Ba ~_

126.2 . a . R 2

{cont’d.)

.80 .
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Table 4 (cont'd.y ‘
» . . ‘ . ‘ . ) .v°;.- ‘o ‘ C boD", »}
.Chemical shift Multiplicity* . ' Assggmﬁent .
o - .t IS
x25.4 a -8 ‘(é
"116.4- s rAl B
105.1 . a ‘ 9
60.5. . ' q
T 60.1 q ocus'.
$6.1 R . u q e
17.8 q CHy
el -
* Determined by off‘—reshonance d_ec‘oup.ling_
.t Ldck signal pyridine-—dis. ‘Chem'ical shift data using a
4K. data set are accurate to t0.05 ppm." > A
. -t , . ) - & . -
. )

51



‘Table S
————

82

0

. Predicted Substituent Shiftg on 13C absorptions 013;1

Carbon 1-0CH 2-OCH, - 3-OH Q-PE;:g }fedlqted
‘ ) . LTy 2 routiom‘_

10 430.2  -15.5 418 -1.2 415.3 144.0

n* ~15.5  430.2  -12.6 +0.4 +2.5 " 131.2

12 . 0.0 15.5  +26.9 -1.1 -=1fl3 439.0

7' -8.9 0.0 =-12.6 +13.6 -8.4 120.3

-'w‘

8 . 0.0 -8.9 +1.8 -1.1 -8.2 120.5 P

0.0 -7.9  +0.4 -23.0 105.7

9 - -15.5

<

A

Base position for benzene taken as 128.7

The-13

C spectrum of picolinic acid (Table 6) served

to establish the position of the carhoxy carbon of étropto-

nigrin (at 168.3 in good agreement with tWat in picolinic
ac@d.at 167.8), and also provided a base for'substitdén§ ;
shift predictions. The remaining low field peaks at 18f§1;~»£ e
and 176.9 were assigned to the quinone éarbonyls, sttan&Q :

C~-8 respectively by analo

gy with mitomycin C.

Ny ¢

°
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| Table 6
. 13C Chemical shifts in ppm from TMS of P;colinic'Aciq as
) 0.2 M Solution in Pyridine-d, o 25.15 Mz '
R .
‘ . Carbon
Chemjcal shift Multiplicity Assignment
167.8 s 'C02H
150.3 s 2!
149.7 d "6
137.2 a - 30
9
126.7 4a - 5°
125.1 a. . ‘B . A
‘N |
The 13C spectrum of the streptonigrin analog 39

(Table 7) provided valueble information about the che ical
shifts.of the quinolinoquinone carbons. It allowed the
assignment of the remaining two doublets at § 133.5 and

126.2 to C-1 and C-2 respectively. Fqﬁthi{ comparigbn

g f,,'with model 39 led to the assignment of ﬂhe'signals at 141.9,
- - - - ' !
N ‘1 g%w « .
:( 5‘ A . 1;‘_. R -
A o v.,. S v....a’l.-}’
il <
2. <.
A
A

Ve



. ., .8
. " Table 7 ° : .
. : ' . M
13

.

- N . . ' -
C Chemical Shifts in ppm £rom TMS of 39 as 0.25-M

‘Solugidn in (CD,),SO at 22.6 MHz

_ 3 . .
- | - ./

_ . : . . . . Carbon ;Ti? .
Chemical Shift . » ‘Multip;icigz . Assignment

180_.3. ) o s . -5

175.8 : _ s . T . 8 | )

152.2 -~ a _ 3 ——

146.3 s - sa

141.7 o s T

135.7 s . 6. .

133.0 : a | : 1

129.1 . s - "~ 8a

128.1 | . a . 2

59.6 ~ | g -, OCH .

.~

135.9,-and 127.4 to C-7, C—§, and C-Ba.‘ Peak; at 161.0
and 154.2 were tentatively asérlbed‘to‘C—3 and C-5a.
Further éssignmcnts were made possible. on tﬁe basis
‘of substituent shift predictions from model 37 (Table 5;
and modcl-ig_(Tablc 8). It is recognized that the addit-.
vivit§?relatio%ﬂhips for four substituents probablfhhave
severe limitut . ns so that Tables 6 and 9 are used ohly

as a gulde 1n the line assignments.

5¢
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A M ~
] .
. N )
. ’ ’
40 - .
Table 8 )
' 13 40 ‘
Predicted Substituent Shifts on ~"C Absorptiops of 40
- d e a° ) e z : Predicted
Carbon B{;g JvCHJ 4-Ph S-N'Hz 6-Ph ]..-CO.:H . ;-Position,
2 150.4" -0.1 . +0.4 . .-9.5  +0.4 - -8.8 ° 141.6
3 1338 - a0 w3 - a2 41.5. 4.5 134.3
' 4'  136.4° 40.7  +13.1  -12.7  +0.4  "0.0.  +1.5° 137,9.
$'. 124.5° -0,4  -1.1  319.2. -l.1 +5.1 . +21.7 146.2
6’ }SO..6c -2.8 +0.4 ~12.4 +13.1 0.0 .-1.7 148.9
Lot v 3 .
a - Base is C2 of d-picolinic acid *
b Base is C3 of B8-picoline
c¢ Base is corresponding carbdn af pyridine 3
. a Reference 40a .
¢ Reference 40b . -

The gchemical shifts of the quihoﬁe carbo

-

nfl‘carbons

in mitomycin C, streptonigrin, and the aminoquinone models

all show a proﬁouncea upfield shifp_éomparéd to simple

benzoquinones. This result is consistent with.conjugative

interaction of the nitrogens with the carbbnyi

~

L]

L 2%

PR

groups,

‘55



'shtonqu supportxng the proposed explanéiiqppfor the sta-

bility of the oxidxzed form of mxtomycxﬁ C.f It also sug=
«

' gests that a similar stabxllzxng ef‘fect may be. tpcoqrring

in streptonlgrln. .The 13

C and streptonxgn.n shouylad prove valuuble for further" b:.o-

synthetlc studlies employxng the 1ncorporaﬁxon

labelled substrates and in characterizing synthetic anands.

-
. o
13 .

s ' Bxperimental

‘;-
s

Throuqhout thls work meltxng poxnts were determined

C peak assxgnments for m1tomyc1n

of 13

.

on-a Fisher -Johns apparatus and- alongwith boiling 901nts

‘are uncorreutrd- Infrared spectra were recorded on a Perkin-

-~

Elmer model 421 spectrophotometer and only €the pr1nc1pa1

sharply defined peaks are reported. Absorption spectra

were ‘measured in 'spectro’-grade solvents on a Beckman DB

. B T . .
spectrophotomeéer; Pfoton,magnetic resodance

spectra ’
(pmr) werg reeoxded on Varlan A -60 and HA- 100 analytlcal
spectrometers. The speatra were measuf‘ﬂ on approxrmately

©

10-15% (w/Q) solutxons in approprlate deutera‘ﬁe solvents

with.tetramethylsilane &w reference. Line pos

itions are

,repofted in _parts per million from the reference: -Mass

-

&spectra were determined with an Associated Ele
Industrles MS9 doubie focusxng hlgh resolutxon
trometer. The ionization energy, in. general

Peak measurements were. made by comparlson with

.trlbutylamlno at a resolv1nq power of 15,000.

. . v
ctrlcal -

mass spec-,

was 70 eV.

perfluoro—

E%emental

56



2 - R N N Lo
v 3 LI \

. 5. . ' . - . - - . " 4

;m;croanalysxs was carrxed out by Nrs ‘p. Mahlow of this
department. In the work-up procedure reported fgr the" T
various‘syntheses describeqd, solvents were removed with a ~

xotary evaporator under reduced pressure unless otherwrse R

. staied. ) o N ;
- » R . ® i ~ . «‘. “e
The 13C nmr spectra in, natural abundance vere ob—:

’

taxned at 25 15 MHz in 12 mm $p1nn1ng tubes in deuterated

sulvents on a Varian HA-IQO-;S instrument u51ng tetra--

- e

metnxiéilane es:referenpe; Typically fbrnmitdecin CAeJ

. teral offiooo scans werée made'for multiscan averaging and

@Inxvmulated with an xnterfaced Digitab’ FTS/NMR 3 data sys-’f . r:"
teq‘t Addltxonal 13C spectra were determlned at: 22 63 MH2 :
4in )0 mm spinning tubes in the Fourxernmode usxng a Bruker/ f

HFX - 90 Spectrometer in conjunctxon with a Nicoletr1085, ) ST
O

20K memory computer._ The spectrometer features a deuterlum

=

i lobk s§stem ‘a BSV-Z rqndom noxSe (800 Hz band-wxdth) pro-

decoupler \énd a BSV-2 pulse generator -amplifier.

-~

- [y

yatgriaISu.

" Commercial mitomycin C (Calbiochem Inc.) was used

.

dnd characterized spectroscopically as folldws: . .

o LY
Infcared speetrum vmax TFG;:I): 1595 (quinone Cc=0); 1700; ;
1720 (OCONH) ; 3260. 3300, 3420 em™ ! (NH, NH KR : e

- .

Absorptron spectrum ‘m « (CH 3CN)': 540 nm_ (lOg € 3. 43)

- 359 nm (log £ 5.37); 350 nm (log e 5. ii. 5’0 nm (sh)
”loq £ 5.03). . . r

/. '4 ) V ) ‘. . " -




. B s %

.;\‘. . “ e . '.-’f - , N .
.. * o . : ’r\‘ - . ;“v ;'
"; o‘.Q‘ R ‘ A T . . '
Hass Spectrum Base peak 302 (M-CH,OH).

3
O
Pure streatonxgrxn was kxndly supplxed by Dt. H.B.

-

A

wood Dtvxsxon of Cancer Treatment Nation&l InstxtuteS'
‘1 .

of Healtb

xfhe purity of the follouxng commercxally avallable

"cnmpoundn was established by 1H nmr spectroscopy anﬁ by

The *“°C rmir spectra. 8oms (HA-100-15 pyridire-a,):
' “( : | C o aney 146
,14.8 ‘Sﬂa",§°r‘ (gﬁz)..lsa;c (ng).. GTMS (CDC13) :
14.5 (CH,); 60.9 (%§2§:;1si.a’(930), A
. ' B a .
4= i 7
]L,_.Benzogulmng ;—,- | _
© - Phe 133 nmr spect'a- S, (HA-100-15, pyrldlne-d )q

Eompatxshn of melting points w;th literatuzu alubs.
¥ :

.
.
.

Fthxl Cargamate 25

» Ve

'13

-TMS

/ .
1306 (8h)4.18];4 (C=0). § -teoct, 146: 1364 (el

187. 1(c=oyz _ - :

-

. 2,5 Dxmetbyl Ljhabenzquznone 28

@ 13

-+ ' The C nmr spectga: § (HA—IOO-iS, pyridine-d,):

TMS

15.2 (tu ) ; 133 6 (c- H), 145.7 sy CHS) 187.9 (C=0).

’IHS (ext) (RFX- 90 dlmethyl sulfoxlde-d y: 15.7 (CH3) ;

. 133 8 (C-H); 146.2 (g—cn3); 188.5 (C=0). .

A Tetramethyl'—l,4-benzoquinone 3L9_ i

) 13, . ce 2
.'rhe q;ﬂmr_ »spectr}um G’I‘Ms

12.2 (CHy): 140.4. (C-CHj); '187.0 (C=0).
) S = ) =

(na-loorls,’pyridine-ds):

oA _



. 153.7 (C-N);

v . | ; ‘;n . :: S ,“vA'_ : . W%;
2 ML§—Dimgthy1~3 s-b4sggytrolid1no) -1 4-benzoqpinone 30
!his compound wa- prepared in 17\ yicla by the method

'of Crosby ana Lutz.’? ‘m. p. ‘149-150.5° (:

150 ). .

13 L
_-C ‘AmI spectrﬁh Grus

12, ‘ (CR )' ] 7 (Cﬂ Y: S3. 4 (Cﬂ

t. m. p. 1(9- i -

v . @

,xbgo, pyrxdxne-q§)  .;” .
N) & 103 Tag-eny; T
193.7, (c=01 .- o |

2,5sni51pxrroi'dino)-l,l-benzoquinone 51'

und. was ptepared in 62% yxeld by -the pro-

'tosby and Lutz,3’- m. p. 245-250° (dec.) (lit.

3. 48"

.. This &
cedure ot

‘m.p. 211-240
13

v

"‘g; - The ““c nmr spectrum érus (nprso, coC13r;\ 24.4 7 ,

MCH,) 5 50,9 (CHy=N): 99.9° (C-H); 149.8 (C-N); 180.5 (C=0).

’2,S-ﬁimethyl-3,6—bis(3epyrrolino)—1q4hbenzoquinone 32°

L4 .

Thls compound was prepared 1n 70% yxeld by the method

39 Upon heatxng it changed from a dark -

of Crosby: and Lutz,
'putple to a white solid between 164 172° and melted at
242.5-244,5%. ~ ‘ o L.

| Anal. Caledi for C16H18N202 {mol. yt. 270.?368]:
- C, 71.09; H,36.71; 'N, 10.36. Found [(mass epectrum)
270.1360]: C,.70.89; H, 6.48; N, 9.96. o 3
The infrared spectrum v . (CHCl;): 1610 cm™ ! (C=0).
-'1. N R = - - ,
The "H spectrum 6THS(CDC;3)'- 2.02 (s, 6H, CHj) s

4.54 (s, 8H, methylenes); 5.85 (s, 4H, vinyl) . S B Y




e 3¢ nnr lpectm Srxs (n-1oo-1s; pyridino-d ) :

, (CH,); 59.8 (CH, u), 102.0 (c—c:r n us 6 (vinyl).

- 1548 (g—n), 183. 4 ,€=0) . e L
i . " ,‘. . . L '

'euprxc acotate monohyd:ate qnd 0.05 q. (12 nmole) of pYrrol--

idine in 20 ml of~methanol was purged w1th oxygen. thle

\-\ bubb1;ng oxygen through the roaction mixture, a solutior

© of 0.42 g (2 mmole) of 2- (B-carbamoyloxyethyl) S-methyl-

34a

.1 d-benzoquxnone in 75 ml of methanol was added at such

-;, a rate that the temperature rerfained between 20- 30" Qxy~

genab;op_yas ‘continued for 1 ‘hour after all the.qulnone
had been added
. el
. ca,'S ‘ml- and chromatographed on a column of neutral alﬁmxna

.(woelm), elutang thh methanol. The fxrst fractlon was
collected and evaporated affordlng 0 367 g (S3% yield) of

'33 as ‘an oil.

343.1845) .

.Aqal. Calcd. for’-CIBH‘zSI:lao4 (mol. wtf :
“Found {(mass spectrum) 347.1847).
fw?’ H nmr spectrum GmMS(CDCI ).‘ 1.94 (s, 3H, CHjy);

.1.89 agd 2:01 (2 multxplets, 4n. each, Hy and H; of ﬁytrolQ

idine riwgs); 2.85 (t,” 2H, H’A, Jag = 2.5 Hz);

12 multiplets, iH éqgﬁg H, and H of pyrrolidine rxngs),

L% s ..
. 3.95\ (t, 2H, Hy). : %p
.0" 0' . .
B - . . - . .
A ] ¢ - =t ‘s .
. . S » : s .
. : Ny . R -ﬂ--hc N ﬁ -
- “ . .. - &, 7“.\ ) " s
) * ’ 8- I A R g

),-s-mecr&h ~3,6<bis (pyrrolidino) -1,4- 4
\%*_/ .

The .solution was. concentrated in vacuo. to.

3.36 and~3'74'

P



i

l" .
.
¢

GS o (Cuz-quinone); 53, 2 and 53 5 €y and Cs of pyrrolidine R

N ting.): 63.9 (CH,0)3 102. 4 and 102.9 (c-ca2 and c-cH 3)s

.g*j_ﬁ

Cheng and Cheng, m.p.‘309‘

179.3 (c=0). © 44

'of a. lxterature procedure

1580 cm  (N=R).

l}d 7 (2 CvN), 158 2 (caxbamate C-O); 183 6 (quinone C-O). :

e

‘.2 S-Diamino-%gs-dimethyl-l,C—banzoquinone 34'

N\

Thls cbhpound was Pr td by the prpcedure of Zee-

33c . 700 (11t.!m.p..310f3f§ )~;3c

13

The “7C ninx spectrum~ *‘s(ext)~(nrx-9o, dimethyl

sulfoxxde—d i 9.2 (gysa,_xoxav 1c-CH,) 1 149.4 (C-N);

N B 4
BN

-

, 4-(p‘Methoxxphenyl)—2,3 4,}-éetraaiabigyclp(3.5.0]oct*2-ene

-

A mlxture of 2. 2 g (15 mmole) of p—methoxyphenyl-

a21de ‘and 1. 4 g (15 mmole) of 3—pyrroline (75% pure) was

‘set asxde .in the’ dark at amblent temperatu:e for 3 weeks.

The resultlng precxpxtate was collected, waghed with llght

,petrdleum and reCrystallxzed from ethyl acetate' petroleum

,ether to give. l 1 9 ¢30% yleld) of ‘a white crystallxne

.

'solxd m. p »08. 5 109°. Thls preparatxon is a modiflcatxon

T 49

Anal. Calcd ' for c11 i4 4Q M- N2 190. 1106]- £, 60.53;

H, 6.47; N, 25.6%. Found [(mass spectrum) 190 1107} cC,

60.52; H, ‘6. 42; N, 25. 19

“The infrared spectrum Vi (CHCl ) : 3;05 (ﬁH);
-1 : .

»

";—';93 *
s

i ®
. s et . -
. . 3 Th 13c .p.ctrun 6 .(5)_( 90, pyrldlnc-ds) 3
f*\\eg> Lz 2 (cn ); 24 gaand 25.6 (c3 and ot pytrolidinc rlng-)x,'.

{

“ i

c



,/( m. p. 36~ 38° This preparatxon is.a modifgcation of-a 11t-

-m. ‘n me lpectrum ‘-ms (cnc1 3t 146 (broaa.,m, ‘
nn), 2 39 3 62 (nultiplet,s4n, cu ): 3. 79 (a. Jn, OCH. ):
«A.3s (dd 1n, “1' Jls = 10 HE, 3 o0 * P Hz); s 15 (dd‘ 1»...'

Hé,:a - 6 5 Hz): 80-7 33 (multiplet, 48, aryl protona)

4
b

6-(P-Methpgypheqz}) 3 6-dia:abicxclo(3 1, OIhexaﬁe 35

S . ®.

‘A solution of” O 906 g (4 mhole) of 4-(1wmothoxy-

'

phenyl) 2,3,4, 7 tetraazabicyclo[3 3. O]oct 2-ene in 120 ml ij

-",of Qetrahydrofuran under nxtrOgen was 1rradxated fot 6 ] .

hours with a Hanovxa high pressure mercury lamp i

fxtted thh a Pyrex fxlter) thh stxrring and coo .
' The solvent was evaporated and the resldue qu treated with
100 nl of ether. " The resultxng precxpitate was flltered
The flltrate was.evapOrated -and ‘the resultxng resxdue was

: crystallxzed from benzene- nght petroleum affordxng

-

0,742 g (98% yxeldl of 35 as an off—whlte hygroscoplc solld

49 ’
eraturevprocednre.

| Andl. Caled. for Cp)H),N,0 [mol. iwt. 190.1106}:
C, 69.45, N, 7.42; N, 14.72. Found [(mass spectrum)
190.1105): C, 68.90; H, 7.57; N, 14.67.

1

The H nmr spectrum 6 (dimethyl suifoxide;ds):

MS
©2:79 (s, 2H, methlne); 3.70 (s, 3H, OCH3);'2.32 (AB quarﬁet,.

4H, methylenes, J = 12.5 Hz); 6.41-7.08 imurtiplet, 4H, R

$
aryl protons) . * g.
. The absorptlon spectrum A a'(CHJCN): 238 nm (logj“‘s

¢ 4.21); 298 nm (log ¢ 3.30). ‘ ' gh;
. . . N T . . s .

8 . - oo o
TR R A S TP T



'f‘l‘ho 13C nmr. spcctrum GM (er—so, pyridine-ds)

44 8 (C1 and, Cs) "48.5 (C2 and C‘). $5.4 (OCH ). 114.8

_-(c i; 121. s (cz.); 146.4 (cl.). 155 3 (c‘.). Lo

L

o 5~¢_p-uetnoxypheny1) -3, G-diazabxcyclo(B I, Olhexa-z 4-dione 36

x 'rhia compqun; was pnpared in 63\ yield by the Qro— :

cedure of DaVis‘and Rondesveldt,SP m. p. 243 2{5' (lxt.
’v"“-P-,m-"H‘,'m/ | }Q‘ ; |

- N ;x"l'\e 13C nmr spectrum <S ) (HA~100 -15, pyrldxne-d ):

TMS

"43 1 (C and . C )« 55 l (OCH )i 115.1. (C .). 121,6.(C21).

"144.6 (cl./" 156.8 (¢ 168.2 and 11693 (C=01.

4')0

6—Am1no—7-methoxy-5,B-quinolinjdione 39 © ¥

.’

Thxs compound was prepared in our laboratorles by '_

- 8.K, Sim accordxng to the method of Llao and Cheng,s1

A
¢

m. p 202 -204° (dec.) [11t m.p. 202-203° (dec. )J

The 13C nmr spectrum is reported in Table 7.

‘ ‘q



Coe T . - CHAPTER 111

".

Lo STUDIES RELATED TO THE - MBCHANIQM or "ACTION

. OF nxrouvcrn C.

~ »

Mitomycxn c is a potent and useful antzblotxc and

antxtumpr agenta thcnsive studxcs on its mode of aption

have begn-carrxed out, 5,18, 23 24 26 27, 29 ?1 howevgr, mqny"

Qv
he .

baspﬁcgs still remain unclear.f Ftom the review of the
@ )
mechanistlc studles presented in- Chapter T it is-evident’

) that the prxmary site of actxon of the mxtosanes 13 the'
© DNA of the cell. The actxon of mxtomycxn o appears to be
V,two—fold:‘, ' 'f _ s _" )

L."ckoss—iinking and, alkylation of DNA
2. degtadatibn.of'DNA ' '

C We undertook to anestlgate various aspects of the'

1nteractlon of mitomycin C and othe} mltosanes Wlth the

’

genetic materlal of the»cell. These studies were carried
out using rapid andvconQ%nieﬂt fiuorescenceﬁés;ays baséd
‘on the enhancement of fludre;cence which 6ccurs whéh‘the'
-trypanocidal dye, ethldlum bromlde 1nteracts spec1f1cally
- with double stranded BNA The assays have been exploited
%0 estlmate- ' | ' L 4‘ o=
1. . dlrect'cfoss-iinkiné of DNA
2. sequentlal cross llnklnq of DNA
3. alkylation of DNA | w1thout necessarlly cCross—

-8

. llnkxng



4. induction of sxngle strand scission in co-
» . valently closed circular. DNA (CCC‘DNA)
T S. sxmultaheous cross llnkxng and strand sc1ssion
ElectrocheMlcal studxes were carried out to gaxn
informatlon about the mechanlsm of the reduct1on of mito-

'nycin C and ‘its relation to the mode of action of thia{

‘ bioloq;cally active compound.,

A ]

~-The Ethidium Bromide Flgorescence.A[say

-Ethidium bromide 41 is a trypanocidal )dye that in-

teracts with DNA. Le Pecq ano Paolettisg obsefved'a'very
marked xncrease in the fluorescence of the dye when it was
,bOUnd to b1he11ca1 nuclelc acids. Their studies with the
nomopolymer_rAh established that ethiéium ofomide showed
_ho fluorescence enhancement with this>polymef\and they con-
cluded that only bihelical polynucleotldes produce the en-
hanced fluorescence. Thls conclusion- has been substan-

tiated by Morgan and Paetkau 53 Le Pecqg and Paoletti52

a

o



1

further concluded’from their work thaf the ethidi
binds to the double- stranded,polynucleotldes by_/y:ercale
tion between the base planes. There is approxlmately one
specific bxndlng sxte for ethr}xum bromxde per tlve nucleo—
tides. This suggestlon was also con31stent with prevxousA'
x-ray dlffractlon data.s4 They proposed that the fluores-
cence enhancement is due to theaoccluslon of the ethldlum
bromide, by 1nterca1at10n, 1nto the hydrophoblc reglon of

the nucleic acids where it is protected agaznst quenchlnq

" by the aqueous solvent. This view was supported by exper-

iments that showed that the fluorescence of ethldlum bro-

- mide increased when it was measured in alcohols of de-

creasing hydrephilic character; ranging from ethylene gly-
col to octanol.

Morgan and_Paetkau53 found that for an etnidium
bromlde concentration of 0.5 ug/ml a linear response of
tluorescence with double stranded DNA concentration was
observed for DNA{concentrations up to 0.02 O.D.2-60
Thus, in this concentration range the observed fiuoroscenco
;s directly proportional to the amounr of double stranded
DNA present in so}ution. This result ied co the develop-
ment o6f a convenient assay for the detection and estima-
tion of the relative amount of covalently linked comple-
mentary DNA, (CLC-DNA),K >3/5° I\

Using the ethidium fluorescecnce assay, aliquots of

cross-linked DNA are analyzed for CLC-sequences by diluting

units/ml.



]

®
"measured to ‘obtain an estlmate ‘of the total DNA.
v"’

A

th&n in a solutlon of ethidium bromide buffered to, ;’n B.

The fluorescence of the DNA—fthxdlum bromide solutvion is

!

L“
tion. ‘The: solution 15 heat denatured and cooled quickly®

The fluorescence of th'solutlon is again measured Under
o ” :

the conditions used, separable'DNA strands do not reann_qall.

Only CLC—seduences can reanneal to givé ethidium fluores-

cence ‘enhancement since the cross-link may serve as a nu-

aQ
cleation point for rapid renaturation. The ratio of the

fluorvscence after heating'to the fluorescence before heat,

denaturation is’then a measure of the extent of covalent
cross—linkrnq TQe\assay is conducted’ at pH 11.8 to pre-

vent spontaneous formatlon of short! 1ntrastrand blhellcal
. [

struc%ures after‘heatlng and cooling of separated single”

. NN
stmands of DNA, ‘Such structures are thermally unstable

L) '-"4 ’ ‘
whentcompgted Qith those formed by CLC-DNA and ara& due to

Ca certaln amoun} of self- complementarlty within strands

of naturSlJy occunrlng DONAS. >3,55a The assay 1is5 illus-

trated in quure'g ’ o ) ‘ -

The fluorescence -aésay has been extended to detect

31ng1e straﬁd clcavage of DNA by making use of a covalently

l

closed c1rc01ar DNA (CCC-DNA) . The amount of ethigium
brOmido taken up by CCC-DNA 1is restricted because of top-
ological restraints. If the DNA is cloaved in one or more

places,  there is-a releasc of topological constraints

and the opcn circular (0OC) form allows the intercalation

concentra-

67?
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.

ethldlum WIth an 1ncrease 1n the observed fluores—.

f about 30% for PM2 DNA. 53 On heatxng and coollnq .

of CCC—DNA at pH 11.8, there is complete reanneallnq, re-
. o ) .
sultlng in a 100% return of fluorescence In’ contrast the

OC-DNA 1is denatured into one Ccircular strand .and one Lln- .

ear strand Wthh do not bind e¢thidium at pH's ~ 11.5 and

th'e fluorescence falls to zero. This 1llustrated in

Figare.6(a) and (b).

The nssay for single nd scission is compl)cata.'_ ,’ pe
1

when the scission agent SO cross-links or alkylates the'd/ 15"

DNA . If the scission agent cross-1links the DNA, tpe loss
of ‘luorespence uhat normall) accurs after heating the ‘
: nxcked DNA is not.observeq due to the cross- llnklng and ‘a
tuli return of fluoresconce after heatlng is seen (Fiqure

6(c) . Hongerh,the observed 1ncrease in fluorescence be- -

. .

tOI\ heatlnq can only be accounted for. b} cleavage of the

CCC-DNA. Cross lxhk;qg wlthout stnqu SClSSlon gives rise’

i , . . ) B L J
to the SltlethNShO‘wﬂ'lﬂ"lqurtw . ) * ' , )
Lf the scission agent alkylatgs the, DNA but does not

cross-link ‘it, again an increase in fluorescence due ‘to
nicking is abserved: During denaturation of the DNA there

is a heat induced depurination resulting from the Covalent

h

attachment of the alkylafinq agent to the CCC-DNA. The

-

Oobscerved . fluorescence after heatiing Adrops to zeoro and this

-

ituation shows a fluorescence. behdvior identical to that ~

of simplc-singIc strand scission dgure 6(b)). - However,



Figuve 6.

cross-linking .and_alkylation ot CCC-DNA.
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if the alkylating agent produces no sxngle strand scxssxon,

no rise in fluorescence before heating is "observek. After
P
o .
heatinq gnd.coolxng,the fluorescence again drops,to,ﬁpxg. o

‘as’ a result of ﬁeat'induced‘depurination (Figure 6'(&).
' T . : L
- ] .

Stadies on ‘th'e Covalent Interaction

-

of Mitomxcin C_with DNAV

Detectxon of Covalent Cross L1nk1ng of DNA by ngpmycxn c

.gy the Ethxdxum Flnorescence Assay
] . . ‘

Covalent cioss-linking'of x-phage DNA OCCurred on

xncubaxxng the DNA thh mxtomycin C- at room temperature,

at pH 7&7 in the presenee of sodxum b°r°hydr1dq.~w:i:§“°ts © .

4
v S

_were removed at xntervals and.the extent and proqress of 1.

covalent cross-linking was-

fluoresceﬁngzzénx;\\ﬂitomyci

and rapid ci-oss-linti‘\g wit

pined by the ethxdlum
produped‘&e}j efficient = ~

ore than 80% of "the.DNA being

‘Gross- l;nked in" § mxnutes (Taple- 9); These results ob- . * '

- -

talned by the fluoresé%hCe en

Lancement technique: are there- *
, )

. tore in ajreement WIth the demdnstration of cross-linking

of DNA by, m1tomyc1n C by Iyer -and Szybal.s)u18 dnd by

otherq 24, 56. It was coqs;dered desxrable to’ 1nvest1qat$

.

a well documented reactxon oi mltomycxn ¢ wlth BNA grxor

to the application qﬁ the'technlquE.to.othet studies of

theLinteraction'of’the antibiotic with DNA. - °
4Reddc£{§e qctivation of mitemycin C and efficieﬁt

:cfess*linking of A-DNA, was §i§$ eéhieeed wieh‘sedium'
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Table 9.

°©

A Cross-linking of )\ DNA by Mitomycin C vs pH

v

4

Conc Mit C
x 107 M

. ‘D.

&

Con¢ NaBH,
x. 107 M

1.

3

. pH

l——
-

5.0 %

6.0

7.2
8.7
10.3

g >0
- L.v G;o .

¥ Cxess-linking/ _

Time .to max.

i

‘84%/Smin

934/5min

"794/5min

~*

72v9m;n N
65%/35min

_ 100%/5min

§1‘/5min~

R 4 .' - 8&%)5!@5'

8.7

10.3

L 78y
| SO

min
»..

Msy/35min

o

R

, SN , |
2.0 '}\ T 3el . §.0 " 100%/5min
. B 6.0 - 93%/5min
= 1 7.2 84%/5min
. - 8.7 78%/Smin
‘ ’ .. “’ 10.3 " 764¥ Fomin
: R ., .
. * \.
> ;
w

.‘,.2



L . : ditﬁionité. However, in contrast to_ thé behavior of strep~-
' tonxgtxﬁ,%o neither NABH nor model Qdihydropyridiges such T

" as Hantzsch.estep'were‘effecti0e in .activating the anti-

-

tumor agent. . . B T - : .

 Canerat1on of Covaont Cross ankxng of DNA bv Mxtomxi )
1 . . .
¢ Emploz}ngggn S,-Endonuclease A . e

v

’

Experxments were performed wlth the enzyme S1

endonucleaqe to conflrm that thg fluOrescence assay
a R S
cedure detects the formatxoh of. CLCGDNA formed a

N
sof ‘chemical cross-lxnkﬁ‘g. SL:endonuclease spec'

‘ 'oleaves sanle sti.pdedelNA 57 58 echnlque 1

) _ trated in -Figure 7 and makes us ncement of ethld-

"ium fluorescence at’ pH 8.0 to
N 4

'SLnCe the time requlrcd for the ‘dﬁphclease.gssgy is
'tlong‘;qhtq allow renaturation’ of denatured A DNA, _ '
E. golt DNA was used gxstead since lt requxres a relatlvely

*“long txme to veanneal after heat denaturatl

-

© . : The DNA treated yxth mxtomycxn Q and‘iodxum boro-

d to remove excess anorganxc salts and

> hydr1de was dlal

- decomposed-mxtbmy 1n C prior to ‘treatment with- the-enzyme.

The ;eshlﬁgi uq.irxapd in Table-}0: confarm the formatxdn ‘ S
K ..7of covaiqnt cross- Lgnks wx&h mxtomyc;n c.’ The lower ab- .
. . "‘,'t

;solute valuns for the percentage of ctoss lgnked DNA re-
2£1ects the use of An n.'LOZ"PNA whxch has a much .lower,
"molecular wcightqtnan.;be > DNA. Howover..as is seen from

... N Y ?

L . - .«
. . [ . . - - -

e .. . R
LR .. o .
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_mr,ison of the Cros:-hn‘king f oZz pm\ Mj—m s

N

deum Fluorescence .And 8 -Bnd’onuclaase Sensinvity

. ) e v»'»," .ﬁr o W v .
5 ) o : ' . £
. Assay - . . !
.. : -—“— - - e — - et e
. ' . . m "0 .. »\ L. il 2b Jp — ‘. T
' . l-.t.hidium fluoresce‘pce ‘- Befdre d*lyhs 34 “9 ‘ R
- :. '.-‘ ,.n :‘ o . ' .”{.’: ] kﬁ i ‘0.“ ) N ~ -. oY ;' .
;“' .l '}'- S * - ‘ ?“17313 p.’ C " . T L ‘

B
s b .
. 2 0' 2

o T ‘Rs‘}ﬁr% -~ T . |
3 ucloue ~ A&er dulysis C 32081 e .
" , 3 ST Y B S

-

b ‘s
T . . . " Y A fedl,
.8 016 % 1074 M mitomycjn ¢ .. . o ¢
L ..‘ ot . - [of : : . . ,' , . 4
) b 1.5 x 10 “m mitomycin C ‘ . ;
€ 2.0 x 1074 Mymitamycin C ' L A
.t_" & - . RS 5, ’ . N ' .- ’ . ': . : \'\\
Tablé lb there 13 _a good correlatlon between the results
» obtau\ed by the dependent assay.s , Durlng dlalysls
'/( t‘ere 1-3 no de t;on or strand scxgdon of the DNA as -
\ ‘is 1ndicated by the values for t crosMinked DNA Before .
.II ana afta' dui?s]x:. - o E -
- _“.. Detectan of ’ Alj:.ylatxon of bNA by’ Mit:omy'cin c .
P'"*" . . ) - ) * - el
o md -A szqnxflcant observatzon in tho study of cross-
. ) 4
G h_nk;ng of D'NA by m;\w‘cm\c was that as the concentra-— .
o :‘. tion ot uutomyc.\.n C in the reactxon solutxon was .mcreased
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' | ‘?‘.’ :
' a proq:essive dccreasé in the tluo:elcence waa obserqu.
Tablo 11 indicatos the,extent of tluoresceﬁde‘los: with,
incveasing antiblotic concentratlon Th;ee e@ylanationl ;' 3
'iRtor this observation aeemed plausxble:.'»- : '-. ..' : _.:
“& . (F) Alkylatxon of the DNA bases reduces the number of - .
) . '.;' ethzdium bromide intercalation sites elther by -
| ) ﬁteric hlndrance or charqc repulsxpn due cu'thr .
L pocttive.' qn the ethidium ion and the po'i-‘_" .'
'dw }‘ﬂ; alﬁglatod u-oc. " B
* L (b) Alkylati ;_\,iouod‘by degu:inatxon or depyrimxd-" B
L atien % fntgrcdlgtxon sites.
Y . LR } ‘gs T
@y ﬁ,d‘? CIeavage gﬂ& deg ation of the DNA by reactlve -
‘ . free radi .:*D

J uqh as, superoxlde andxhydroxyl

o ’ .

radicalg. nPar to: the-action of. streptoniqtin. L e
\ . IE has.gtqﬁalepqr;ed that mitomycln (o) also de-
.' : . -..‘ ~-’ d 3
L gnmdes pﬁh..’
. ;\ '(h

!’per;mentt were cartied out whxch allowed us to dxst&nguxsh

bétween these thr‘ee poas’uitxes.
S . -
A Po&nts (b) and (c) ‘were. tested by allowxng actlvated

3
d- P
. .

mitomycxn C to re‘qt,w;bh a. gabelled aynthetlc polynucleo--;,‘
t1de, poly dG.dc wiﬁh‘;‘C’libelled guanxne anQ H labelled

\

.cytosxne.. Tﬁe 1abelIod polynucleotlde was lncubated with

ptogressxwely increaslng concentratxons of mltomycxn C in

paxallel thh E. coli DNA There was ‘a progressxve de-

’

'crease xn the ethxdxum fluorescence " An acxd 1nsolub111ty .-
N

assay was used, Vhlch would selectxvely remove bases pro—"

" . ' . . . . . : ) _. . ] ..' 0‘_.’4
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R Co  Table 11 , e
A loss of Fluorescence in bross—linkxgg of Mitomycin q, - .-

v . . [ a Hi th iDNA v .p",. . .,‘
; ) : , . LI
Conc Mit C - ‘Conc NaBH, . pH’ % Loss of’
x 107 m %107 M : Pluorescence

. ! Ty _ ) . ®
0.6 ° . 1.3 5.0 J 19%

———

RV IS 6.0 15%

s TR 7.3 us
‘Lﬁz L T.T: Vo ae.3 T ow
1.2 " ® 2.2 '_' 5.0 . 410,
2NN 6.0 308
9.2° . 15.5% ‘ C.
R 8.7 . ev '
) o 10.3 0%
| fo e . ' .
2.0 - 3 . 5.0- - 66% ,

6.0 44n -
. _ 7.2 " 25% .
A i - 8.7 T 14w

' 10.3° . 0%

4.0 ° . .%.3 . . 5.0 77% -
6.0 . s3%
| N
7.2 - 36%
. 8.7, . 1%
Coe e 30.3 . 6w

’




\$

. reSults in Table 12 show that there was no:

n

duced by depurination or depyr;mxdation and small DNA . frag-

ments produced by degtadation, while leaving beh!nd intact

polynucleotide molecules’ for radioactive countxng. Thﬁ
I

0

-radxoactxvxty and that thg rat;o of

.

'of soluble

H/ H counts is es-»

sentially constant und.r condxtxons where increasing cons

céntratxons of mxtghycin C‘Froduce 16 1 to 79. 6% reductxon

in ethxdxum fluorescence.

This con‘grms that there was

no dotoctable loss of either purxnocor pPyrimidine bases

Oor' large scale degradatxon ‘of DNA to small fragments.

PSS

Table 12

‘ -

P
.

23 :
Rgdxoactlvxty AssAy*for A}kylatLOn of. Polynucleotxdes ‘

-l

by Mitomycin C*

o

Mitomyc1n C ‘U3H 1“C H/ AC $ Decre
X 10" M c.p.m. c.p.m. Ratio Fluor
AU ” : ]

0.% 1292 1785. . 0.724 % ' 16.1-
1.2 1225 1682 0.728 43.5
.8 0 1265 7 1733 0.730 - 61.7
2.4 1149 1418 0.810 72.2
3.0 1187 1528.  0.776 79.6

‘in a
L

The ratio of,mitomycin C to

11 experlments.

sodium borohyéride was 1::10

V4

q

7

In order to confirm that the drop in fluorescence

was not due to” some product of the reactlon mlxture intex-

>

a

¥

- -

78

v,



fering with the fluoredcence aséay; E.ocold DNA.;as treated

~with @ifferent éopcentfgtioﬁs of mitomycin C.such-that the
fluorescence drop v;ried from 13 to 72%4. The DNA was thcn.
dialyzed and f}uore;cénce per A260.fF”/A260{Jwas.deteré

mined, The results preééﬁiea'in Table 13 show that a good
%or;elatfén e;iéts between the * dgiréase ih.fluqrescence

.and the Eu/526° rgtid Qf'the dialyzed DNA, thus indicating' e
that'thére is no.ingerfeﬂénce b§ reaccion components with

the fluorescence assay.

»

.

Table 13‘

. Binding of Ethidium to Cross-Linked

. T E. coli DNA Atter Dialysis

. '. . Fu | " " . E;u . .
% Decrease . ./A260 ‘ Ratio /A260 to
in Fluorescence . FU/AZGO (Control)
" ¢ . . h..:A )
Control (nc MMC) 9,915 . 1 -
T 13 w 7,152 . 0.721
as o 5,743 ' 0.579 ,
* .50 v : 5,584 ~ 0.563 %
72 _ 1,789 - . 0.180 ' .
, o . ®

—
e . .

‘fo confirm that the loss, of flﬁorcscence was due to
aigylétion of the Dﬁﬁf'an experiment was-t;rrfed out to -
cdrrelate. the decrease-in fluorescencé with the extent of .
binding of mitomycin ‘C to the DNA. The binding ratios of

Lo



. . . N ’ ’ V\) B4 T |
N i .
\\a ‘poqycxn C to DNA for progressxvcly anreasxng amounts of

¢

\ the antibiotic were determxned by a modxfxcatxon of a pro-

cedurc due to Tomasz 24

Varying concentratlons of mito-
mycxn C were incubated thh 3H labell ed ) DNA. The de—
creasc in fluores;ence in each case was determined by the

fluorescence ~assay. The reaction solutxons wore dlalyzed

to remove unbound m:tomycxn The DNA - concentratlon was

- determined by radxoactlve countlnq.and the concentratxon . ’ J
of bound antlbxotlc was obtained from the UV. absorbance of _

. the drug DNA complex at 314 nm. Table 14 and Figure 8 re- ﬂ

veal that a good cprrelatlon €exists betWeen the  loss of

tluorescence and mitomycin C blndlng ratio over an exten-

.

sxv% range
; Thus i¥ is ev1dent that the loss in fluorescence in
reaction mlxtdreipas not due to fragmentatlon of the DNA
- vbwt rather to loss of ethldlum 1ntercalat10n sites by the -
‘ mechanxsm descrxbed in (a) above Therefore,‘usinq the
fluoresngé?‘assay,Atthdecrease in the fluoreeceace value

may now be employed as a measure of alkylation of- the DNa.

Eﬂ-Depcndane of Cross-Linking and Alkylation of DNA by

Mltomxcln C and the Seqpence of Covalent Cross-~ Llnklng

Duran Studies on the 1nteractlon of mitomycin,C
with' DNA 1t wFs observed that the decrease in fluores—'

'pence, due to the antitumor agent is strongly pH dependent

-«

wlth Iower JPH favoring loss of fluorescence i.é. favoring
T g
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g:eatc}xhlkyla;ion by;pnc of the two alkylating groups. on
- the mitomycin ring (Fable 11 and Fiqure.9). This strongly

éﬁgqeéts that under thesc conditinns the aziridine func-
' 20a, 59

tion, .which is known to-be acid sensitive, is ‘re-

sbonéiblé'fér.fhe-aikylgti?ﬂ of the DN% bdses;‘ The.pH de-
'.pendoﬁce otoéévalent 'rQSS-fihkinq‘by mitomycin C was qiso

. (.examﬁhed énd the~rasu§is are prqécnted in:Tabfb-9 and
"‘.F;éure'lo. _Tbg trend towards more efficient c0valenq 

»

,cross~lihk1hq-@i{ﬂ lower pH is ¢lear. The' results, which

‘ . .

parallgl'thosé obtained for alkylation, again sugéost that
’ . . . - \ . .. -
the {first step.in dross-lihkinq is due to attack at '‘the

acid semsitive aziridine moiety under these conditions.

Since tumor colls tend to have.a lower.pH as well as a -

more reducing enviroament as compared to normal .cells, these

factors could 1ead.t3,selcc§ivity ofnactiop.60 It has been

4 -

demonstrated that exposing DNA to low pH conditibns can ¢

{tself induce covalent cross-—linkinq,61 however, careful

controls  showed that thre-Was no srgnificantrécid inducéd \

" ¢ross-linking under the conditions.of our experiments.

18bws

\\ - Cross-Linking by Mitomycin € Without Re¢duction

"’N\ﬁ As was described in Chapter I, Iyer and Szybalski

have proposed thdt reductive activation of mitomycin C
'lqus to ellmlnatxon,of methanol and activation of the two

>

,.alkylatinq sites, C-1 and C=~10, “by conjugative iA{Eraction

.with the N-4 nitrogen (Stheme 8). However, we have - found

v
-
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Figure 9. The pH dependence of alkylation of DNA by reduced
. .
mitomycin C. The rc?/tions were at 22° in SO mM -
e . .
phosphate at the appropriate pH and )-DNA at,
1.2 Aren  The mitomycin C concentrations 1."0.6, .
-4
2 1.2, 2.0, and 4.0 x Jo M. and the sodium borohy-

dride 1.3, 2.2, 3.1 and 5.3 x 107> M for the fol-

lowing"symbo}s respectively: o-o, +-+, A-A, and O-(y.

» » . . / M
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The pH dep«ndence of €ross— lxnklng DNA by re-

S

duced mltomV(ln C The conditions were as fbt
I
Figure 9 but the flunroscvnkc values were ob-.~
| .
. | . .
tained after hcnfing the DNR/ethidium mixture.

The mitomycin C concvntratxlns were 0.6, 1.2,

2.0 x 10_4 M, sodium borohy rldc'f.B, 2.2 and

tively: e-eo, 0-o, and +-

3.1 x 10-3 M for the follmdyugsymbols respec-



'.xndure covalent Cross- 11nk1nq in vivo wlthout_reduétlon.

that lowexiﬁq the pH alone |is sufficient to induce aikyl—

,ation by tho az;rldlnc ring tollowed by covalent cross-'

11nk1ng A the carbamate.. A control experxment showed o
that thcre was no.sxgnxfxcant ‘acig Lnduced cross lxnkihg-

undon thbse condltxons. Th kanexcs of the é?osonllnkan

-w1th unreduced mltomycxn C shown in quure 11, Lhdlcate

that cross lxnkxng 1s cons)derably slower w1th unactxvated

mxtomycxn rhan under reduc1ng condltlons. However, this

result doeq ra1se the p0551b111ty that the. antxbxotlc may

-

SteﬁLW1se Covaicnt Cross ankxgg of DNA by Mlgﬁpyc1n C

The'finding that unreduced mitomycin' C can induce

covalent crocs-links in DNA unﬂer'acid condiiions, led us

0

to carry out .an experlment tQ show the step-wise nature

of the cross lxnklng event. The covalent cross—llnklng by

L
mltomycxn C at low pH~presumab1y 1nvolves an 1n1t1a1)51ky1-

'atlon of the ODNA at the acid sensltxve .aziridine group

followed by a second bond fOrmatlon at the carbamate. How~

ever, since the-C- 10 posxtlon is not actlvated by reductlon,

@

cross- 11nk1ng is less eff1c1ent presumably leav1ng mlto-
mycin molecules atbached to the DNA. only by alkylatxon at
the hflrldlne. '

Mitomycin C was covalently attached to A DNA W1th-

out n;ductlon by exposure at pH 4.0. The £luorescence

assay showed that approxzmately 50% cross- 11nk1ng of the

N - o

>

e
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Figdre 11,

.

The }roké—lfnkkng ‘of. A DNA by mitogycin C without reduc-

tion;

TIME . (minutes)

RN

'The reaction mixture contained’l DNA at 0:7 A260’

"S0 mM sodlum acetate "pH 4 and mitomycin C 3.0 x 10-4 M,

at 22°C 15 111 samples were added to ‘the

Pl

?ﬁkaline eth-

fdium assay mixturo and the 7 cross- linked DNA .was

)

equatod-wlth the % of'fluorcscentg remaining ij:gsﬁjhe

heat, step.

Under these conditions the fluorescence rex

v

mained constant before heating.

at pH 4 with no mitomycin C added.

<

Control experiment



» ' ! . o
DNA had'OCCurrcd: Unreacted and uhattached mitomycin mole-

)

cules were removed by diagysis against a phosphate bufzer,

PH 7.0. The extent of cross-lihying.was unchanged after
) L4 v . . s N . o
/dialysis. The dialyzed DNA-drug complex wa's then trgated

with sodiym borohydride resulting in a rapid®ircrease in .
the extent-of covalent ‘cross-linking to 65%.‘AThis §iqni-

fied successful stép-wlse cross- 11nk1ng of DNA by mito-

-

unycin c. - Control QXper1ments shqyed that the. 1ncreased

cross- llnklng was not due to free mitomycin- all of whlch

had been removed by dxalys;s, or to_ sadium borohydrlde

vl
. .

. pependéﬁce of thepsziciengy of Covalent Cross-Linking,of

" DNA byJMitomycgn C_on, the .(G+C) -Content af the DNA

- 'Iyer and Szybalski have shown that the degree of co-

valent cross~11nk1ng ot DNA by . mxtomyCLn C increases Wlth

18b

1ncreasxng (G+C) cohternt of the DNA and have proposed

‘the tlon of the guanxnes as the most llkely site .
. Z
of-attachingpt on the DNA.18C Attachment»at.other p051-

-

tions. of the guanines has been ruled out by Ton;asi.26 We
haveAappli=é rhe ethidium fluorescence assay to a simiiar
he effect of (G+C) content of the DNA on the
-efficiefcy of covalent cross—linkind.“ Three naturai DNas °
.:of.different (G+C) content were used: (. perfringens (36%):
calt thymus (40%), and £. coli (50%). - The crossllinking
eft1c1cn41es as detcrmlned by the ethldlum fluorescence

assay are not strlctly compérable because of slight dlf-

ferences in the average molecwular welghts of the DNAs,; as
. . 4



determined‘by sodimentation Veloa‘fies. -Since one cross- R
'lin& per DNA molecule s suffxclent QQ produce rqpld re-

.naturatlon after codlxng regardless of the len th of the

. 'polynucleotlde, DNAs o; lower-molecular weighv

. , more cross-llnklng evepts on a nncleotlde resxdue basxs to
. »

obtain the same %c:ross lxnkxng Assumz,ng a Poxsson 8’

“stributxon of the cros;-'l:mks. and also tbat ,one cross-

Jink is sufficient to permxt t

cule, .an estimate of the avera

ation of the mole—

tof crass
~ 2"

. - molecule (m) was made from m =‘1n(1/P6) (where P

-

o
‘proportion of the molecules that are nJ& cross-linked)
for the three DNAs. 'Assuming an average molecular weight

of 300 = Z}O\for‘each nuclﬂotidc; the average number of

cross- 1inks per nucleotxde was calculated to make_ the re-

sults comparable for the three DNAs . From Table 15 and
Flgure 12, it 1s_cleqr that a-dlrecf/;orrelatioh exists - ' o
_ . S o .

. betweer more efficient covalent cross4linkbng and higher

" (G+C) contént of the DNA. .The values obtaghed are closely

comparable w1th 51m11ar estlmates made by Iyér and

SZybalskl 18 : . e o :
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. Figure 12.

©3.0 x 1074

) ( NN -0
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0 1 * 1
", 30 . 40. 50
| % (G ‘*C) Content -

Dependence of efficiency of covalent cross-linking of

DNAs by reduced mitomycin € on the' (G+C) content of\ the

DNA. Reactions contained DNA at 1.2 A260' phosphate
buffer pH 7.2 at 0.05 M, arrd mitomycin C and sodjum

borohydride at o .0.6 x 10—6 M, 1.3 x I‘O-3 M and +

M, 6.6 x‘10—3 M respectively.
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. The Mechanism of.DNA ‘Degradation MY Mitomycin C
' \ | ? N

e LY ‘ .
. Detection of Mitomycirm C Induced Single Strand Seission
& v . -

of CCC-DNA by the Fluoresceﬁce Assay

- A .

It has beert observed that mitomycin c produces ex-

-sensive breakdown of DNR in many cascs, Althouqh thes

.

process is telatxvely slow’ compared to covalent cross-

linking, it‘hnq beén tque-ted al.a possible mode of hcl

ti‘\\for the drug It has been consxdered that the DNA

degradation was dhe mainly to the activation of intraccll-'

) 31 ' .« . . .

ular deoxyribonucleases.
. We examined the jinteraction of mitomycin & with
CCC-DNA, by the ethidium fluorescence assay’, in érder to
gain informatiop.aboug the DNA degradationmm Sinée mito— 
mycin C cross-links DNA efficiently, we expected to ob-
serve 01ther case (c) or ) illustrated in Figure 6. “On

eXPOSlng CCC-DNA derlved from PMZ bactcrlophage to actlv—

ated m1tomyc1n C, a rapxd increase in fluorescence was ob-

sé}ved. The loss of fluorescence normally observed on heat

denaturation of nicked DNA was not seen and‘theré was a
e 100% return of fluorescence after heating due to efficient

covalent cross-linking .of the DNA. A control echrimknt

showed that the reduciﬁg agent, sodium borohydride, has no '

~effect on ther PM2 CCC-DNA. The results shown in Figure 13

confirm that activated mitomycin ¢ "induces single strand

scission of DNA. : J

-~ . .

29- .
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/e OF INITIAL ‘FLUORESCENCE

<

Fipupe

|¢ (BEFORE HEAT)
< .
C

(AFTER HEAT)

173,

lcnmp‘onunts -V mitomycin C, 3.0 x 10-'4 M, sodium horohy -

o . 5 0. . s 20
o TIME (minuu.s)

-

Sivgle strand,scission of PM2 CCL—=DNA by mitomycin € ko=

[}

actions were performed at ambient temperature fngphos; hate

butter, pH 7.2 containing 1,173 A ot PMY DNAL Additonal

l 1

3 M; fsopropyl alcohol 2.5 x 107" M; 2

dride 5.3 x 10~

mitomycin C 3.0 x LOhl‘ M, sodium borohydride S.3 x 10-3 M,

sodium h_cnzmnﬁ 5.0 x 10—2

. - . - _6
sodium borohydride 5.3 x 10 3 M, catalase 4. F < 10 a4

.
a

- mitomycin C 3.0 x 10_4 M, sodium borohydride 5:3 x

10-3 M, catalase 4.7 x 10—-6 M, $.D. 6.1 x ]O—SM; +

. -4 . . -
mitomycin C, 3.0 x 10 M, sodium bLorohydride 5.3 x 10 3 M

. C 4
> M x mitomycin C 3.0 x 10 M, sodium

3

S.D. 3.0 x 10~

-

~berohydride 5.3 x 10 ° M, @ control
W .

. -4
M, o mitomycin C 3.0 x 10 M, -

.
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. In indgpendgnt. experiments it was shodﬂ/:::; sfngle

. .

stiand clen;aqc can be rotarded by calalauc, a proléctfxo
enzyme bﬁicg removes Hyaroqnn peroxid..frdm the cell, hnﬁ
by a combination of catalasr~and ‘upcruxlde dismutasc s
The 1attcr)ts another protcctive bnzyme fouhd ln the cel)
Ej which catalyzes the dismuxatiqn of the‘qucroxxde.radxcal
(02') Free radical scavengers such as isopropyl alcohol
_and lgg,bm bcnzo#to‘were.ano efficiepﬁ inhibitors éf'thu
;ingle strand‘cleav;gg (Figure 13)-. This sugqe?ts a
cleavage mcchénism simil&r to that operating with reduced

stroptonxqrxn in whxch cleavage of thé ccc- DNA is 1nduced

by hydroxyl rddxcals (Schcme 10).

. \ Scheme 10 -
[ . - ) .
Mitomycin C + ?Jaqu‘———"———»(Mitémycin CIH, (1)

(Mitomycin C)H2 + 02————————Lu>(Mitomycin C)Hfr HOZ’ (ii)

-

. “ : . noz'—-———-'y .+ 0,% Lo (i)
[ 3 .
_—-_.___> i
2Ho2 H202 + 0, (iv)
- ’ ' - ,‘
; —_—_—
01 t H O2 HO® 4+ HO + 02' (v)

This scheme reqques the xntermedlacY of° the semi -~

qu1none of m1tomyc1n C whlch in contrast to, that of Strepto-

} -

nxgrln is reported to have a very short Jlifetime of the

order of several seconds.62 This point is'distussed'fur~

ther with the resglts of the electroanalytical data pre-
: o ” - _



sented below, Recent work by Handa and Sato63 confirming

that.mitomycin C facilitates the production of superoxide
: g
radical on reduction supports the above scheme. R

Proximity Effect .in the Mitomycin C Induced Single Strand

Scission of PM2 CCC-DNA o 'S‘

It was of interest to determine if the radical in-
duced cleavage of CCC-DNA is more efficient when the gen-
3rating compound is covalently attached to the DNA. As.

a result, mitomycin C was covalently attached to DNA with-

out reduction by expesure at pH 4,0. Unattached antibiotic.

was removed by gel fi¥tration on an agarose column. ‘:ge

purified, alkylated DNA was then treated with' sodium ro-

hydxide resulting in a characteristic rise in the ethidium -

Lluorescence Lefore dundtur%}ion, duc to radical inducecd
-l awvaqge (Figure 14): 'Cafefui cont;olé showed that all n
the unattached mitomycin C:had been removed and that so-
dium borohydride did not cleave the DNA. In contrast to
the previous experiment, catalase did not inhibit the
cleavage. However, the radical scavenger, isbpropyl al-
cohol protected the DNA to the same extent as with free

P
mitomycin C. The progressive rise in the fluorescence
after heat denaturation is due to the induction of further
cross-1links after reduction.

‘It is tempting to interprect these results as evi-

dence for a proximity effect whereby superoxide and hy-



% OF INITIAL FLUORESCENCE

Figure l4.

BEFORE
HEAF

AFTER
HEAT
3

120

110
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Single strand scission of mitomycin C alkylated PM2 CCC DNA.

: -2
PM2 DNA was alkylated at ambjent temperatures in 5 x 10 M

sodium acetate buffer pH 4.Q containing 2.47 A260 of PM2 DANA

and 5.1 x 10—4 M mitomycin C. Chromatography on 10 ml-of

agarose (Bio-Gel A-15 M, 5-100 mesh) afforded alkylated DNA.

Scission reactions were performed at ambjent temperature in

phosphate buffer pH 7.0 containing 1.04 Areo ©f alkylated
DNA. Additional components were @ sodium borohvdride 5.3
x 10‘-3 A, = sodium borohydride 5.3 x 10.3 M, catalase 4.1 x

-6 3

10 M; O sodium Borohydride 5.3 x 10~ M, isopropv! alcohol

2.5 x 10-1 M; [, control.
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droxyl radicals are gencrated close to the §urface of the ‘
DNA. Gatalase, bexng a very large molecule, could not
~ddeouately scavane the assocxated hydrogen peroxlde. On
the other hand, ‘the small lsopropy] alcohol molecule 1s

presumably able to penetrape within the double helix anrd

scavenge the radicals more efficiently.

Investigation of the Possible Inactivation of the Protec-

tive Enzymes Superoxide Dismutdse and Catalase by Mito- -
mycin € o |

It has been shown that streptonLgrln, in addition
. \ -
to produc;nq extensive DNA degradation, .also" 1nact1vates

those enzymes in the cell (7.e. superoxlde dlsmutase “and

catalase) whlch protect the DNA from such cleavaqe.45 It

was of interest to determlne if ‘mitomycin C had a similar

eftect on these cnzymes. The results of experlments to

detecL such an effect are presentod in Figures 15 and 16

and reveal that mitomycin C does not 1ﬂict1vate the pro- -

tective enzymes superoxide dismutase or catalase.

*

" Studies an Possible Metabolites of Mit cin C s

1t hasfbeen proposed by Iyer end Szybalski5 that
the blochemlcal role of the NADPH medlated reductive activ-

ation of mltomyan C is to unmask the potentlal alkylatlng

51tes at C-1 and C—lO by causing rapid elimination of

methanol (Scheme 8). However,. the discovery of the radi-

-

cal induced cleavage of’ DNA by reduced'mitomyoin C requires



- ABSORBANCE 550 am,
. o

. -0 ' u. .
T TIME (MIN) - ™

Figure.15. Control experiments for inactivation
- “dismutasc action on the redaction of cytochrome C.
Reactions were perfarmed at 2S° in a total volume
of 3.5 ml, buffered at pH 7.8 by 0.05 M potassium
- ' o o=b : -4 .
phosphate containing 10 M EDTA, 10 ' M xanthine,
2 x 10-5 M cytochrome C and initiated by addition

of 100 » of a 0.18 pg/ml solution of xanthine oxi-

dase. Preincubated components added were a S.D. 1.

'10_8 M; O mitomycin C 3,0 x 10~

10—8 M; x mitomycin C 3.0 x 10-6 M, sodium borohy-

6 M, §.D. 1.5 x

1 -
a3 x 1070 M, s.p. 1.5 x 1078 WP\V sodium
3 .

M, s.D. 15 x 1070 M3 8

borohydride .3 x 10~
mitomycin C 3.0 x 10-—6 M, sodium borohydride 5.3 x
lgs M; o'mitomycin c 3.0 x 1078 M. ) Control

)

of superoxide
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ABSORBANCE 580 nm.
o
SN

Figure 16,

0.1

O W 20 30 40 S0 60 70 80

v | TIME {MIN.) o

Control experiments for inactivation of catalase decompo-

sition’ of hydrogcnég,roxide. Reactions were performed

at 0° in a total volume of 10 m1l bu[fered at pH 7.0 by

0. 06 M potassium phosphate contalning 0.02 M hydrogen per-

oxide and 8 x 10 -9 M (ataldse Catalase was preincubaged

with x mitomyc1n C 6. 0 x 107 -6 M; A sbdiﬁm Borohydride

1.1 x 10—4 M; e mitomycin C 6.0 x 10 -6 M and sodium '

borohydrnde 1.1 x 10 -4 M.

B .
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' n&yht conceivably involve the’ hydroquinone of mxtdmycin o

1¢ae1t Pr one of xts metabolxtes.c As . & result, several

mitomycxn C derxvatxves, which appeared to be plausible

actxve xntermediates in the breakdown of mxtomycxn C wete

-

prepared and 1nvestlgated as possxble active’ metabolltes

I
-

'of the drug.
Thé‘demethoxYlated derivative of mitomycin C 42
was prepared by- catalytlc hydrogenation at atmospherxc

pre53ure followed by rapxd air- oxzdatlan on reductlve

activatioh 42 should giveé rise to the présumed actlve form

o
W

~ . > ' o
- . < ‘2 -

R RN

of m1tomy¢1n C. Therefore, the ability of thls compound

{ﬂ'cross link quNA was examlned by the ethidium fluores-

a

2»
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cence-assay.' This mitomycin derivative showed very es$-
ficient covaleq}‘rross lxnkan. Concomitant alkylabion of
“the DN was - thown by.a loss &f fluoreécence. 3Incuba£xon
'of reductivqu activated 42-with PM2 CCC-DNA resulted in

. a characterxstic rise in the fluorescence whxch could be
suppressed by the addition of the free raQical scavenger,

~isopropy1 élcohol'(Flgure 17, thus demonsttating the
ablllty of this detlvative “to cause radxcal 1nduced single

.

‘strand sc1ssion of DNA. e
No fxrm evxdence has hithertpo been- presented for T
'the dxrect covalent attachment of. the C-lo carbamate of Ve

mxtomyc1n C to pNA. . In. order to i estxgate this xntet-

actlon, a derlvatlve in- whlch the azxridxne ring had been

opened was prepared. It has been reported that mild acid

hydrolysxs of mitomycin C affords a mixture of the two

o

sterecisomeric ring opened compounds cis lR;‘ZR 43 and

, . N .
. trans 1S, 2R ia in a ratio o£¢86:14¢59 ‘Mitomycin C was
- N : . : N - .

U ¢
CH_,OCNH

2 . 2 2

OH
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Figure 17. Single strand 3cisslon; covalent cross?linking_and

monoalkylation of PM2 CCC-DNA by mitomyein C-deriva-

tives. Reactions were performed at

.

ture at bH 7.0 in the presence of 5.3ox 10~

ambient tempera-
' 3

M sodium
borohydride. Akzéridine ring opened compound 43;

e 3.2x 1074 ¥ of 43, A 9.2x 1074 M of 43 an?i.
0.25 ﬂ isopropyl )h@bnol.. Azipidlﬁom{tosene 42;

o 3.2x 10 %y 9f' gdg,"’o 3.2 x 107 M-of 42 apd 0.25 ¥

isopropyl alcohol.
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acid hydrolyzed and the resulting: product was recrystal-

" 1ized affording a materjal. which .gave a linqle spot on

TLC and a -1ngle pedk.on high'prthuro'liquid chromatog-
taphy, to which ual alsidned ltructure-43. This rinq'

opened derivative was reduct}vely activated and incubabed

- with' PMZ cce- DNA. As was»anticipatgd from our preéviqus

. work, a rise in fluorescence Wwas observed due to efficient
‘'single strand sgissidn‘resulting from the generation of '

-superoxide and hydrokyl radicals (Figure 17). The DNA

cleavage could ‘be suppressed by the addition of xsoptOpyl
alcohol and under these condltlons alkylation of'fhe DNA .
due to the carbamate was. detected by a slow decrease in
the f]uorCScence after‘nsaﬁ denatuvatlon (Flgure 6(0))

~
No covalent cross- linkan_of DNA by thxs derivatlve was

~observed This - provides the first £1rm ev;dence for the

anolvement of the C- lﬂacarbamate Ln the covalent attachw
ment to DNA. . ’
" From tﬁese results it seems reasonable that a num-

ber pf degrédation products of mitomycin C are.capable

- of ;nteréctipg'airectly with DNA, 'in addition to the.

parent antibijotic, to.induce covalent. cross-linking, alkyl-

ation, and cleavage.
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of the semiquinone of mitomycin C.

that the semiguinones’ of m'ﬁ 0
have been observed by e.p.r. and that™

)]

‘reversible slope. = The pH dependenée of E

104

L]
v .

E1cctroanalygfz:i\aﬁamihation of hitomjcln (o
/ '\g!tl Derivatives |

We havé sﬁqyn that reduced mitomycin C and its

8 J
gtinone-containing metabolites prod

e extensive degrada-

t.ion of DNA by inducing the tormati; of superoxide and

,'droxyl radicals which cagse Q;ng%%{strand scission of
the DNA. The.proposgd mechanisﬁ ré res thc intermediacy
‘ -has been reported

: of mxtomycin C62
1 leetxMe of the
semiquinone of mitomycin C is very short, of the order of

several seconds. Therefore, we attempted to obtain infor-

.mation about the reduction process in mitomycin C and to

>

gain confirmatory evidence for the exiétence of.the semi-
quxnone, and an est;mate of 1ts\}1fet1me, by'electroana—
lytlcal studies. ,
Polarographic‘anélysis of aqueous solutions of
mitomycin C gave-graphs céntaining the cathodiqrwaves IC-
IVC(.oﬁ.whiqh IVC is observable only at pH % 6.5. The IC
wave (8122 = -0.368.+ °0.003 Vv at éH 7) log- plot gave a
1/2 isfghowh in
Figure 18. The wave height remains approiimately Qonstanr.

over the range pH = 5.4-8.5. At pﬁ < 5.4, the height of

)thg wave decreased markedly. The éompognd résponsible for

o

- this wave is irrecoverably destroyed at pH < 4; the wave

does not - reappear when the pH of this solutlon is again

[
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Figure 18. pH-dependence of half-wave potentials of‘aquéous
mitomycin C 3.4 x 10~% M solutions in ;olutions
of buffer, acctate (pH < 5.9), phosphate (5.9°@"
pH ; q.l), trizma (pH > 8.1); o,‘first wave; [/,

second wave; g, third wave with no splitting,

"o, third wave with splitting.
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increased above 4, so that the decreasc cannot be due to
a‘' reversible ptotonation.equilibrium. The second wave

. \
I1IC (Ei/z - -0.486 + 0.60s v at pH 7) is drawn out in .shape

and is shown by a log analysis not to be reversible. This
wave is not affectced by makeng the solution aci?ic’(pH < 4rﬁ
for a.short period of time. The third ya@g, ITIC', is ir-

reversible and éppeqrs to split into two smaller waves,

111C -and 1VC, both irreversible, at pH - 6.5 (Figure 18).
" Pigure 19 shows a typical cyclic voltammogram of °

mitomycin C at 200 mV/s. It éhows four cath@dic’ peaks

(Ic - IVC)‘aqd oﬂc anddic bcak.(IIA). The'appearpncé of_v
iIIICAgnd IVC and the.absencé of tﬁe corresponding anodic
$pé§ks IIIA and IQA, shows that these pfoéesses.are not re-
yersible,.in agreement with theopolarbgraphic rgsﬁlts. ot
Most of‘the'cyclic voltammetric stu'ies‘were resiricﬁed,tn
the botcntialArahée 0 to ;0485 \Y to«avoid coméliéatigné
arisinq.frqm thesefpfocé;;es. With khe range thus re-
“stricteq, only'IC and IIC are observ a at slower scan rate
(v < 100 mv/s). At v = 100 mV/s, } and IIA become visible
‘and at v = 200 mV/s; 11C splits into two, peaks. With in-
 creasing scan rate, the increasé in |the héight of IC and-
IA 1s much greatér_than,thc corrb§p6ﬁdihq‘increase-in -
heighﬁ of IIC ‘and IIA. At very fast scan rates (2.V/s <
v,:.ld v/s), IC and IA are very well defined and separated
by 35 *+ 5 mV (Figure 20). 4 |

Polarographic analysis of aqueous solutions of the
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ring,opened mitomycin C derivative 43 gave curves in which

<.
-
b
[

IC is barely observable. Cyclic voltammetry‘of 43 shows
véry small peaks for IC andJIA identiéal in §otentia1 aﬁq e
behavior with those of“mitomycin C which ma;'argéé from'<,5§ ’
of unreacted mitomycin C remaining in the prepa:aﬁionJof.
the(gerivative.‘ The irreversible waves IIIC and IVC of
solutions of 43 were identical to those of thé parent anti-
biotic. -The polarograﬁhic wave for IiC is present in dis-
torted fofm. The cyclic voltammetric peak IIC behaves
similarly, to peak IIC of mitomyéin C fo:.ZbO mv/s <V o<

50 V/s:’.However, IIC splits'ihgo two peaks at scan rates
_5} 200 mV/s and 100 mV/s. @& The hejght of the leading peak v
is slightly greater at 200 mV/s, while the height of the
tollowing peak becomes slightly greater at-'100 mV/s. At

<y .

v < 100 mV/s, only one broad peak can be distinguished.
“The corrcéponding anodic peak IiA is.visible at ;11 scan -
ratqs‘andlbecomes sharpcr atrfaster séén rates.
Polarographic analysis of an aqueous soYﬁfiop of
the demethoxylated mitomyéin C derivatjvevig gave waves
identiqal yifh those of mitomycin C itself. The 51/2 of
IC for 42 differed from,that of IC of mitomycin by less
.than 5 mv.y-The disfortidn of IIC, though of the same form
as observed for_ié{ was barely noticeable. The cyclic
voltammogram.Pf the demethoxylated derivative was similar

‘to that of the parent compound, howéver at v > 1000 mV/s,

both IC and IA of 42 became severely distorted. It was
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alse identical to that of 43‘exce§t for the Ié‘and;Iﬂ seaks;
A A typ1ca1 example of a multicycle Sweep lseShOWn in
Figure 21 for :;T 51m11ar waves are observed,for,mltomycin
C and for gg_except that,fer the ring opened derivative, |
the 1C peak is extrer;\ely :mal‘l \ The compounds show a 1c,
a:Split II1C, and a IIA peak durlng the flrst cycle- mlth
ﬁycin C also shows a~?pa11 IA peak. 1In the second cycle,
IC appears only as a shqulder.' Only IIL and IIA agbear
after thé second cyghe. Although both derlvatlves reached

steady state in five cycles, mitomycin reached steady state

only after sixteen cycles. - @

Discussion of the Flectroanalytical 8_& '

- The mechanism of the reducfiop Qf.mitomycin C at
pH- 7 appears to belong to the F.C.E. (electrochemical-

chemical-electrochcmical) class, where C represents one or

more steps and the e]ectrochemlcal steps are reversible,. 6?

TwO' pathWays seem p0581b1e for thls reductlon and they are

outlined below. As yet it has not been p0551b1e to dis-
_tinguish between them.

If path A were operating, the polarOgraphic'wave IC .
would corresgond'to the two electran, two preton reduction
to-the.hydroquinone;'while for path B this wave would cor-

respond to the one electron, one proton reduction to the
. : ®

a™1) /5 plot yields

Semiquihone. In fact, the logarithmic¢ -

" a slope corresponding to two electrons, but this is nQt .
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definitive in. the present cqse because the rate of disap-F_

peéarance of the 1nitia1 intermedlate, presumably by reat-

-

tion with Ltself is known from the voltammettlc data to be

- fast on the five to seven;seCOnd polarographxc time scafe

At lower pH values, the wave height, for exther path is

[

due to’ the xrreverslble acid 1nduced opéening of the a21r1~
d;ﬂe ring. ALthough it is qot possxble to obtain infor-
matzon about the chemxcal steps thch follow the‘tgitial
reguctxon from polarography, these steps may be’ éharacter-
ized u51nq the’ c¢yclic voitammetrlc data.. The reactlons
must be both rapid and 1rreversxble to expiain the lack
of a IA peak in° the 51ngle’scan voltammetrlc curves (ex*

eept at very hlqh scan speeds) and the absence of IC and

IA from the later scans of the multlcycle voltammetry

a

It seems llkely that the reactlons anoliod are,the de-" )

m thoxylatlon and a21r1d1ne rlng open

A The half- llfe of the semlqulnone of m1tomyc1n C may
be @stlmated from the cycllc voltammetrlc data.65 The

time elapsed between IC and’ the" subsequent IA is twice the‘

difference-between'El/2 and the reversal potent1al of

.~0 75 V- d1v1ded by the scan rate, v, or 0. 75/v . For the

first 1ntermed1ate-(e1ther hydroqulnone for path A”or Bemi-'

: quinone~for path B) “to- react to the point where it would
not ‘be detectable on the reverse scan would requlre five
or six half‘llves. This 31tuat10nbarlses'at'v.= 100 mV/s,

Thus the time reéquired for-these six haifflives i§'7.6
v ° ’ . . ...



loconds‘and the half-l&fe is of the orl'r of one saCond.

1€ path A il operating this is the half- life of the hydro-
: quinone and therefore also the maximum half- life of any
semiquinone intermediate, while if path B is followed this’
‘value: of approximately one second represents the half llfe
.ot the sequulnone 1tse1f. ' e

e differences in the behavior of ane I of nito-

apa

;myc1n C and the demethoxylated d ivatlve.ii though sllght’:_ﬂ

are real at high 'scan rates, which would .be the case if
the demethoxylation followlng the inltla; reduction pro-
ceeds at an extremely fast but f1n1te rate.

| The waves and peaks desxgnated as 1I, lf patth is
xoperatlng, are.due to the two electron, two proton reoue¥
tion of the azlrldlne ring-opened derlvatLQe 43; for pathl;
B they correspond to the one electron, one: proton reduc-.
" tion of the-semlqulnone to the’ hydroqu1none of 43. ThlS
Vprocess is. almost certalnly electrochemxcally reversxble,
but does‘not appear so because the chem1ca1 steps pre-
ced1n9 it are not inflnxtely fast. —ance wave.I-ls aﬁf
‘sent for '43,'path’B predlcts that the semiqnlnone of the
'rzng-Opened derlvatlve 1s’%xtreme1y short lived to the. .

'po1nt of nonexlstence, thus wave 11 for the rlng-opened

derlvatlve 43 corresponds to a two electron, two- proton

requctlon directly’ to the’ hydroqulnone.v On the other hand
if path A is qperating;-the splitting of peak 11 into two .

voltammetric peaks atidigher scan-ratés may indicate the
’ . : . MK A ’ : . < .
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e . ; .

. -tep-wise reduction of 43 via its semiQuinone.» Wavea 1IY

and v, present for all three compounds, appear to be due-

to further decomposition. of the mltosane skeleton. Expexl—”

-~ N,
ments designed to distinguish between :’e two pathways are

presently underway )
‘ ) Mitomycln Lo} and compound 42 have vety similar re-'
: ductdcm.;bttnxialn. uh.:etu thc ! V'T”

'more dlfflcult to reduce. since the rates of clcavage of

PM2 CCC- DNA by all three compounds in the presence of a
Iimlted amount of reduc;ng agent are very similar, “the
.controllzng factog in the sclssion process may be the rate
-of reoxidatxon of. the reduced fotms frbm closely 31m11ar |

" oxidation levels. o : S

summary and'Conclusions,- R

Y

Maklng use of the rapld and convenxent eth1d1um '
tluorescence assay, the 1nteraction of mxto‘?ﬁ@n C and 1ts
ﬂderxvatlves thh DNA has been studled. Studles thh theA
..rlng-opened derlvatxve 43 and studies of the pPH . dependence
of covalent cross lznkxng and alkylatlon of DNA by mito-
,mycxn c, have conf1rmed the lnvolvement of both the azlrx—j
'dlne and carbamate groups in the covalent attachment to . )
DNA.b The step—w1se nature offcovalent cross-llnklng by

mitohycin c has been de onstrated.' The observed ablllty

'“of the m1tomyc1n derlvatlves 42 and 43 to form covalent

‘bonds to’ DNA efficiently, raises the possibility ‘that these‘

ms\uu:ng

I
LN
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“the mxtomyCLn with the DNA. mﬁg effigi : strand sc1s51on

producea by the mxtomycxn (o dé‘§Vativos 42 and 43 again

, dhd othex metabolites of mxtomycin C may be involvod in

the mechanism of actxon of mggpmycin c.

4

It has. been shown. that mitomycxn C induces slngle

'_strand sczesxon in DNA by the qeneration of tuperoxxde and

_hydroxyl radxcals. Thxs contrasts with. tho prerously pro—

po:ed mechanlsm £f DNA degradation.31 Furthermore, it is
possible that the scisslon process may be enhanced by a

prokinity effect arising from the covalent 1nteraction of

raises bhe p0881bLllty that these and othxr metabolites
may contrlbute to "the blologlcal act1v1ty df mltomycln C.
The electroanalyt1ca1 suudzes have provxded 1nfoz—

matlon about the steps 1nvolv¢€‘zh the redubtldn of m1to-*

mycin 'C. The short- -lived nature .of "the semiquxnone of

'_mltomyc1n cC descrlbed by Nagata and Matouyama62 was con-

xlrmed Conf;nuxng electroanalytlcal studles should pro-
v1de more detailed information about the pathway by which
mltomycxn C is reduced

A summary of the chemical transformatlons that may

‘be anolved .in the blologlcal activity of m1tomyc1n C is

presented in Figure 22. . - .

-

-
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Exporimencal

. All fluorelcence mealurements were performed on a
G. x.iTurner and Associates model 430 spectrofluorometert
Absorbance measurements were made on a Gilford 2400 spec--1
trophotometer. _Pclarogrggpic glassnand‘teflon cells of
conventional decign were employed in a three-qlectrode
ﬁ,:-qmblyl The temperature of .the cell was maxntgined at
37 5° & 0.2°C by circulatiow of thermostated water The
dc polarographxc studies were made with a Model 174A Polar-

ographxc Analyzer (Princeton Applied Research) equ1pped :

‘with Model 174/70 Drop Timer. Cyclic voltammetrlc measure-

ments: were made uéing the~Mocel'1?3117§—175-9323 configur-
ation of the same menufactuter:.rCurves were recorded on
an X-Y recorder orfphotographed on an oscilloscope as-re-
;quired.by scan-rate, v, thCh ranged from 10 mV/sttq 50
V/s. Measurements of' pH were carried out before and just
after each run wgth a Accumet Model 520 pH Meter‘end_com-
-blnatxon glass -SCE electrode. _RedioactiVity Qas counted.
in AqeaseL on a'Beckman LS-250 Liquid Scintillation Ceen—'

ter.
Materials
Materials

.Ethidium bromide, and catalase were ‘purchased from
.'Sigma Chemical Co-. . Mitomycin C was from’ Calbiochem and

" Kyowa Hakko .Kogyo Chemical Co.. ' Sephadex G-100 superfine

was from.Pharchie and DEAE cellulose was obtained from

110 ..



Whatman. . \, PM2, C..perfringens, E. cdli, and calf thy-'

.mue,PNA were a gift of Dr« A{ﬁ} Morgan. Superoxide dis-

mutase was the gift of.Dr.‘Alan'Davilon.

Pluorescence Assay for Detectlng CLC- Sequences

7 All measurements were performed on a G.K. Turner
:and Ansoqtates model 430 spectrofluorometer equxpped thh
I coolsuq tan to roduee fluetuationo in the xenon lunp
source. ?avelength calibration was perf ed as described
in the manua} for the instrument One ez:j}¥eter round
euvettes werefu'qﬁ ~The excitatlon wavelength was 525 ‘nm
and the em:.ss;.qn ‘a length 600 nm. Medium sensxtxvxty .
(X100 scale) wes'deoerally used amtd-water wat c1rcu1ated
.betWeen the cell 2ompartment.and a thermally regulated
bAth at 22° Small samples (5 - 20 ul) from reactlon mix-

tures werelhdded to 2 ml of the assay mixture whlch was

20 mM pota551um phosphate pH 11.8, 0.4 mM EDTA and 0.5 ug/.

L 4

ml in ethidlum bromide. The 1nstrument was blanked with
the adsay.mixture. ’ ' . "
J . <The bross-linking assay was'&arried out as follows:
a 10 ul aliqubt of the cross—linking reaction mixture'wab‘
diluted in 2 ml of the assay solution. The fluorescenoe.

. of the dlluted solutxon was measured fhe soiutiontuas”
then. heat - denatured at 96° for 2 minutes, cooJed in 1ce,
and equlllbrated in a water bath at 22° for 5 mlnutes.‘

The fluorescence of the solutlon was again measured The

[ 4



action solutlons had concentratlons of 0.520 A

ratio of the fluoréscence after heating to the tlhoresCenceﬁ-

before heating gave the extent,qf covalent cross—lfnking.'

.

General Procedure for Determination of C:oss linkxqg and

Alkylatlon ‘of bNA with Reduced Mitomycxn [oF

Mitomycxn C was added as a .200 ug/ml solution -Ain
water, and DNA as aqueous solutlons. Reactxcn mixtures

were buffered to the appropriato pH.witp acetate at pH'S.Oi

- or with potassium -phosphate at M¥36.0, 7.2, 8.7 or 10.3.

Mitomycin C was reduced in the cross-linkihg-solutions by

an aqueouss solution of sodium bordhydride. Cross-linking .

. reactions were carried out on a scale of 40 100 ul. Re-

_action solutions- had concentrations of approxxmately

1.2 A260 of X DNA, 0.05 M of.buffer, 0.6, 1.2, 2.0, and
\ 4 . . )

4.0 x 10™% M of mitomycin C and 1.3, 2.2, 3.1, and 5.3 x

-3

10 M of sodium borohydride respectively. 10 ul samples

were removed at timed 1ntervals and analyzed for. extent

of cross- llnkxng by the fluorometrlc assay descr1bed above.

Y
A control mixture prepared as above but contalnlng no
. . . > .

mitomycin C.was run with each experiment. Assay of the

control reactions showed no cross- llnklng in each case,

‘and that none of the corlponents of the reactlon mlxture N

interfered with the ethidium fluorescence.

‘Correlation of Loss of Fluorescence with Binding Ratio

Reactlons were carrled .out on a 600 ul scale. Re- -

260 °f

L]

. 120
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H labolled A DNA, 0.05 M of phosphate buffer pH 5.0, 0,

-4

1 2, 1. 8 2.4, 3.0, and 4.2 x 10 M of mitomycin C,'. and

2.6, 2.6, 4.0, 5.3, 6.6, and 9.2 x 10”3

M of lodium boro-
hydride. After 30 minutes tfe solutlons were assayed for
loss of fluorescence by the fluorometrlc assay desCrlbed
above.‘ Two 100 ul allquots were removed from each solu—
_tion, added to Aquasol and counted in a 11qu1d scintilla-
tion ceunter in order to cor;elate the radioacbivity of
the DNA with its absorbance at 260 nm, The counts were
corrected for mitomycin C quenching.

| Unpound mitomycin C was remoued from the reaction
solutlons by dlalysxs ve 10 mM potassium ‘phosphate, pH 1.8,
0.1 mM“EDTA. Blndlng ratios were determined by the pro-
cedure of 'I‘omasz24 except-that nucleotide concentratlons
were determined from radloactlve &ounting. The nucleotlde
concentration was calculated using an extinction coeffic;
ient of 7,000 for DNA at 260-nm; The bound mltomycin.con-
ceAQration was calculated from the absorbance Qf the di-
alyzed reaction solutions at“314 nm using an exfinction
coefficient of 11, 000 for bound mitomycin, The absorbance
at 314 nm was corrected for DNA absorbance at this wave-

-

_length u51ng an extlnctlon coeff1c1ent of 232 for DNA at

314 nm, calculated from the control reéeaction (mltomycxn

C conc. “—.%) )

Ay
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Cross-Linking by Mitomycin Cy\Without Reduction )
. R . )

The reaction mixture contained ) -DNA at 0.7 Areo’

6.05 M acctate buffer, pH 4.0, and mitomycin C-at 3.0 x

o . .
10_4 M. 15 ul aliquots were analyeed for extent of cross-
linking as described above. A control experiment at pH

4.0 with no mitomycin C added showed no cress-linking.

Procedure for the.StEdy ot Step-Wise Covalent Cross-Linking

‘of DNA by.Mitbmycin c 4 .

t
» & - , g
The following three reaction solutions were pre-

pared on a 1 ml scale:. Solution A coﬂtained: A DNA at

1.33.A 0.05 M acetate buffer, pH-4.0, and 3.6 x 104 M

260’

mitomycin C; Solution B contained: A DNA at 1.34 A0 and

D.05 M acetate buffer, pH 4.0; Solution C contained: 0.05 M

N

acetate _buffer, pH 4.0 and 3.6 x 1074 mitomycin C.”\ The
: ]

three solutions were incubated for 1.5 hours at ambient

temperatu;e. 10 1l samples of solutions A and B were ana-

lyzed. at time intervals-by the ethidium assay described

above.
Solution Time $ Cros3-Linking °
A o 1’ ’ 9%
A ' 40’ 50%
Ay 90"’ t ' 52%
B ) I . 0%
> B - . ) 40' 0%.
B « 90"’ 0%

[+
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«

The three solutions were individually dialyzed for
25 hours at 5° vs. 20 mM phosphate, pH$7.0 0.4 mM EDTA.

The follow1ng repctlon mixtures were prepared from

dxalyzed solutions A and B: . 90 ul of the dialyzed solu- -
tloﬂDwas made up to a 100 ul solutlon contalnlng 0. OS M
phosphate buffer, pH 7.0 and 5.3 x 10 -3 M sodium ,Poro-

hydride. The solutions were approximately 0.65 A in

260
DNA. The 501utions'were incubated at ambient temperature
and 15 ul aliquots were analyzed at timed intervals for

extent of cross-linking.

< e
- © : 3
Solution Time % % Cross—L;bging; ?
Dialyzed A R _ 47
‘ 2! . 49%
57 58%
10 65%
15’ . 62%
Dialyzed B 0’ 0%
’ 2" 0%
5 0%
10’ . 0¢
o 15 0%

A control experiment was carried out, to show that

"alt the free mitomycin C was removed by dialysis. A 100 ul

. 13
solution containing 75 ul of dialyzed sélution.C, 0.05 M

bhosphéte buffer, pH 7.0, native ) DNA at 1.01 A and

260

».

L,Slﬁ X 10_3'Mﬂsod1um'borohydride was incubated at ambient

-
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" temperature. Analyéis of 15 ul aliquots: at timed intervals

_b§ the fluorescence a§$ay showed no Cross—linkf‘g.

, ' ] . e ' o
Procedure® for Deteymining Covalent Cross-Binking o As -

s ..

-

of Different (G+C) Content by Activated Mitomycin C

The DNAs used were #. coli [M.W. = 14.8 x 10°,

i

(G+C)°content = 50%]; calf thymus [M.W. = 10 x 10°,

6

I

(G+C) content = 40%); C. perfringens [M.W. = 11_4 x 10

L4

(G+C) content = 30%]. - The molecular weights,,we‘detérf
mined by sedimentation velocity studies. Reaction solu-

tions were prepared as described above. Concentrations
/

in the final reaction mixtures were: DNA at 1.20 A260'

0.05 M phosphate buffer, pH‘5.2, mitomycin C at 0.6 or

3.0 x 107% M and sodium borohydride at 1.3 or 6.6 x 10 > M

respectively. Reactions were run at ambient temperature

and aliguots were removed at timed intervals and analyzed.
. =¥ * ]

for the extent of covalent cross-linking by the ethidium

assay.' The average numb&r of cross-links per molecule, m,

was calculated using the formula m = 1ln (l/Pé) where Po is

the proportion of molecules unlinked.

General pProced - for the Determination of Cleavage of PM2

CCC-DNA with Mitomycin C -

-

Experiments were carried out on a 100 ul scale. Re -~

4

action mixtures contained: 3.0 x 10 .M mitomycin C, 5.3 x

“and

1072 M sodium borahydride, PM2 CCC-DNA at 1.12 PArgor

124
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40 05 M- phosphatc buffer, pH 7 2. 15 ul samples were‘ana—ﬂ
.lyzed by the ethadlum fluoreSCenee assay ‘as’ descr;bed abcve.
“A control experlment contglnlng no mltomycxn C. was run
with each;experlment. Analysxs of the control reaction
showed a 75% fetufﬁ of fluorescence after‘heap1ng.(1den;
tical for DNA“alqne)'inHiCAting'the.PM2 Qés nicked to the
53

extent of about 20%

(CCCTD&A~giv s a 30% increase in

.fluorescence on nicking). T : vm. o : "
: Inhibition expegimenfs.were perfprmed-aé above
with the addition of the inhibigors-listed in Table 16

and Figure 13.

Procedure for StudXing4the Préximity Effect in the Mito-

mycin C Induced Single Strand Scission of PM2 CCC-DNA
: —— :

-~

The following three solutinf were prepared on a

1 ml scale: Solution A containing? PM2 CCC-DNA at
2.47 A,gqys 0.05 M acetate buffer, pH 4.0, and 5.1 x 1074 M
mitomycin C; Solution B containing; M2 CCC~DNA ‘at

2.47 A,qq and 0.05 M'aqétaté-buffer,ﬂpﬂ"4.o; Solution C
contéininq: 0.05 M acetate buffer,-pH 4.0 and 5.1 x 16’4 M
Vmitomycin C. - "
-<;+— The three solutions Leré incubated fof l.S.hours
at | ambient ‘tempe’prc and then applied to a 10 ml column
of agarose (Bio.Cel A-15 M, SO;loo.hesh) eluting with 1 ™
pota551um pHosphatc at pH 8.0, -10“5 M. EDTA. The fraction

A (;///betwoen 3.5 and 5 ml of eluent was collected in each case.
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.:phosphate buffer pn 9. 0 coataining approximately C 1 Az

;of chromatoqraphed DNA and S. 3 x 10 -3 M sodlum borohy-_

e

.
3

Fluorescence analys1s of ‘this ftactIOn from sqluttons A

and a, ind-lcated ‘that it contained most of zhe DNA.. .

8cxsslon reactlons with chromatographed solutxonq

A and B were- perqumed -at. ambxent temperature 1n 0 05 M

60_

dride. Addltlonal experxments also contaxned 4.1 x 10 -6 M

-catalase or 0.25. M 1sopropy1 alcohol.

A control expetiment'was carried out to show that

al] the free m1tomyc1n was removed by the gel flltratlon.'

-A 100 1 solutlon containing 85 ul .of chromatographed

solutlon C O 05 M phosphate buffer, pH 7.0, natlve PM2 ccC-

DNA at‘O 99 A260' and 5.3 x 1073 M sodium borohydrlde was

lncubated at amblent temperature.- Analysxs of 15 1 all-';

quots at tlmed 1ntervals by the ethldlum assay sbowed no

szngle strand sc1551on of the DNA

.

Cohtrol Experlments for P0551b1e Inactivation of Superoxide

.Dasmutase by Mltomyc1n C-

; In’ a thicaloexPerihentﬂa-soiutiop‘of'l.s X 10—7.M"
: . , v

superoxide dismutase 3.0 x iO-S M mltomyCLn C and 5.0 x
~L0-4 M sodlum borohydrlde in phosphate ‘buffer at pH 7.8
was 1ncubated at amblent temperature for 1 hour. ‘In a

5 ml flask was‘mlxed alo -3 M xanthine solution (0.5 ml),

a .1-0'—3 M EDTA solution (O 5ml), a5 x 10 =3 M cytochrome

C solutlon (2 ml) and 0.5 ml of the superoxlde dlsmutase-



mitomycxn c-borohydzide solution.b_bftcr di;ﬁting;tois.pl
<w1th.phosphate buffer at pH ‘7. 8 3'5jm1'ot‘§ﬁe'solutiOn '
1wa. t:qnsferred to a cuvette. | Ateor‘the absorbance at . -
550 nm was recorded,’ 100 31 of xmuu.u oxidase loh;tion "7’;

:{ouwu)mw mm-ummm S
absotbance at sso nm was followed.A The résults for this
and addxt;onal experxments are . shown in ngure 15 whera

no 1nh1b1txop of superoxxde dismutase by either mxtouyc1n

C or its reduced form xs evxdent.

Control Experxments for Possxble Inactxvatipn of Catalase ’

Qxfmltomx_;n C

g _ '
In ‘a typical experxment a solutlon contalnlng 3.0 x

107 M,mxtomycxn C and 5.3 x 1874 M sodium botohydtide in'

R pH 7 0 phosphate buffer was zncubated with catalase at

4_x~10 M at O° for 1 hour. 2 ‘ml of thls solutxon was

added to hydrogen peroxlde such°as to obtain a flnal vol—
Mpe of 10 ml, O. 02 M 1n H,0, . The decomp051tlon of H
"0° was determined by . the follow1ng method. 3; timed

2

: intervals, 1 ml of gpe react1on mlxtures'was withdrawn
.and transforred to a 50 ml volumetric flask containing 5
‘ml of 10% sulfuric acid and the Qhole_madé‘up to the mafkv
f°§ith water. To 0;5 ml of this solution in a 10 ml volu-

metric flask was fhon added successively 1 M potassium'

iodide (0.5 ml), 1 mM acidified ammonium molybdate solu-

tion (0.5 ml) and 2% starch solution (0.25 ml). The %e-
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_aultinq,blue -olutiou wnt.fh.n dtlntod to 10 ml ;nd ‘the,

\_ahsorhance at 580 . recordcd.‘ The r-nu1x- ot this and
;odditioml txpcri.mnu arn bho\m Ln ri.guro 16 whore
'?1nt0tterencc with thc action of catala.e by either mltov-

Ci.e: g ratxon of Demochoxylaggg ﬁ?&omycin C Az

) Hitomycin ¢ (33 mg. 0.1 mmole) was hydrogenated over

~f5\ pallad;um ‘on. charcoal in 10 ml of ethyl acotate.u After

.-one equ1va1ent of hydrogen uas absorbed lhe soliution was

RS

fxltered and the fxltrate exposed to air oxidation. Re-
,'moval of the solvent in vacuo ‘gave ‘8 mg of 42 as.a purple

sol1d whzch was purlfled by recrystalllzatlon from ethyl

LY

" acetate. petroleum ether,

Theé absorption spectrum A’a (H 0): 248 nm (log €

3.90); 318 nm (log € 3. 60), 364 nm (log € 3. 79) 547 nm
(log' e, 2. 52) |

The 1nfrared spectrum v (xBr dxsc) 3320 (br)

'1713 (c—o of OCONH, ), 1650 (CvO Of qulnone) 11600- 1548;

1325; 1210 em 1. hls preparation follows the general

‘m-procedure of reference 204.

° -.e - . - ' . . °

Acxd Catalyzed Opening of the Azxrldlne Ring of M1tomyc1n

C. Preparatlon of 43

Hydroly51s of mitomycin C was carrled out according ‘
\\ N '

20a using dilute

to the procedure of Stevens and coworkers

hydrochlorlc acid. The cruoe hydrolysate was recrystal-



.Q_ lized.ftuu dimethyltormamide. water to give 17! yio

L A T

.a-.dark purple crystals. U .

xS 3.95), 305 nm (log ¢ 3. n); 343 - (sh) (log € 3.32)1
m - u.ng o FMm, | "'
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The absorption npectrun A. (cnjou)~ 248 dh—bloq

The infzared spectrum Vrax (KBr disc):, 3390 (br).

16#% (€=0 of ocoua F 1650 (C=0 of quinone). 1594;: 1376

em™d.

‘abneral Procedure for_ Determinat;on of Cross- Linkxng of

DNA thh Reduced thomycin C Derivatives

.

Experxments were performed 'as - descrlbed above £or
mxtomycxn C. Reactlon solutlons had concentratxons of
approxlmarely 1.01 A260 of A DNA, O. 05 M phosphate buﬁfer,

pH-7.0, 4.3 x 1o'f M of mitomycin derlvatlve, and 5.3 x

.,10-3 M sodium borohydride._ 15 ul alzquots were analyzed

~for extent of cross llnkzng by the fluorometrxc assay.

)

. Control reectlon mixtures run with each experiment and

‘contalnlng no m1tomyc1n derlvatlve showed no cross- -linking.

" Table 17

Crdss-Linking of A DNA by Reduced Mitomycin.C Uéri&étives

Fluorescenee ‘Fluorescence
. ‘ Time Before Heat" After Heat . : e
. Compound (Min.) Denaturation Denaturation Z Cross-Linking
a2 s 40 3% 852
s 10 40 .34 852 s
43 ) 57 . 0 1174

10 63 .0 _ 0z

:.-ﬂ_z R
37

N ]



' -1tomycin c. R,action solution- had cenéontrationa ot :

Expoxinantl were portorn-d as dnaotibod abov. for

kS

S 3 x 10 =3 M sodium borohydride. Additional hxpetincnts
also contained 0.25 M isopropyl alcohol. 15 ul samples

. were analyzed by the ethidium assay. CGntrol experiments
lackxng mxtomycin derivative showed a SS~60\ return of

‘fluoreacence after heatzng (identical to DNA alone). in-

dicating. this sample of PM2 DNA was nicked to the extent
of about 404, ' |

The followxng experlments were carried out by Dr.

" A.R. Morgan and D. Johnson ‘in the Department of Blochemx

at the Universlty of Alberta.

Purxflcatxon and Fluorometrlc Assay of sl—Endonuclease

. * .
‘rhe Sl-endonuclea‘ was grlfled by the method of

o~

66

Vogt w1th the gmissionof the SP~Sep£%dex c- -50 chro—

matography, the final step belng Sephadex G-100 superflne
chromatography 1n a buffer contalnlng 30 mM sodium acetate
PH 4.5, 10 mM sodzum chloride, 30 mM zinc sulfate, and

10% aqueous glycerol. The G-100 fraction on SDS poly-

4 acrylamide,gel electr_ophoresis67 gave'one major protein

band and one minor band ‘and was essentially inactive on

'.bu!fer, pH 7 o, 3 2 X 10 ‘ u mitomycin b dcriVativc. and -
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’*duplex'nun, The ttandard sl-endonuclea-e reaceion con- ‘
“tained 30 mM: oodiun acetete~pﬂ 4.5, 50 mM Nac1 1w f' J_‘
znso‘, 2A260 ‘of heat denatured calf thymul qna.with incub-

bation at -4%°C. 20 ul sample: of the reaction were ldded

S to 2 m} ot etm.diun btomide uny solution ‘avt RH. 8. ( lm

evrris HCl pH % O L mﬂ EDTA and O.S‘ug/ml athiéiuh bromidc) e
Undet these conditions denatured DNA extsts with about ' i C
50! of its strueture being in short xntramolecular duplex ‘

53

'regipns.‘ On a nucleotxde residue basis, the flucres-

cence enhancement is 50%'that of native DNA ané this is U

lost on degradatlon with Sl—endonuclease. Therefore in
;calculations on the extent of cross-lxnked DNA uslng the
s1 assay, the DNA resistant. to Sljls taken to have thce
.the fluorescenc‘nhancement per nucleotlde residue of
that which is degtaded5 Due to the sllght activity of -
the SI-endohuclease prepafation o;“dubiex DNA'theiyiEetiee
of- degradatlon were always follqwed After the initiel
very rapld deqradatxop of denatured DNA, the .cross-linked
DNA was very slowly deqraded | N
, Eﬁ coli -DNA which had been covalently cross-linked
'Qith,reduced Altomyc1n~c was dxalyzed'overnlght at 4° in
10'mM‘potassium phosphate pH 11.5, 0.1 mﬁ EDTA; neuttal;
ized with 170 M Tris HCl pH 8 (final concentration 25 mM)
and heat denatured (5 minutes at 95°); To‘8d ui were

added 20 ul -5X S, assay pﬁ 4.3 (final pH about 4.6). Af-

1
ter removal of the first 10 ul sample, 1.5 uni;s.of puri-

T
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¢entrationsicf mitomycin C (0.6 - 3;0 x 10

and Monoalkylated with Mitomycih C

: . P - . -, . '. . . . . .
\ e | -
"fiea §,- nuclease were added and the mixture incubated

at 45°. 10 ul samplesfwere added to 2 ml of the ethidium’

bromide pH 8§ solution 'and read as. described previously.

Heat penaturdd and natiye‘E. oé;i DNA were incubated as

ccntrola,
e .

Als;x for Dggprxnation or Depxrxmxdation of Polynucleo-

‘tides Treated thh Reduced Mxtomycxn (o : .

]

Poly dG-dC-( C G)-( H C) was incubated at 22° in

_élﬁ)_and with

a constant molar‘ratio of sodium borohydride (NaBH4/mito-

mycih C = 10-1)‘ After 10 mlnutes, dupllcate samples were

removed, Placed on Whatman filter dlSCS, washed 3 t1mesw

,with 5% trlchloroacetlc acid, then two tlmes'WLth ethanol,

dried and counted.

v

Under thesé conditions E. boli DNA showed a direct

relationship between the magnltude of the loss of fluores—

L]
cence.and ‘the concentration of m1tomyc1n C.

J
ﬁindiﬁg of Ethidium Bromide- t& DNA Covalently Cross-Linked

DNA samples wh1ch had been treated with reduced

‘mitomycin C were d1a1yzed agalnst 10 mM potassium phospha

o

pPH 11.7, 0.1 mM EDTA. The % of cross-linking was deter- .

mlned by ethldxum fluorescence before and after d;alysxs.

4

0.05 M sodium acetate buffer cﬂ 4.5 with increasing con=1

The absorbance of the dialyzed DNA was measured at 260 nm i

o
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on a Gilfora- 2400 spectrOphotomecor.' Increasing.amounts'.

. of this-DNA were added to an ethidium Stomide solucion,

pH 8.0 and the . fluoreacence per A260 added was calculated

" versus a known amqunt “DNA as. standard.

The followlng work was - carrled out by Dr. J. A

Plambeck and Dr. G. M Rao in the Department of ChemlstrY

-

at the University of Alberta."

ﬁlect;oanalytical Procedures ‘ -

“3 4 mitomycxn C was

\_ ] A stock” solution.of 1.4 x 10
prepared.o,Acetate (pH < 5.9), phosphate (5.9 < pH < 8. 1)

and tris (pH > 8.1) buffers of 0.133 M were prepared in

0.133 M poteesium chloride solution. The-samples were .

-4

prepared in the cell to glve 3. 4 x 10 M of mitohycin c

in 0.1 M buffer and also 0.1 H/KCl The mitomycin C de-
rlvatlves were treated in a ;1m11ar mdnner. The solutions
used for cyclic'voltammetry were buffered at pH 6,98 +
0.02-with phosphete. All solutions_were deaereted wlth

purified nitrogen gas for 10 minutes and blanketed with

it during‘each run, The polarogrephic‘drOp time was con~

trolled at 1.0 second and the mercury flow rate was 0. 93
mg/sec. All potbntlals are quoted relatxve to the satur~

ated calomel electrode The reveerblllty of the.polaro-

graphlc electrode reaction was determined from conventional’

log [(id - i)/1i] plots.

L



CHAPTER 1V ..

STUDIES OF BENZOQUINOWSS RELATED TO MITOMYCIN €

,: A great many benzoquinone ‘derivatives have been
nhown to be good antibiotics and antineoplastxc agents.3?
!'o: the most p‘rt, their mode of action has beyn proposed

T toiinvolvé covalent alkylation and cgoss—linking of DNA

and the most efgective compounds are usually bifunckional.
In addition to the quinone r1ng system many of thesg com-
pounds, includxng the cllnlcally 1mportant antitumor agents,
trenimon- 22, 68 2,5-bis(l-aziridinyl)-3,6-dipropoxy-1,4-

benzoquinone 46a, and 2,5-bis(l-aziridinyl)-3,6-=bis(2-

~ methoxyethoxy) -1,4- benzoqulnone 46b,69 ' 70 have other features

in common with the mitomycins, such as aziridine or carba-

mate groups. Consequently, we decided to prepare a
&) . ' o
6& ) Z\d OR
W N7 ‘ RO r:7

0o

22 A ) | 46 a R=nC,H,

y | b R=CH,CH,OCH,

v
- .

- -

'serdes of benzoquinonks co taining the aziridine group and
to investigate thei integg!tion with DNA by the convenient

ethidium fluorescghce assay in order to investigate any

135 -

.
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pdssible correlation b;tween cross-linking ability and
) antituﬁor activity. 1In addition, we hoped to obtain infor-
mation about the react1v1ty of the aziridine group in re-
lation to the’ reactivity of this group in mltomycin C. y ' \
It has been prdposed that the essential portions
of fhe ;3;omygin strucinrc can be represented by 33_20d - N
“ Charge delocalization of the corresponding hydroquinone

~

0]
CH. X U
R1 I 2
R2 N C.:HZY
e o) |
R ]
23

can then result in o-quinone methidgFlike intermediates as “

illustrated in Scheme 9. Sartorelli and coworkers pre-

< -

pared a series of substituted naphthoquu\o“ 24 and p-

‘ benzoqulnones 25 as potential bioreductive alkylatlng
0 - 1

Y
O o

’CIIZX Rl - _CH_ X

CH,Y R CH.,Y
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o

agents_s;ncc'on reduction these compounds are capable of

28,35

forming quinone methides. These compounds were tested

for antitumor activity and many were found to show signif-

icant activity: : o, : . . ) .
. - - - . ’0. i

We undertook to prepare a series of p-benzo@uinoﬁes

;héving a carbamate és the leaving group 431729) in orger'

O -, ’ o)

R T -
CH ‘Cn,zoCNH2 + CH

o 0 . o 0

I i
CH_OCNH .
\ CH . o OCNH CHy CH,CH,OCNH,

Hy NCOCH CH, ~
e NCOCH, 3 Hlec'ocuzcn2 3
-8 o . [ 1

N
oot
YT

. 2 " B -

to obtain informatipn about the alkylating agﬁlgty of the -
carbamatc group }n mitomycin C. -The effec;iyeﬁégs of thy e »
compounds 1in alkylating and cross-linking DNA was examigéi

by the ethidium fluorescence assa,E’ B#&comquison of com-~ ")

N

pounds 47 and 48 and cohpounds ig.and 50, it was Hoped to Z

'
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'. °
determine the influence ofj#hafge)dgloéalipation of ‘the
corfesponding hydquQinones bn.the aikyiatihg(ability of
such compounds. A;rangements'were @ade to have these com-
-pounds téstgd'for~aﬁtitu;§r_écfivity so0 that possible cor-
relatipns betwccn_cross-linking and activity_cou%d be ex-
.éminéa. ) S A oo

A series of‘2;5-disubstituted p-benzoquisoneé §i
- ' was also prepared. Their ability to Alkylaté;ahd cross- ',
link DNA Qas examined and cbmpareé with the-serigs of cér-

<
~

(8} 4
> _ :
CH, CH,X .
XCH, CH,
)
51

responding 2,3-disubstituted p-benzoquinones pfepared'by

'Sa;torelli.zaf'Bsa
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Studies qf Mitomycin C Analogs

§xnthesis of'Analogs of Mitomycin C

.Because of sthe relatlvely short span (4 3 A) be-'
'tween thé alk;latlng 51tes of.mxtochmn c, the number of
potent1a1 alkylating 51tes on- DNA 1s llmlted. In order
to prov1de greatet couformatlonal flexlblllty between the
dlkylatlng centres, we prepaxed a series of analogs }n
o wh1ch the C- 9, C-9a-bond has -been broken. This group of

analogs 52 posscsses what are regarded as ‘the- essentaal

- . . t ¢
L X -
' : . ) C_HZCHZOCNHZ .

- . - St o

stguctural features necessary fbr physxologlcal actlvxxy.(

S

Compounds 52 retaly the reactive azxrxdlne and carbamate

oups whlcgphgw.vbeen shown to alkylate DVA " The dis-
. e ’ .
“éince betweon the two poteﬁtlal a21r1d1ne alkylatlon cen-

dlazlrldlnoqulnones. In addition,_ it was hoped that the

¢ . ] -

tres is COmparable to that of the cllnxcally WSeful 2,%-
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greater conformatxonal flexxbllxty between the alkylatxng
centres of 52 would compensate for the loss of con)ugatxve

interaction provrded by the_xndole ‘nucleus of mltomxpxn‘c.

The quinone function was retained‘for two reasons:. (i) so.

that the structure of the analogs would resemble mltomyc1n:"'

for possbee 1ntercalat1ve propertles and (11) to deter-'

. ~
mine if analogs of thxs type can degrade DNA as has been
R N T % P
festag%_ T mxtomycxn C and streptonigrxn.39_y- g

scheme} Functlonallzed quxnone hav1ng the requxred carba-‘

- "

mateé- 51de cha;n 53 was prepared by the followxng route due

34a

to Nakao and Arakawa (Schéme 11). The requ1red b1-

-

'cyclulc azxr_l-dln,es were pre,pared by 1 3- -dipolar “*e addi-
w

tion to 3—pyrroiine 54 to"give a trlazollne,éé h was

SUbsequently photolyz%? (scheme 12) 49

logs were obtalned by . couplnng the- b1Cyc11c azrrudlne to

-

fundt1ona112ed quxnones u51ng copper acetate as a catalyst'

(Scheme 13) 39 ‘ ’

The mitomycih apa-
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- ‘Scheme 13‘.
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inqtection of ggvalont Ctoss-Link{_g ot DNA by Bicyclo—'
-aziridinoquiﬁdudlv.and Contirmatiqn by S JEndonuc!ease

" The synt.hetic analogs 57 weroo 1ncubated 1.n 20% ' T e
aqueous pyridine with Y DNA in ah acetate buffer at pH . .
- 4.5, The nnductxOn of covalent ctoss—links was detected .

by t:he ethidium fluqrucenoe assay n sumatized in Table -

!18. Ffom the (esulto it r: evident that cro:s-linking is ':?ﬁ
" \ﬂ:3L~ ; | et : - agl .
" L Induction of Covalent Cross-Links in A DNA by

o uitomycxn Analog_ '»"- .
L . " ‘Time to

ot T Cogpcentration’ - - Maximum % " . Reach
ol Compound . ug/ul Cross-Linking - _Maximum'
s7d 2.8 . . 781 " 240 min.
" s7a’ 0 2.5 & 6iz 180 min.
‘s 2.5 T 38e " 90 min.

s L5l ] 2.5 | 34y 240 min.

. / 'woccurrlng at the tho azlrldlne groups. ‘The carbamaté does
bnot appear to be xgyolved in the covalent blndlng to 'DNA.
‘The span between the alkylatlng centres of 57d is ca. 10.1-

\

10.8 Avas compared~tp ca. 4.3 A in m;:bmyc;n o 1nd1cating

that'bifunctionai' plating agents of quite different,

dimensions may be: dated by cross-linked DNA. . An
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. :‘ﬁ; olcctxonuwithdxawinq qroup~in Rl looml to cnhtnc. thi ,"
' effiei-ney of covalent crosc-linhing.‘ T
‘ " The induction of cLC sequancesﬂwith compound 57d
was contirmed independently hy ehe sl—ondonucloale nssay

dencribed in Chapter III (Tabla LS).- The Iowet valuel for;

_ o  Tgble, .1,9 B ‘

Confirmation of Covalent Crouah&in&ing of DNA by Mitqmyc}n : i"'
i oo * - L. e e . o Time (min ) . :
TR . o e U .90 195 270
Y Ctoss Linkinq by : ) S ‘ T
Ethidium Fluorescence Assay - 16% © 208 - 27% ... 2%%

M . - . '.“

: ‘s Cross—Linking by . , : ) S
S)-Endonuclease Assay . 9% 15% "19% . 168

ta

covalené,cgggsjgiﬁking'a?e due to the use Of‘E coli'DNA
- of ﬁugﬁ;iﬁﬁér mblecular weight (14 8 x 106 ) than’ that of'
the ) DNA (31 x lQGf - The two assays show a satisfactory .
‘correlation. T . ' o
_ L No.loss of'fluotescenée due to alkylation of the:
,oet DNA was.observed,_reflecéingbthe lower alkylating ébilit&»
' of the analogs és cpﬁbared to mitomyéin.c. On incubating '
;. _‘ :219 ;nder.reducing cqndifions with PM2 CCC-DNA, no single
strand cieévagé was observed. - .
n ) . |

v The four mitomyciq‘analigs 57a-d were tested for

antitumor ‘activity against Sa ma 180 ascites cells.



of the quxnones,

'susceptrblllty and electron delocalization

. o o . - . : :
L. . s . . ] . T . : Lo .
T e e See nTevalg e e I : g e T e .'..u...\‘!... .

fln -1ce by Profelsor A c. Sartorolli at the s;ﬂbol of..

Hadlcine of Yale Univer-ity. All of thcn lhowed little or

" no ebtivlty against this neoplqsm.

Studies on Aziridinoqulnones

-

Mode of cytbtoxxc Action of’ Azirid:noquinones

v'Although thé mechanism by which thesc qompound: exert
. thatx: pcuucym Bt Kok wlw any’ oartad: '

-_tbat haVe been made 1nc1ude. i) alkylation and cross-_'

-

linkxng of‘DNA (ii) production of hydrogen peroxide and

_other oxidizinq specxes by intracellular redox reaetlons.

72 Efforts Have been made thhout much

success. to correlate antltumor actxvxty with magnetxc

73 -and with par

tltxon coeffzcxents between benzene and aqueous phosphate
- 74 ' ' Vo

buffer solut1ons

We have prepared azjri Mrzoquinones of-thebqen-

eral types 58 and 59 and investiGhted tbeir interactiobA

: Hanyfe;}ridinoquinones are active antitumor agents.

ol
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: with DNA by the ethidium !luqreecence assay. Most of the
' compounde wera prepared by, publi-hed proc,dure, 34,69 70 -

v.}ant croes-linking and alkylatidh of x DNA . by cOmpounds

T of this type: 1n the concentration range 0 ,01-0, 4 ug/ul wes

established by the fluorencence assay as is 111ustrated in
Flgure 23 and Table 22 whéte aqents are listed in ordet of
decreasxng cross—linking ability._ Independent contxrma-'

bion that this a-say aetects cLc eequenced DNA fot this

m af: umuom am.em egente was' nqun obteined A

by the Sl-endonuclease assay as eummarized in Teble 20

‘4eb1e 20

Conflrmatxon of Covalent Cro s-Llnking of DNA by a

° .

r
Azlrldlnoqpinone §§ with the(sS,-~Endonuclease Assay

Time (min.)

"0 45 .13%
s . ,
. ) : ° . - /-
¥ Cross-Linking by _ _ ' ' e,
BEthidium Fluorescence Assay 3.4% 42.5% 63.3%f
% Cross-Linking by . o
S,-Endonuclecase Assay 9.7% . 26.7% ) 42.0%

X
i
-



Figure -23.  pH dependence.of covalent cross
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of A DNA by 2,5-bis(aziridinyl)s3,6-

dimethoxy-1,4-benzoquinone at a finatl

>

concentration of 0.05 {ig/ul.. Reactions

were Eatried_out in appfoximately-0.0S M

buffered aqueous

final DNA concentration of i.&O'A
Y W ) .
»

v

-linking

solutions at 37° with a

260°




. DNA by Azi:idinoquinone

-

-

. o .
. . \!J. 'l . '
) . BTN
pH chendcnte of Covalent Cronu:Linlc{ng: and Alkylation of’

»
Y

-As was observed with mitomfcta C‘_the détection of
, . e »
aziridinoquinone induced covalent cro'ss_lian QN'

was often accompanied by .a suppression of the ethidium

P

fluorescence. By analogy with the results Qi,ii h
'mitomycinnc} it seemed likely that this phenomeno $ould
be attrzbuted to alkylatxon of ‘the DNA with a resulting

-lo-s of potential intercalation sices for ethidium. An

experxment similar to that described for nttomycin C was

. ; ) - ‘ ,
carried out ‘to show that the loss of fluorescence was not
ric et : : . . 2 _ S 1

' dﬁe to depurination or depyrimidation or to large scale

degradatlon of the DNA. o

A synthetlc polynucleotldo conta1nxng selectlve

4

radloactlve 1abels in the purine and pyrlmldlne was

treated wlth an a21r1d1noqu1none to the stage where a

contxol experlment an apprec1able loss of fluorescence

was observcd. The alkylated DNA was washed with' trlchloro—

- °

-acetic ae;d»anthounted, The results in Table 2] confirm
that the loss of fluorcscence is not due to Loes of bases
or iarge scale degradatioﬁ of the DNA. E#periments de-
‘signed to' correlate loss.of fluorescence with biﬁdiné
:atios, as Qas done fer mitomycin C, are now underway 4in

our - laboratories.

The pH dependence aof covalent alkylation and cross-

148
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| .
' Tabld. 21 ' v .
Radiocactivity Assay 'fot‘ Alkylation of Polynucleotides .
‘ : with Azxni}nnggnone 58* '('b\
. f?b :
. . . 3 .
Time (hx.? 3H-c.g.m. ic c.E. . '3/14C‘Ratio . ’
Q ’ 2285 3195 0.713
2 2252 3500 - 0.646 :
| v ‘s
18 . 2520 4075 0.618-
46 2850 4476 . 0.638
65 3342 © am3 - 0.708 ¢

A

linking by ‘aziridinogquinones was studied. . Figures 23 and
24 reveal that these quiRBones show a much more pronounced

pH dependence than reduced mitomycin C 'This difference

reflects the struCtUzal differences of tﬁe two alkylatlng* \

.agents. The a21r1d1ne m01ety of ac;tlvat;p.q ¢ '_

receives assistance to opening” by cbnﬁ!g%va:w.
* E ""“ .“.”.L_: . A . o
- of the indole nitrogen lone pair at ang gézi%Qﬂ?khéﬁb
A%
veno syc ctri,;va ?n aAa!
JW e

qulre protonatlon to assist the lrldtﬁe rfnq op«;n‘ingig;t;~

hand., a21r1d1noqu1nones re

at the écrrqepondfggi i
LI
dver Ehe time scale

'Careful controls were run with A

g
pH but in the absence of the qui

of these experiments no acid lnciubcd croS-*s llrg\kx‘lg was '
, ‘Xl 4 .
detected. ‘" o
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Figure 24. pH dcpendbncé Qf alkylati%n'of A DNA by 2,5-
o ' :
b aziridinyl)-3,6-dimethoxy-1,4-ye¢nzoquinone
« - :
-at a final qoncentration of 0.8 ug/Ul.. Reac-

tions were performed in 0.05 M buffered. aque-

« -

«

ous solutions at 37° with a final DNA concen-’ . .

tration of 1.40 A26O'

o
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Dependchce of Extent of Covalent Cross-Linking of DNAs Bx

Aziridinoguinones on (G+C) Content of the DNA. .
" s - v .

No evidence has yet been ptésenteq for any. base

2

‘preference in thc covalent cross-linking of DNA by azirj-

v a

dinoquinones. Therefore the interactiaon of Z;S-bis(aziri-
dinYl)-3,6-dimethoxy-l,4-b¢nzoquihone (58, R = R, = OCH
R2 = H) with three different natural DNAs of diffe;ent

3

(G+C) content, C. perfringens (30%), chalf tﬁ}mps (40%),
- ‘ IR ‘

and K. col” (50%) was examined. -Pue to slight differences
e o

in the average molecular weights of the DNAs, as deter-

mined by sedimentation veloc¢ities, the qrossklinking ef-

ficiencies as determined by the fluorescence'assay are not -

strigtly comparable. The average number of cross-links
per molecule (p) was estimated from m = 1ln (l/Po) as was )
done for mitomycin C. ‘The values obtained, 0.62, 0.93,
and 1.?1 for the threce DNAS are comparable to sjmilar es
timates for mitomycin'c.lal Assuming an Qverage molecular
welght of 300 - éBU.for cach nucieotiae, the average.
number of cross-links per nucleotide was calculated to
makc'thé’resu}ts comparable for fhg Ehree DNAs. it is

clear from Figure 25 that the extent of covalent Cross-

linking increases with increasing (G+C) content and as iq

‘the case of mitomycin C this probably indicates a prefer-

ence for attack ' n guanine. : ' o=
< .
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Average Cross\- links per Nucleotide x 10"
N
o

VI - ' 1

1.0
30

-~

Figure 25,

4.0 50
% (G +C) Content

Dcp&‘ndcnc;_;qu efficiency of covalent cross-linking by -

2‘,5~bis(aziridin_\'l)—3,6'—dimothoxy—1,4-benzo_quinon(~ on -
r, .

the (G+C) vontent of the DNA. Reactions were carried

out at 37° and contained DNA at approximately 1.2 A
ppro y

260"

0.05 M .'uw!-t.-zu"ﬁyffvr pH 4.5, and 0.05 ./l quinone

in 207 agdeols tet rahydrofurim,
.4 ry I3

» . . ‘

A . . . :

A ’ . :

LS . i - 4
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. ‘ '5}
_‘(qutelatioqipf strqcs!E§L7Covalent'Cross*Linking-and‘Antiz‘

. : ] " » -

tumor Activ;ty' Jt” .- N . e
o o

Y

It may be seen frdm Table <22 t?at fbr 1, 4- benzo-

qu1nones. alkoxy substltuents appear to enhance both

antxneoplastlc actxvxty and eross- llnking efflciency°while >,

Na

thoro substituents supptess both these phenomena. A car-;

bamate grqup, un{ess actlvated as in reduced mltomycin é,
. ' Ca . e Ny :
does not conthbute t0 increased cross-linking. Alkyl

substltuents On the azxrldlnes decrease the cross- llnkxng
'efflciency 1 2~ Benzoqulnones show- both eff1c1ent cross-

linklnq of DNA and good antltumor act1v1ty.

In general, a gal good correlatlon exlsts be-.

tween the rate of covalent cross- llnklng .of DNA
and ahtineoélastic activity against Leukemia L1210 and

sdveral solid tumors. It 1s posslble that this parameter

LS
[

may prove useful for the pre-~screening of antltumor agents,
recognlzlng of coq‘Fe thﬁf other biological and pharmaco}—
Oglcal parameters, in addltlon to covalent cross-linking,
(lgg. drug uptake, ipatgstlon,'metabolism, and toxicity}

contribute to the ultimate'effectiveneSS of‘the cancer

inhibitory properties, n
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@ o ﬁiesm Carbmatﬂnmos :
o 7 Preggratign o Carbamate g none: . ﬂ:"

Y .”. A series of carbanate guinones (47 Gl. ana 50) waa- ‘

prepared 1n orde: to study thc atfectivenesn ot tb. cqrbav'

.{%k /

53 o arc_siQSlf to the bioreductxve alkylattng aqents prepared
| v ‘ “28 %? and a;eralso of interest as potentially
Jactxve‘dﬁ}itumor agents., All attempts to prepate the
< 'fouxtn Eoﬁpound in fhxe ‘series 49 were unsuccessful .
é&he synthetlc routes for ‘the preparat1on of all
‘four cdxbamate qulnones began ‘with a. common startlng mat-
eriai. 1. l—dxmethoxy—Z 5- dxmemhylbenzene 60, whlch was
prepared by a knOWn ‘route’ as- shown in Scheme 14 77 "Chloro—
. methylatlon‘t the dimet:hyl ether gave a mlxture of mono- o
chloromethyl compound 61 .and dlchloromethyl compound 62
. The xelaelve vyields of the two’ products pould be varied
by changing the reactlon tlme and also by changlng the
amount and form of the formaldehyde used.” The use of '
‘paraformaldehyde seemed to fayor monosubseltution while
the use of 40% formalin reSuleed.in more dichloromethyl
cowpound.bei?g formed. The two produote.were easily
separable by fraétiohal.crystallization.

The reaction séquence -for the preparation of the

monosubstituted carbamate quinone'il made use of the mono-

\
-
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v . °

o ob;oromethylbenzene derivative 61 (Sche-e 15).~ Alka!inov
K

PN hydtolysia qave the alcohol . 63. The carbamgte sidé chain

wna tntrodndcd via the phenyl cdtbonate ester 64 2" Oxi -

dtt;on with 'ilver oxxde arfa nitriq acid gave the quinone
- i 47 ‘The cor:esponding hydroquinone 66 was prepared by
A reduction with sodxum diehionlte. ' '
315:“23-=¥} 1hs homoiogOus mohocarﬁamate quinone 48 was pre-
L pared as 1llu'tratéd in 8cheme l6. The sxde chaxn was
extended by reactxon with- potassium cyanlde followed by

. ‘, \*
N xacld hydfolysxs and .reduction to the alcohol 70. Tne

of the &actone 69 ﬁkobably by acid catalyzed -displacement

. of the methoxy group Introductlon of the carbamate and

oxld;tlon of the d1methy1 ether gave the quxnone 48 in
_ poor yleld |

The synthetic scheme for.thc preparatlon of ghez
olcarbamate quLnone 50 is shown in Scheme 17. Stepwise

reduction’ of the dlac16 74 v7ia the ester 75 was investi-

gated but was found to haye no advantage over the direct . -

redpction with-diborane- The dicarbamate quinone 22 Waé

reduced to the correspondxng hydquuxnonc 79 with sodium-
dlthxonlte " |

The synthetic scheme for preparing the oicafbamate

v i

"methyl cther, 82. However, oxxdatlon by silver oxide and

nitric acid o% nitric acid and acct;c oc1dounder various

conditions was unsuccessful.

yield of the hydrolysxs step was rgduced hy the formatlon‘

éuinone,ig (Scheme 18) p}occodcd smoothly to give the di- .

160 . ._
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y EtOH :
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65 64
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Cr,
Scheme 16° o ’
o - OCHy. - . oCH4.
N H4 O CH,C1 KON’ . CHy _CH,CN
. ) , h . . A
N CH3 e oL . CH3
° OCH3 . .‘OCH3 67.
. > * ' -
61 f ' v ‘ .| B,80,, HOAC
A
OCH, - l OCH
CH ,CH , OH B,H, CH, CH,COOH
- v .
CH "N CHy
70 OCH3 68
: : +
-~ 1.
_ glgozcsns
pyridine ¢
2. NH;, EtOH : CH,
OCH "
CH 3 u 3
3 C}lZC!{ZOCX Ty
OCH = HNO o &2
3 3 T
HOAC
71 X - OC H O "o
72 X = NH Cll3 CH. CH Oc!x'll
v CH,
o
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Study of the Intcraction of Carbamate Quinones with DNA

Y

The intcraction of the carbamafé’quin?nes 47, 48,
and 50 with DNA was cxaminced by means of the ethidium

fluorescence assays. Incubation of 25¢ aqueous dimethyl

sulfoxide sokutions of the quinones, both unreduced and

‘ : L
reduced 7+ w7 with sodium borohydride, with A DNA at

377, pH'7.0, produch)no detectable alkylation Oor Ccross-

linking. The~hydroquinones 66 and 79 gave the samé result.,

The- interactign of quinones 47 and 50, reduced n oitu with
sodium borohydridc( and hydfoquinoncs 66 ahd 79 with > DNA
at pH 5.0 and’8:7 was also examined. - Again no alk?latibn
or cross-linking could po detected. The interaction»of_
carbarate quinoncé with CCC-DNA was c#aminod. Quinone 47,

reduced 7+ o7 with sodium borohydride, and hydroquinone
—— -

66 were incubated with PM2 CCC-DNA at 37°, pH 7.0. An

initial small increase in fluorescence of approximately

t -
107 was ob®crved with both compounds in the first 15 min-
. -

-

utes of reaction.e A corresponding decrcase in the fluores-

R .
. -
cence after heat denaturatieon was also observed. These

results indicate that O small amount of quinone-hydro-

- . * . I k'
quinon® induged single strand scission of the ccc-DNA was
—~ .
taking place., Howevers after 'this initial observation no

additional decrease in the fluorescence after heat denatur-

atron was cobserved as would boe expectéd if alkylation of
) . . : T .
the DNA woere  Qakaing place. Thus there i1s no evidence for

-

165-
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covalent alkylation or cross-linking of DNA by any of the

» N .
carbamate quinones or hydroquinones. '®

) Thege results support the results obtained with

mitomycin € and its derivgatives, that the carbamate group.

(Y J

is much less reactive than the aziridine group Evén the

possible conjugative intoraction between the hydroquifione - RS
. ) . .
oxygen and the leaving group in 66 was not able to activ-

ate the carbamate . -. . P .

' -

Thesc carbamate qu1nonq5 and‘hydrogﬂlqaaf5'are
..‘/l L
being tested for antitumor activity. q ¢ T »

) ’ ’
/, Stud lics en Potontlal Bioreductive Alkvlating Agonts

Synthesis of Potential nioroductLye‘ALRylating Agents

*

A scriecs of Z;S-diSuﬁstitutod benzaguingnes of the
,typo 51 was prepared by the reaction,scquence shown in
Scheme 19‘ The removal of the ether groups from 62 with

-4botgn trlbrqmtdq‘led uncxpectedly to'cdﬁplote rop}acomont

» " ] :
gf c’}lloprc‘.‘ﬁiﬁbromino. 'A*:;imilar ether cleavage with

s .

boron trichlogide to give the aichloromothYlhydrOQUinone
§i'wag unﬁucccssful. .Howovor, the bromine atoms of the ~
dibromomethylhydroguinene 83 could be rop{gcbd by chlorine
by stirrina w1tﬁ corncentrated hydrochloric acid and sodium

N
chloride. ‘Displacomcht of bTominc by acetate proceeded
readily to give 85.  The h)droquxnnnoq were 0\1d12ed to

the corresponding bqnzoqulnongs, §§ and 87 ’G:?R\forrlc- o

chloride and hygdrochloric acid. O\ldatlon of t%e dibromo-~
. . LA
. o RS e

. » e LIRS &/ .
‘ 7 . ““". / ot 3
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hydroquinonc¢ 83 with this reagont resulted in displacement

‘o bromine as wcll as oxida!&qp oxidation with ferric

: o B
bromide and hydvobrobin 1rru \ever proved unsuccessful. %
Oxidqgtion with other oo ldl?].x)q 1gent°. resxlted in d-xsplaco—

-

ment of" thg 11l "1le bxo'mnc “atoens \ﬁlamlng 83 in ethanol
containing nitric aci. gave thoe dxéther 88. Wﬁ"
Interactiqn,of !"idredui  ive Alkylating Agents with DNA
/ ‘ . . :
-3  Sartorelli and covwurkers have prepared a series of |
2,3-disub$titut:d benzeouinone. of the type 89 28a, 35d v
L4 o . . & L . » . '
- . ‘ * ' R £ 1
v » -
L B T .
¢ ' ¢
. - ‘ .
. ’
l‘ Ay
89 a X = Cl |
b X = OCOCH3
. .
& :
. . [ .

- 4 . . *
These have proven to bo r*latlxcly active antitumor agents.

It was of inte. st t& compdare tae cross-lipking and -anti- .
T .. 4

tumoi activity f *hc © tompcunds with the corresponding z
. p .
2,5-isqgmers, s a1l these campoands are potontial biore-’ '
ductive alkylating -agerts,  Since both the quinones and
.\hydruquinonoé, o { some of of.hd 2,5-—'1' somers wore .av‘_ailab,le;
_the efficidney of 7n s+ reduction of the quinones.could”
- be cxamlncd.' Aqaih we wished to ‘look for & ﬁogsiﬁlo
3 - | T - :
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. correlatton between cross -linking and alkylating ability

¢

and antitumor acé!Vity
The quinones and hydroguinones were'incubated with .
A DNA at '37°, pH 7.0. The results of cross-linking mea-

surements are shown in Table 23 and *Figure 26 None of .

s,

‘the compounds produced a loss of fluoreSCence due to alkyl-.

o
ation of the DNA The * results 1nd1cate thlt all these K
compounds are relatlvely effxczent cross:}xnklng aqents.'
The 2,3 and 2, 5-fsomers show :imllar activit!!s however

a number of anomolles a apparent For example, the un-

reduced dlchloquurnones shcn more ef£1c1ent cross l*pking o

th&n thosc reduced in'situ. In addltlon, the maximum per

U -c‘ent ”sg l,).nklng with. the 2 5- dichloromo’thylhxdroqulnone

lower ,thamuth the qulnohe reduced in situ, ’lule the
[+
reverse is t?ﬁe for the",s dxacetates The dlether 88,

4

as expected, shows nécroﬁwllnku‘&r alkylatlon. ) .
duce&)y tbe dlcl-%or* f’

The effxcxent cross-=linkin
methylquinones may be due to the fact that the’ chlorlnes

».
in these compounds are allyllc and thus are relatlveiy

»

hY

.~

-

easily displaced. On reduction, however, the halogens,""“"'

which are now benzylid, become even more labile to dis-. -

placement owing to conijhdative interaction with the hydro-

.,) i J

-quinone oxygen. They may very°well be so actiVated in this -

form that they are raplhly hydrolyzed in solution before
they can xnteract chemlcally with. the DNA - This would re-

sult in lowered crossfllnklng efficien¢y. ' The resultsﬂnj

s
. . - Y -
. . .
b ' : C 2 w7
A\l " . - te .

¢

.
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TABLE 23

.

1% " o

°- Cross-Linking of A-DNA m-'ﬂlfﬁmf io

v

Compound _ o Max imum

nal ‘Benzogquinones
] A

;4 Cfoss‘LinkinQ' Time to Reach

(Conc = IO ng/ul) - ’—R;duced'

. l S a,c B
_ b
| ’t : CH, LI 64
'FH | |
o CH, T}
e’y o
1 .

. é °
. . .
] q
' CH
13 ~-
f . ClCHz .
i . .
CH.
CH
9- S . .
-t .
* - v ° :

a \ .
Not Reduced Maximum {Min)

- 7_“§v

- PA “

% ‘ . o
7l~ 7 ) ) '80

b4 P
60
*
N .

-® -
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“w® e % A\ ' e, o 7
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- ’ B .. '. . ”f ?. . _' . RS ! . ' .
1Y . .".‘- <”'--
. \' £-23 (continued) ' o

‘
w' R . > . "4',& ’ o SV

S o N

" Compound _ Haxlmum % C“;S Llnklng . Time to Reach
{Conc =).0 1ig/11) Reduced “Not Reduced Maxamum (Min)

\ N

SChy

9
CH3NQCH2_
0

BrCH “™CH

v
. < .
- ° .t ° . -

», - A »
. e -- . . .
Ly,

n - Y ;> . . . o .
c N . ..'

Supplied by Dr. A. . Sartorelli. Conc = 0.8 ..g/;l M T

. - X . “y ‘
Reduced Hu ol tw with 1 ,g/,.l NaBH“ ' C e, : S -‘ :

n °

v

Shows actnvuty agamst Sarcoma 180 in. nNce B . S ""
. »
Shows actcvnty agamst Adenocarcmoma 758 in mice. ) ,‘ \ .

- - . : »
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o 122 30 - a5 &0
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Time (min) >,

“hydroquinones-aith X DNAL Reagtions (“;»ntsim-d X .DNA

C"“h'nl cruoss=linking of substi Lu,t.iruinm\cs‘\ and
. . . - ‘

.

at 1.0 A,c . phosphate,buffer pli.,.o at 0,05 . Add-

. L4 -
dtional cdmponents werer VO 87 at 1.0 ug/ul; O 87 at
. . , — X —

1.0 pgr/ul ;l'nd“sudium barohydridesat 1.0 ug/ul; + 84

at 1.0 pa/uls o 83 .at 1.0 ug/ul; & 86 at 1.0 ug/yl

’ *

ar:‘d sodium borohydride at 1_.'0 v/l 5 86 at, 1.0
VAl e 8BS at 1.0 ,pu/ul. - T
- .

Y

o
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ma9 be complic

3 o 1
obtaincd with tﬁc 2,5~ d;chlorohydroquinonea ate c0n31stent

with thx. explanatxgn since in- this case the hyd .is -

.could be 1mmed1ate sings no prior reductxén is neceosary

The very rapid inltxal cress Linkan observed for this

compound (quuxe 26) also appoers to support this explan-

atxon. S ' " | - : ’ e '
- o Thc rcsults obtaxned with¥the dzacetate quincnes

ated by rcaction a’ the acetate group: duxing ¢
eduptlon proqean. Prepaxan e scale. sediati

anatic *nf thc  ’v'iéﬁ
.uacetate quxnone 87 with sodium borohydlhde indicated

.

. \'v "",
: QE:;attack at the acetate function, hOWQVer ho products ..

S W ., } ' ’%"" : R
'béuld be 1dcnt1fxud ‘ Therefore, the relgt1Vely low cross- .
#.

'ink;ng values obtaxned for the two dlacetate quxnones .re-

uaed ‘Q;fn (7 12% and 18% as compared to 8ls for t¥e uﬁ&. .

of this type are cont1nu1ng i » .
"ﬁ. The 2,5-dlsubst1tuted‘benzo— and hydroquinones rare

2

W S L §
belngAteStod for antitumor act1v1ty with the view of cor- !
xelat;gg cross~link1ng ablllty and antitumor actiVity; S
: oA
Q
» ’ °
. N
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" Summary and Conclﬁﬁiohl

’

A aerid%’kf benzogquinone ;\?&vatxves havxng struc- .

tural featurcs relateg to mltomycxn C were preparcd and
' their xntcractxon with DNA was examand; The” results of
cross-linking intcractions w?th » DNA support the concyg;‘
ﬁigi' .ﬁtod? obtained with~mitoﬁycin c, that the aziridine group
| .Lntc?acts with DNA much more eff:cientl) than does the
| ‘carbamate group’ and thus thaf i 1n1t1?1 step in the
"crodk~linking of DNA by uitomycin C is alkylation: at the

aziridine. ‘In fact, it was found that the carbaméte qtoup ’
was pnable to'alkylate DNA at all, except when hxghly ,;5f -,f'
ﬁctiv@tod-as in mitomycin C. |

}t was démonstrated that aziridianuinénes are sblé!
to chicienLIy.9ross—lihk DNA Qg has becn nggcsted‘fof'qﬁ

71

their mode-of action. The result; of croés-lfhking

o

experlmentb w1th DNAs of dlfferen; (G+C) content suggQS..' "

'fQ

“that alkylation by a21r1d1noqu1noies may occur preferen-
tially at the guanine bascs. In addltlon there was fairly
good corrolatlon of cross- llnklng ability with antitumor
(act1v1ty. Thus the rapid and efficient cthidium fluOrCSﬂ
-;enc_o' assays for alkylation and crogs—_linkipg of DNA x‘:yb
éfbye.to be tonvenient pro—icrcéning procoéuros for cqm-

pounds_having potential antitumor activity. ¢
v - .



m.p. 114-115.5° (lit. m.p. 1
7 L

First derivatjve ‘e, p r. spectra ‘were Peasured on a
Varian v~2503 spectrong:‘ fitteg with‘ V—4532 dual cavity

operatxng at a nomina requency of 9.5 GHz. The micro-

huhvp power incident on the cavity was attenuated to 10 db

below maximum. Hyperfine cauplings were‘measured by com-
. L}

parilbn with a, peroxylamine disulfonate solution in the.

audio cavity _ Thé triplet spacxng of the standard‘was

tqkoa to e 13.0! Oe. ' ' . o ‘ﬁ&

6- (g—nro henyl)-3 6- diazab;jxplo[B 1 0] hexane 56a

‘&his compound was prepared in 48% yxeld by an adap-
tiom of a procedure due "to 0idat? using e_qpyrex £iltered

200 W Hanov1a,h1gh prc‘su:e mercury lamp for 6 hours,
49b

LY

' . : v
4-Pheny1-2,3,4,7-§%raazabicycle[3.3.0]oct-2-ene '55b

.
" A mixture of 6.14 g (GO mmdle) ol ‘phenyla¥Tdt’ane -
5.60 é (60 mmole) ef 3-pyrroline (75% pure) was set aside
in the dark at ambient temperature for ﬁ,weeks._ The re-~-
sulting precipitate was collected, washed with light pet-
roleum and reerystallizgd from ethyl dcetate: petroleum

ether to give 55b, 6.75.g (57% yield) as a tan solid m.p.

111-112°. 7
Anal; Caled. for C,, 124 (mol. wt. 188.1062]:
C, 63.81; H, 6.43; N, 29.76. Found [ (mass spectrum)

188.1072]: C, 63.80; H, 6.19; N, 29.45.

.y

175
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The infrared ppectrum.vm‘x(CHCI3): ??23 :NH}:
1590 cm™1

(N=N) . S |
The 1H nmr spectrum 6 (CDC13): 1.43 ‘ 1H, NH);

2’Jl’1,60 (m, 4H, CH ). 4.32 (dd 1H, Hl' Jig ™ 10 Hz,

= 4 Hz); 5.15 (dd, 1H, HS, Jgg, = 6 Hz); 6.80-7.60.
t~‘

Jig’
(m, SH, aryl protons)

6- Phenyl=-3,6-~ diazabicyclo[3 1.0l hexane 56b -

PES

A bolutlon of 2.60 g (14 mmole) of 4-phenyl-2,3,4,7-
tetraazabicyclo(3.3.9}oct~2-ene 55b in 280 ml of tetra-~
hydrofuran under nitrogen was 1:rad1ated with a Hanovia
‘high pressure mercury lamp (200 W, fitted with a Pyrex

tilter) with stirring and cooling for 6 hours. The sol- .

- ¢

rent was rehoved_and the residue extracted wiQﬁ‘hot ether
.

(6 x 100 mlyv The ether extracts were congentrated giving

*.v.

»6b as a rea tyrown oil 1. 95 g (87% yield). ' L

10 12 2
Found [(mass spectrum) 160.1007]).

Anal qucd. for C, .H [mol. wt. 160,1001].

‘ The 1H nmf spectrum GTMS(CDC13): .1.65—2.07 (broad,
1H, NH); 2.66 (s, 2H, methine)@ 2.75 (AB ééarcet, aH,
methylenes, J = 12.5 Hz);’6.65:7.34 (multipieﬁ, SH; aryl | \;.
protbnﬁ). : ) | .

?he abso;ption spectrum Amax(CH3Cﬁ): 239 am (log

€ 4.75); 2.77 rim (log € 3.90).
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ko light and air.
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.2,5—qull:-(6'—r—brumgphonyl)-3'4§'—diazaﬁiCycloj}.lLQ]r
-

e

. , N ) | 2
Q9§gggj:}:(i:ggfhgmgx}oxxgﬁnyl)-6-mcthy1-1,4-béhzoguinone-

ISR ARA

]

57
f e — 4

Ll ing oxyacen throuagh the stirred solution, a

0.313 g (1.5 mmole) of 2-(R=-carbamoylgrycthy
‘ . a | RS
1l,4-benzoguinone _5_3?41 in 75 ml of me‘h

reaction mixture was stirred at room temperature for 2 days,

then wag cuncﬁgtrugod to approximﬁtoly‘s ml and subijegted
to chromatography onh a ncutral alumina "(Woeclm} column
cluting with methanol. The dark red band was collected
and cancentrated and the residue was crystallizéd from

cthyl acctate: light petrolcum to afford 57a as a purple
« .

'solid m.p. 111-113° which slowly turncd;brown On exposure

©

Ana¥. Calcd. for C [mol., wt. 683}:

30120072050

N, 10.25; Br, 23.39. Found F(cbullioscopic) 683}: N,

Pl

9.89; Br, 23.05. - .

" The infrarcd spoctrum vm,xjcncl ) e 3544, 3434 (NH

Q 3 :
1720 (carbamate C 0O); 1585 cm~l (guinone C=0). b

2):

The absorption spoctrum Xmax(CH3CJ): 248 nm (logq

. 4.26); 282 nm (log t 3.67); 396 nm (log ¢ 3.09); §03 nm

(1og - 2:§z£%g!ﬁ . .
- ‘.' 4 d ; ‘_’s N - - . " »

. 5
-

B : : ' T
v T : ) 3

X ‘;“i ’gj.(“‘..

‘171
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[a) ‘“
. *The c.p.r. spectrum {(generated by treatinag a 1.2 %
T e —2 - <* : © B ’ . . . . “ o
10 M methonoliedsolution of 57a with sodiym methoxide
. , . . T

in air), 'developed a signal of maximum intensity in 30
T A

minutes whroh pvxs*ed for ,2“.‘3 hours consisting of 10
v A

PE

T oa . .
’ lincs h.f.s. 1.4-1.8 Oc¢ of spectrum width 12,3 OeL o

2,5-Bis[3’-(6'-pheny1) =34, 6’ -diazabicyclo[3.1.0 hexahe] -
\ ‘ . 4y
3-(f-carbamoyloxycthyl) —6-mcthyt-1,4-benreauinone "_7_12‘ : '
A similarsrcaction between 0.40 g (2.0 mmole) of

cupric acctatc and 1.60 g (10.0 mmole) of 56b with 0.418 g

(2.0 mmole) of 9334& in mothanol affordcd 57b as a red-

* brown solid from cthyl acetate: 1light petroleum 0.89 g
(85" yileld)' m.p. 80+-83° which glowly turned brown X~ !
posure to air and owing to dts insta.bility was charactoer-
i'z‘wl spectroscopically. ;

. ,The infrared spectrum oo (CHCl3): 3546, 3426 (Niy);
1725 (.Cnrb\mmt,e *0) : 1595 cm~] (quiﬁono C=0) .

The absorption 5P(,‘th}l!': )max(CHBCN): 241 nm (loqg

i 4.58) ; 282_ nm (log « 3.92); 394 nm (log - 3.%2); 503 nm
flag + 2.72) . |
- | The ¢.p.r. spectrum (idnerated from 57b as des-
cribed above) developed M siqnal due to the Scmi‘q\eingn‘c '
of muxinmtunm intencity in 30 minutcs which ;)O:‘Sis;to(l, for . S

2.5 hours and consisted of 10 lines h.f.s. 1.5-1.8 Oe of
0

.
.

[y

total spectrum width 12.5 Oc.,

‘0
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(7.5 mrele) of '7>7(.‘| \'.‘l”l}.l O.204 o (1,5 1mmele) of 2,0t

’

-~ .

L, A-benzoaquinone in mcthanal afforded 570 0,011 (e

yiclil)
STy

alr.

e (O

4.70

(1o

AR USRI o

lines

General rreoceo gy e

e e

1

Link

)

H

!

At a browniich purple solid mon. 107-110¢ which

changad to o brown solid on crponure to laahit aned
l.

. : . . -

Al Calede for Co W e G s 0 Jeg by, D18
28 24 24 L ! ’

. .

N, 9.00; B, 27.89. . ‘ ]

The 1nfiared Spoeoctyun (CHC 5) : 158~ o Pl
. \ Tied = :
(5. "
! : . . A -~
The aboorption spoctrum o (CH o) e 250 Ar (Toog
- . : . max 3
;2R nr. (4o 3.88); 328 nm (1o v 3.673) 7 395 am
Rl

o

.30 S0 e (log .. 2.76) .

The elpur. spectrum, (Generated from H7d as deseriiead

2

develaped o signal of moasima intenasity within 30
<

whoiot ternStedsfor 209 hours and concigted of 11

<

LElso 1.4-107 O of total fi})""‘r’\l.",",.'.‘“?". 14,2 (-,

For Dhotorrination of Covalent Crooao-

and 2T R Gt dan Of DA owith 1 (‘yr‘ln.;zfrix]jnm?-tm;tm-

quinones 57

tien

4

vy
1o
ot o

L4 «
The cronao=Tinkin o oot wnre addd 1 /0l sadu-
. ) : a
S A N T TR R R R LN wan adlddled an
v i
ol et Poistaors worc bhaffopcd to bt 4.5 with

A U AR A Cross=linkar o vroeact tans woere oarrioed

4 60 0 scalos The reaction solut TONE WS incu-

t 37 and had concoentrations of anproxirately

v
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{lf :)'f) )

.06 7o 1105

N 2 . f .

(0 0n.0% M bufter,

’

and 20 prridine o 10 01 aliauats woere roriosed

interoals andd o analyaed for the cxtent of or

alkybathron f the cthidiar fluorcaeence

[ RER

R fHocontrol ryeaction mist

.
L] . .
’ as , st contaainn g

4 3
. with cach s parent In no case was there
(" .
.
Al pn i Docarradwit crona=Tinkineg.,
"
General e coduray S5 Detoroan st ron taf Cro
N Al b at o, G D woanth Szl idiinoennrion. o
! ® . .
The croco=linking agent o wore odedeed e
| . . - ey
sol atioss, an oaproroxirately 30 tetrabiydrofy
PR P 1 chled e an e o st vy,
! .
baffor b ot 1 aocct e affora ot 1 4.5

&

Provoget

g/ 1 of quinonc-
at  timeed
7

oaa-linkaing and

17 desorihed

S : . ure “(1'1'.l1"'(3 cxactly

; no cross=linking agent o was ran

cvidence for

I wWatoer,

1S WOl e

oy 5.0 or with

\
1 ; oo buffern ot st 000 or 7.2, Reactions werps
! ! B
. . . -
carric-d o oult o oonown approxiimately 1000 1 scale, The roace-

tion solutions vy ncub,ate ot 377 gl had o e ot rat tons
of apasroaiiriately 1,02 A2(>O o DA, 0,05 M Sf buffer, Q.01-.
004 a0l of earnone and 15 tetraboy irofaran, 10 .1 ali-
. N . t
e quaot e e roved sat tiree antdrvale el ool for ox-
., '
tent of erono-linsang g iy lation by o the oty tiar fluor-
- .
. l. - .
Lo o RENEY L T S N S RTTER Aa Aocontron ::xx:-;{‘\*r(%-
parcd cnact by s b e Lot o containiior no o cross=linrineg
acdent owan o wrtho ek v nperaront and showed ne o cvigonco
for acod aradace b coealont o crons=linkineg . - X
—
.
L
3
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S PO ST

FlChloromothyl~2,S—dimoth&iy-3,6Fdimethy1b6nzenc 61 and

1,4-Dichlornmcthyl—2,5-dimethoxy-3,6-dimethy1benzene 62

—_ .
Theqe compounds'were'prcpared by the prqcedure out-
° -t

11ncd by Smith and Nichols 72 with the-follbwing modifica-
tions. .40% formalin codld be used instcad of paraformal-
dehyde, ' Reaction timeé and quantities of paraférmﬂldehyde

used could be decreased to lncrecase the yield of gl.’ Af~

ter the reaction was,comblﬂto, the reaction mixture was

extracted three times with methylene chloride. The com-

-

bined orgqanic extracts were washed with ‘water until the

water was hqutral, rica over sodium sulfate rand evapora-"
e = ,‘ X4
ted. The resulting white solid was recrystallizcd from
: L. L )
5thun0r usinq 40 ml per gram of qaild q1v1nq white

ﬂc(dl(-%hdpﬁd crystals ;% 62 1n 329 ylcld m.p. 4162 162.»,

(Mtt. m.p. 165-165.5 =) .77

The Lnfrar(d spchtrum v (CHC.) : 2824'«<:r_n-1 (OCi,
max . 3 ’ ¥ :

[3

The 1u amr spectrum & (CDC1,): 2.32.%s, 61,

TMS 3
Ar-cH.) ; 3.80 (s, 61, ocnxj 4.69 (s, 4H, CH,).

-

Water was added to the mother liquor g1v1ng flufty

whita crystals of 61 in 22% yield m. p. 65-66°,

‘g -~
35 : -
Anal. alcd. for Cll 15 > Cl [mol. wt. 214.0161].;

C, 61.54; H, 7.04; Cl, 16.51. Found [ (mass spectrum)
214.0766): cC, 61.44; H, 7.25; Cl, 16.55,

‘The infrared spectrum vmax(CHCI ): 2824 cm_1 (OCH

3
) : 2.28 (s, 6H, Ar-

3

1
The "H nmr spectrum rSTMS(CDCl3

CHS); 3.80 (s, 6H, OCH 4.73 (s, 2H, C”z)’ 6.68 (s, 1H .

3):

aryl proton).

- . r “

).

[ ]
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_. PR ] .. .. -
L,A-Lincthoxy =2, Hedaprethyl=3- (hydroxsme thylybentene 63
- Y N - . .
A solution of 1.50 g (7.0 mmolge) of the chloride
61 11 90 12} ‘Of 1 ,4-diozanc and 35 ml of 57 agqueousfpotas- ) \f‘

sium hydroxade wan rvf]um-ﬁ for 24 hourss  Water was added -

< N . .
angd Yl Gt wWase rersedd und'-& roeduced pressyre. The
restdine was extracted ghree times with chloroform and the
. . . ) . \
Orqaiac rolution was cvaporated.  The resulefia solid was
' . : . .
recry toallissd freon bengene s petroloeun cther to aive
0.93% 0 (62 pield) of thee olcchol 63 mop. 60-6G1°.
' , . . . .
Anal. Caled, for C i, 0. [mol. wt. 196.11%0]:
‘ 1116 3
& !
C, 67002 4, wL.2d. Found [(mass spectrum) 196 .10947 .
1 0
C, 66.8%; 11, B.20 ’
The 1nfrarcd spectrum o (CHCY ) 3595 (OH) ; ¢
, nax } .
- . -1 :
2800 om (01 ) . . . -
s 3 . .
Th'¢ 11! nmr Spoectroan 'T_‘l(_((,‘ﬂf‘la) : 2.22 and 2.25 . .« .
. \. Tlao . . i
(2, OH, /”-~(,‘}2311);’ 2..5]1 1rroad, 14, [)20 cxchangeable, OH) ;
3.71 and 3.77 (25, 61, ocf_s)y; 40700 (broad d, 2H, collapses
. v 370 - "
to s1nilet on DZH cxchange, Cilz)'; 6.60 (s, 1H, aryl pro-
ton) . ’ . . N :
2,5-Dirmet howy =3 L(;—f}irtlf;‘*}:',’]pl’u;.’;f“_'%}i‘,']_~_.‘S}]('Xlll \_<“ L
rhonyl chloroforNite (1.2 m1) was  added dropwise ' .
to an dere cooled, stirrod solution af the alcohol 63
(0.68G g, 4.5 mmolo) an 18 ml of pyridine. The solutien
wAae stirred an the cold tor 1 hour Mmd then at roomdgmp-
crature for 24 hours., watoer was added 1‘.10\'-'1,:1' (35 ml) and o

o
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. . . » . .

4 , .
. tho »oact 1og mixture was Cxtractogd 3 times with 35 ml, of
. ot
. IR s . .
chlorofory, ¢ 4‘};( chloroform extracts were washed twice
, .
with 50 14 of cold dilute hydrochloric acid ., dricd,over

sodiurs salfate ond Cvaporated.,  The resul ting vyellow oil

was crysitarlized from other s ‘pPetroloum other qiving

) .
0.721% g (6067 yi'(}}(l) of a white aolid 64 m.p. 77,5-78.5°, *
This*proparation cssentially foi]‘nws‘: a literature proced-

w28, ~ : ’ )
ur"u- ' N

. * el ) ' ° ) . . b
An‘fl. Caled, for Q18“2()05 [(mol. wt 316.1311 c,

>

14

(;8'.’%"1; I, 6.37. Found [ (mana spectrum) 316.13207% ¢ C

68.30: H, 6.44. - _ T

b S : )
S ®he infrared Spectran o (CHCL ) =0 2829 (ocH.) ;
max .3 3

<

1754 ~n"b (o) )
. The 1!{ Nmr spect ram :'X‘M‘-' (CI)(‘]J) 2 2726 and 2.29
(25, 41, z‘ﬂ.r—"‘Hj:'.) 7 3.73 and 3f79 (253, 6H, ()CHBS) ;5.4

(s, KH, (‘HZ); H.71 (s, 11, aryl protan); 7.00-7.68 {m, ©oH,

phoereel protor )y L

1 =Carto A IR SRS I s F Rt | Prw:-:','—B,G—dir*.wthj'?l‘v;n;’,r'r\.(- 65

I\nh‘,'drous/.m:'»m:i.x a5 bubbldd through a solution of
.

e -

0.502 g (1.8 rmunle) ;3( the phony carbonate 64 in 25 ml of -

9 cthanal for 1% minutes, >0 reaction mrxture was ’

‘

Stivee o t o 18 hours in g o owsed pressure bottle., The
’ "
Soluticn wol concontratood Lo approxirately 1/3 its volume

and 20 ml ol 5 agueous codi hydroxide was added. The®

resalting ooyt te was Ciltored and washed with water

< .

» . c. “ . .
. /\ . o - . . . . |



)
>

giving 0,372
119,55,
L d

v Anal.

Calod,

The infrared spoectrum o (cticl ) :
- max 3.

Cc, 60.24; 11, 7.16;°1,
239 . 1107

HL)Y ¢ OCH ) ;

( ”.Z) 2.d?4 ( (”3)

_The 1” nmr

Ar-CH, s

(2, 3H (-.gxch., 3

4.91 bhroati, N

21,

aryl proton) .

tfonr

spoectrum

2):

.

o

5.R5.

¢, 60.06; H, N16; N, 5

1717 com™ !

"5.18 |

Craty

- THS
): 3.69 and 3,78. {25, 3Hwach,

qa (87 yicld) b the carbamate 65 m.p.

B . 4

e
210

Found [ (tmasa syn:c"trum)

.78,

3534
(CaO) .

(CLG1 3) :

21, 6.68 (s

.

sy C!lz)_,: ’

2=Carlian welrothyl =3, 6=-dimcthyl=1,4=-benzoquinone 47
== P E E S LA ST S SR S Ce—

/

Wan

Thin conmpcn

nel

Titoerature procoedarc.,

(16,0 1ol

ture was st

“

in

R

‘ -
and 3421

11,

118.5~

o

OCH , &

[mol., wt. 239.1158]:

2

o

2.18 and 2.27

3

)

e D :
prepared by a modification of a

Ty 0.956 ¢ (4.0 mrole) of the

5ol of

ml

-

1,4-dioxane was added 2.020
. l,
. . . ~
of 6 N nitrice acid, Th mi-

L3

.m 1

o

0844 =

60 ml of water was added

of

(81

and the sol W extractol three  times with 75
h 4 . :
other . contarod ether Tayers were washod with water,
dric! ovhr sodiarm calfate, and evaporated, The residuc
was o cryot iyl frors oth Skelly B osaivin: 00680
Yol D of the s e s vl law orystalyg np. 11005=1127,
-~
Anal. Caloed, £ ¢ 1o NO el wt, 225,
: 10" 170 :
C, 57.41;. ., 5.30; 11, 6.70. Foun® [ (russ spectrum)
223.0841) <, D70 va; B, S0 n, 6012,

)

/
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”

The infraved spoectram o

. (8}

(CHCY ) 353% and 3421
x .3 .

-

(HHZ); 1730 (carbamate ¢ 0): 1650 Um-] (quinmnv‘F~0).

(chHel ‘): 2.08 (d

« “The )H nmr s‘.;rf‘('tn‘\:m ""I‘M.';

3):

JE0, THO) g 5.09% (s, 21U, CH. M 6.63 (q,
“ 2 '} 2 °

‘ aryl proton). ‘ : ..

2=Carltoameyin Ctbeet -4, 6-d ety ] -

o " r . R 3 -y =
S(, 6), (_H3, .l“'(,k}, 1.).11/.), 2.16 (s, 3", (C-3)-CH

4.50-5.34 (Lrood?

ul Ilpﬂ" (;.()

a.

A solution of the quinone 4

5 q,0.5

in 40 1l of cther was shaken with 3 p()rtj(»n:: of 40 m

froechly pror arod saturated agqueous sodil dithionite, .
The cther cotutien was washed with wates, driced over so-
- - . é

4 5 : ‘ R
dium ::ulfdh\, and evaporatoed., On recrys’allizing the ‘re-
sultin solid fror benvzeno: petroleum ether the-hydro-

quinone 66 was obtained as white crystals (0,05% g, 527

: - »
vield) oo 130-132" which slowly turned brown duce to de-
*

P

composition,

. An:l . Calced. for C N {mol. v, 211.0845%] .

1011277
Poune | (1irs o srooctrum) 211.0837)0,

H

The anfrared speotr s (nu;ol): 3210, (bLraad, »

O nd TJF{Z); 171°% ('m_l (C ).

The IH nitr o spaeat A LRI 2.1]*::1(]

Max

TMEO ) 6" 0w

2.20 (20, M cast, Ar-cligo); 5.09 (5, 20, Cl,); 6.68 (s,

AH, saryl praton) . e . .

¥ |



: 4 . . . [ . )
Oy anome thy P22, 52 d i hosy™ 3 6=dime thy Thenzene 67

/ A solution of «the ('_hlu{ri(l(- (:_1‘ (3.21 q, 1% mmole)

in ]()()\'nl Of Cthanol was added dropwise and with, stirring
] ° .

. A . . .
to a waree (atean bath) solution of potassium cyanido .
o )

.
{1.62% o, 25 mmolde) in 7.1'nl of water® The mixture was
. ,
refluzed for 8 hours, concent rat od- to one-half its volume
a .
and added to 800 ml of water.  The resulting precipitate

was filtored andd recrystallized from ther: petreloum
cther to qgive 2,639 g (86 creld) of the nitrile 67 m.p.

84 ., 45-05.0", Thais prodime i 0 modification oof 4 liter-

77

19 2
C, 7T0.22; 11, 7.37;: N, .82, Fournd [ (maus S"»(-(“fruM)'

Anal. Caled, feor ('l“,H oo moll owr . 205.1103])

205.1107]: «, 70.41: W, 7.44; x, 7.04. .

The infraroed spectrum o (CHCY ) : 2824 (OCH.) ;
mas 3 ) 3
2240 e~V o(cny .

”,Pns((f)(lj): 2.18' and 2.22

(25, 61, Ar-cil); 3.72 and 3,76 (25, 64, OCH,); 3.74 (s,

3.
21, C‘Hz); 6.64 (s, mton).‘

I =Carbiomyra thyl=2,5=dirovbony =3, 6-dimecth1bhénzeno 6
-l o RN SRR LA .

1
The "H nmr cpoect ram

o.

A solution of the nitrile 67 (2.05%0 g, 10 mmole)

in 50 ml of glacial acetic acid, 25 ml of concentrated

1

sulfuric acid, and 2% ml of water was refluxe-d for 3 hours.

400 1l of water was added an'd the reaction mixture was

extracted twice with 200 m1 of thor. The cether extracts

D ‘) !

187

9
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ot A . o .
T . : ) - .o : ;
wore wasshed with water and cxtracted twice with 300 ml of
» i ‘ ) ’5
10% mp‘u-nu,}x sodivm carlionate.  The, aqueous layer was acid- -
) . ¢ .
ificgd with hydrochloric acid and coonled.  The resultdang

precipitate was filtered, doecolorized and recrystallized

from bonzoene: wtroleum othere to qgive 0,575 (267 yic1d)
I C p Y

of tht C(u‘ﬁw:y]i(' acid 68 m.p. 136-137° (lit., m.p. 137").78

AN

< Anal. Caled. for C -[mol. wt. 224.1049].

1211 6%
Found | (mas;:;‘ 5‘?;»«‘(:( rury) 224.10561 . * .
‘ e tx‘r_ln infrarcd spectrum Y max (nujol): " 3400-2300 . ¢

. S\ .

(broad, COOH); 1690 cm (acid C-0).

CoThe ]H nmr  spectram r('TMS (n(:ntnn(-——d()) :, 2.06 and

2.23 (23, 31 cach, Ar-Cilus); 3.62 and 3.74 “(2s, 3H cach,

- 3

»

OCHBH); 3.59 (s, 21, cnz); 6.67 (s, 1H, aryl proton).

Theo othor layer was dried over sodium sulfate and
(\'(A}M‘I’.xtl'(}. The resulting golid was decolorized and ro-
cix‘y'z;tllli/.o:d from aduceous methanol qiving 0,366 g (19
yield) of the lactone 69 m.j.. 94-95°7, j

¢ Anal. caledl for Oy ,0y ol wt 192.0787}: ¢,
68.74; H, 6.29. lPound [(miss spocfrum) 192.0783]: C,
69.71; H, 7.606.
. "The infrarcd spectorum o (CHCT ) 2824 (OCH) ;
S Tmax 3 3

1810  and 1 5 (:m’l (C 0). ,

] ' : . \

The "M nmr spctrun ‘,1,?‘15((’Il(,‘1}) : 2.1.(» (s, 6H, CHB&) H

3.73 (s, HH, HCH3 and (,‘Hz); 6.66 (s, 1H, aryl proton).



R . » ¢ .
Theyyirold of the acid OB woao ancreaned to A o

d

reducing the reaction time ta 2 hont s, Thie pr(n't-rlurv 1
'l . <

a modifycation of o oproparation duc to Srith oand Michole,

.
‘-

=G -l dramg cthyl) SOy hmdimethomy -3 yO-digethylbentone 70

Al M solulion of diborane in tetrahydrdfuran
(50 ml) was.added to a stirred mixture of the carboxylic
. .

77

acid 68 (0.848 g, 2 mmole) in 25 ml-of dry tetrahydrofuran
- N ’

Ry r nitrogen. The reaction was st irrcd for 3 hours.
- .

”~
Just cenouch water was added to destroy the ovceoss diborane

.
- .

«
and to ddocarpao s bhorate cstor:s., The tetrahydrofuran was

removed anc cther cnd swateor woere o added till '111Tth(' solrd

disoolon bl the cthr Lioyer was separated, washod with

wate: drae b gver sogliur sulfate and v‘.mu’%ratr(]. -The po-
’ !

sultin g oil was ;'llrlfit‘% ‘chro tography on a noutral

alarmina (W ) colurn cluting with chlorofors. Ivapora-

St1on of thy solvent gavee the aleohiol 70 as an o1 (0.262 «
62" yiold).
Arnal. Caloed., for (‘1'2!!1803' [mol. wt. 210.1256].

Found [ (mass opectrury 210,120,

The ]'H 0 B Y o S IR A ‘,I_”,((‘I)(‘l 5): 2.15 and 2.25
(20, 2H caclh, ,'»!‘—('31-3.*:) o273 (s, I, o)y 2,93 (t, 2H,
,"~.x<'2¥z , ] TOO MY 308 and 3074 (2, 3 ach, ()(‘?13:;_) :

o 1, aryl erotong .

1

The anfrared sy ot ,mlv(CH(‘}.j): 3600 m” ! (OH) .

6
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. ) ; -
Tt e et b bt byl hieny ]l Coarbonate 71
« i B . 4 - P .
Thit corgonnd wan pareparted by the procedurc-desy
J
col bttt parepaaration o 64 gning 0L 0202 o (1.25 -
. \
Cloot abcohad 70, 006 m) o e el Gh e et » and
/
ooy b Aol owans obitanne o whioh ey e 'Q‘

°
of the e Leaged phieny ! oo banate cater 71 and phienol e
HEER I W ) puri‘y thc:‘[\l'ﬂvhu*f woere unsuccesnfal o so the

i Dottt gy theer (IR T N S DT R TR I PRt

;{

PSRN . ) .
1 ' ¢ N ) ) )
e Honrr oo ot rgm VU B G 14,>' K| el 2020 (2,
Liie .
C = P T L O St L A T S R | L0 et 3R andd
4 ) : P 0 ‘ ) N - . f o . 1
Sy, (. [ I e L Yy 6.0 (:, ,
. ‘ ' ZI.
et T s =T 00 e, iyl rat g
Thr, IR N A PR ¢ A T L N X A ST A
T T e i YR o i by the o e tare Jes -
1 Pt M

ek ab o the proparation of the carbos ato® 665 uclneg

b af pheny o cearts nate 71 and phoenol o in 20 mloof
1. e carbamate 70 wan o obtarne! o as g o whiteo solid
a0 01en o (52 vicla from the alcobaol 70) m.p.
» - “
,_1 2
: L]
Anial o Calad, vy 1,.{1,1‘3. [ 1. .25 3.01314 ) . Cc,
) +
Vooth, TUL0 o tl, h L5, Pooaredl e ioo coectrem) 252,1308]
VOOl b, 7062 0, oY
The anfy ooy b e o R A S oan ! 3434
- LI O 3
TEY ¢ e 2N .—]
o 2b 30 et )y e 170 ( Y.
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Jan
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o
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30

o

l .
- T h D I I
L ' . Vo
. {
M . ¢
ol VL6 (af“, (R SET R

0K (k‘l"ul, i,y

Anal. Calaed, fon

urcl i e spectros) 22308417 .

-

The anfrares? 550

o 17240 (cart o

2

Ihe I i } t
*\) ’ ',. . l.r)

) [

! 4

, <Ir, ! 'IZ, ! _7.0
, v ; * 4,

——

L -
" . ,
/ . hd
’ L
L . ¢ ‘
by ’l"-'.:‘((lwlli): Sl o onand .",.;(. (2,
o e |
N ' . N ' » . N
LT SO HSY AUN
L)
rn‘_*!‘ I B I ('F,- S, ('HZ—H): 1.%0-
&

[

O

aoty

’ {
[ lf) ‘Ir‘,'l-}nr(»(lth). '
.. ° . ‘

o

.

(- - " ard *u LK S B b - L b e e AR

'O R T T L A A I 1, O0.% mmole) an
1]
m]‘ aglacral gt g EAN O R v DUl of concent ra-
. . .
donrtrec acrdd The b wct o L0 b 1o d fon 2.5 hour:..
S X
ml o oof Wort orowae die W1 b e o lat yo W concent g lted
| SEUSRTRACH A ST TS The Dotoenit et vt aetoed toogr

e wit! oml ol ctnor v e ot d mﬂ cxtracts

re s tWilice wath \',r) et sty e que G wodbue
Coarte oot e Uuiare g Soter s T o gt layer was

. .
toed ooy sadiae Sul Cate and chaporateld, The Jrestdac wae
vt b b reol Yrorm ey e ';n-frwlwur'. e EERRRER! 0.018 g
foyareldlr b the guinon 48 40 o yellow soliad oo, 148.65-
2 . /7 .
(VR . <
[ I .

(CHL ). I550 and 3436
X 3

“ma .
CTQ) e 1hAa '(‘H‘-I {(quinone C-O) .
v Sl s Y } N
1 I“_.‘A}_;((Aolj), 2%03 1, 31,
brey ;o o

ey g

3

.]7 (‘\ ,. 2", (‘!!2—"); f)_r)() f«z,

L0600 (n, s ‘(‘—J)(_‘H b i 2.8



\

1,4-bifcyanomethyl) =2, S=dimethowy -3, 6-dimcthyhenzenc 73

~

Thise compound was proeparcedein 807 wicld by the

: - o . 77 ) - ‘
proscdure of Smith and Nichols, N 203-205° (1it. m.p.

) 77
205-2067) . " ’ . S

The i frr CHOLL) o 2820 (Gcil )
The 1n4r 0 1‘1‘1:-:( 13) 2 ( ‘5)'

2.37 (o, o1, Ar(‘l!,});

3075 (s, 4M, L CHL) 5 30RO (s, 611, OCH ).
1,4-Dicarbosyra el =2, H-dliriet Neste-0, 6=di et Thenaenc 74

This' compound ®$vas preparced in 930 yicld by the

and ?Ji4*hn)lf$,77 m.p. 267-269° (llt/)r'\.‘p.

570~2717) .7 .o : -

procolure of Gmy

The Introroi sy 3200-2400

(Lroad, Crxni)y; 1695 ¢m

r R e YA .
L (dhircthyl sulfomiads f.()).

FrCii ) 3.50 (o, G, GCH.); 3.61 (s, Ali,

3

Cothely =2, 5-a0r

To o the diaei b 749 (00705 0, 2.5 oo le) din 25 ml oo

meth o] 1wl 5 oMl of concentrated hydrochilorico acid

L O pature owas refluse b for 3 hours., The

moett o) wan e o b unide rorgdueod prosoure, the solution

R P R RERE : cnortate wan frlterod giving 0.534
N

oG e e sty 79 . 108-109"7.
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- i

Anal. Caled. for ¢ ()0 [(mol. wt. 310.1416): «c,

. 16!l
61.92; M, 7.15. Found [(mass spectrum) 310.1422): cC, .

: .
“The 1nfr v Spectrum m.xx(("”(‘.]3): ‘2828 (()(.;H}); J

-1 ) ° /
1734 o (¢ o), ' . 7

61.73; H, 7.07.

] - s

g ] L e g .
The "H nra spectram - 'I‘?v!S((I)( 13): 2.16 (s, 6H, %

ArCHL): 3.67 andd 3.70 (28, 121, ockgs) ;s 3,73 (s, 4ug Ci) .

o '/’
“ /£
1,4-010 —heydvom 03000 -2,ﬁ—rli:u'thm:-:'/—?,C—diz't-'thy]lm:;::vr\?/ 7¢
A

Tihis coxnound wans roepared Ly the procoedure (1(-}{-
e P‘/v
critead above for the proparation of the mono;xlcoh()l/70

Uf‘““iiﬂﬁ,q (V.2 mmole) of the diacid 74 in 100 ml of
dry totrabeyirofaran and 200 001 of 1 M diboralie in tetra-
hedrofur o, Poaporation of the ethor solution reowlod

-
.

1noan ol l which wos Zxyotallized from cthors Skelly B

o .

aiving 1.04 (45 e 1) of the diclonbol 76 M.p. 146-

- 1

Anal. " Caled. for oo G Jmol. wt. 25%4.15148] c,

G612, 1, 5,70, Poand [ (mass spoctrun) 254.1523) : C,

The infrarcd ooty un _— (najrml) : 332¢ and
. N
L}
r, —] Ve
3256 ¢ (O1)
Tl 51 ey el (oot one—=ad ) . 1.82 (s,

S TS 6
OH, Fr=Cio); 2007 (s, 20, Gl): 2.50 (t, 4, ]\r—CIiz, J =

3.26 (t, 41, CH,0) .

Altornctavcly, 00403 g (1.3 mrole) of the diestor



//r’ | ,.‘ B ,‘. | | .

75 10 50 wl of cther woao adeed to a stirredl misture of

0.39% ¢ (10.4 mnmole) of lithium aluminum hydride in 150 ml
: - . .. ) .
of cthor, CThe reaction misture was stifred for 4.5 hour:s.

- - ®
10 aqgqueous wodium and jotasoium tar Lrate wae added drop-

wise te, docorpene urirese e doeedy L, The mistare was

frltered and e 5olid was washed ceoveral times with cthor,
Thiee orin s lation and washings were combbinoed, washod witt,
water, drieedove s sodium sulfate, and cvaporated,  The
r(.-:;i«lu; W (?;“l’l;f“.ll ized from cther:, Skelly B agiving
0.126 4 (35 yicld) of {he dialcohol 76 m.p. 146-147¢,

The overall vield ‘t?f alecvhol fram the acid 74 'Ly this

r.(llt.r; an 267, [

2,5=D o ths =3 6-dimet e lnhendiot bl Diphenyl Dhicarbonate
L PR P S A e e TN . DA

77

.

This comnpound was propared Ly the procedure out-
linc I for the proparation of compound 64 using 0.178 g
(0.7 meole) of the dialecohol 76, 0.6 ml of pheryl chloro-

L0 k

forrate 1o 0 ml of pyridine, Feorystallization from

. . \g "
otler: potrsleun cther gave 0,280 g (817 vie of the

! 3 bt

carboin ity nop. 82.0-823,650

Anal., Calcd. for C (rol. wt. 494,1941] : Cc,

2813078
68.00; i, €.11. Found [ (mass .‘2"*('(‘1'1‘ ) 494.1936] : C,

13

67.91; 1, 6.17.

The infroacs sroectrun o (CHCl,): 2812 (oCH

max 3
1

3l
1758 em b (C ). : . o ‘

o
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5 T B
. ""I'}.l_" vln nrr f;‘;u-ctrnm ‘,I,P"‘,;((‘l)(.‘lj): .24.2‘) (s, _(;H',
CATSClg) i 4100 (L, 4l ArsCll,, 3 - 7.5 Hz); 3.69 (g, 61,
‘OCH3); 4.37 (t,", 4H‘, ()(‘!!2); 7.00-7.62 ‘(m', 104, ;»)wny? pr'n—‘»
'."t;(mf;) . ) i 2 . v C
lLﬁ:ﬂﬁ:JM::;"‘a“YTﬂh;ULyl>:£JFfﬂjvuﬁ}V’?¥t}r“f”iz'Lbf_hﬁﬂ:
zene 78 ' ~ |
- This compounwi was prepared Ly the procoedur. O‘L‘Jt—
lined aborn far the preparation of ‘the carbumato 65 u:;inf,'_‘
.- 1.218 g (2.5 mm.(.\lc-) of the phoenyl carbon;lt‘,e l7_ in 50 ml°

of c¢thanol.  The carbamate 78 was obtained as a white
solid (0.702 ¢, 83" yicld) which was recry:stgllizoed from
aceoun cthanol mup., 210-210.5°.
. . < 1 ' 347 -
l\p‘nl.f(,a]¢.(‘. for Cl'()n24h206 [mol. wt. 340.16347:
C, S6.AG; 1, 7.11; 1, 8.23. TPound [(mass spcctrum)

340.1039}: €, 56.02; H, 7.17: N, B.08.

The infrored spectrum u (nujol); 3441, 3339,
max
3305, and 3200 (1,5) 5 1702 anml (cr0).
The» 'l}{ nmr spectrum &"1"‘-1“ (dimethyl sulf()xi(io-df)):
2.19 (s, Gii, Ar=Ciig); 2.85 (t, 4i, Ar=Cil,, J = 7.0 Hz);
3.62 (s, 61, ocuj); 3.98 (t, 4u, ornz);_6.43 (s, 41, HHZ).'
ZeoTEa 0 mrarten b thyl) -3, 6-dimethy1-1,4=Benzoquinone 50

f gqladial acet 1& acid was added
1.5 ml of concntrated nilric acid. The reaction mixture

wano o stirred oy 5 hours, 100 ml of watcer was added and

L -3

*/

19
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the mixture was cooled. The resulting pretipitate was.

”
filtered and recrystallized from agqueous cthanol to r';ivc‘
0.274 g (59" yicld) of the quinone 50 m.p. 234+235°,
"f‘. o ‘ . ° .
< . .
1411180206 [mol. wt. 310.1165]
c, 54.19; H,u 5.85; N, 9,01, Found [(mass s;p(xrrrum.)_

Anal. Calcd. for C

.05; H, 5.75; N, 7.76.

@
d .
o
.

—
et
Y
X

L
O
-
€]
s

..].}1(.: infrarcd spoectrun Vmax (nujtl): 3430, 3318,

3245, and 3194 (H,s); }722’(carbumatc'cx0); 1623 .cm 1

(quinone C-0) . .
| b 1 - . : .
Thoe "H nmr spoectrum ’\'I‘MH‘ (dimetdiyl sulfoxn]e-dé):

. o

¢ .

2.01 (s, 6, Ar=CH;); 2.73 (t, 4H, Ar-CH,, J = 6,0 RHz);

3
3.48 (broal, 2H, nm), 4.00 (t, 4H, CH20§;“6.45 (broad, 21,

NH) L . K% . o
4

-

2,5-B1c (. —carbamovlethyl)=3,6-dimethyl-~1,4-hyvdrouinone 79
- - — e e — e T T T e e e e e e e e e A

A solution of 0.090 g (0.29 rmole) of the quinbm-

50 in 50 ml of c¢ther was shaken with 5 portions of 50 ml

: . L& .

of freehly prepared saturated aqgueous sodium dithionite.

‘ ‘ . ©
The cther layer was washed twi® with water, dgicd over
sodium sulfate, and evaporated. The resulting oil was

’ - . - . . . )

crystalfized from ether: 5ﬁotroluum cther giving 0.011 g
(127 yicld) of the hydroquinone as pale yellow crystals
m.p. 95-97°.

Angl. Caled. for C [mol. wt. 312.1321).

.

N
14420%2%
Found [ (mass aspectrum) 312.13097 .

The infrared spectrur v

max’ (nujol): 3440 ana 3324



A .
t\ﬂ) R
- [ s [

(NI, and OH); 1685 em™! (e o0y, : .

1., - v ‘ . ‘- .
Thc H er spoctrum “rms (acctoune db)' 2.22 (s,

2.98 (t, 4H, Ar-cH_, . = 7.0 Hz); 4.06 (¢,

6H, Ar-CH 2

3);

A 4

-

411, Cci 0y,

11,4-Di (hydroxymethyl) -2y S=dimcthoxv=-3,6-dimcthylhenzene 80

Thi« comperand was preparcd by thc‘proc'f‘oduf(: ‘des-
cribed for the prupdrution of the alcohol 92 using 4.08 q
{15.5 meI?) of the dich]?ri@o 93 in l?O'ml of 1,4~Adioxanc
and 80 ml of 5% aqucous pothssium hyaroxidb. Rec}ystalfiz—
RN ¥

ation from benzence: - petrolcum other‘qavc 3.41 g (972 yiéld)
‘of the dialcohol 80 m.p. 188-189;.‘.'1 > T
Ahal. Calcd. for Cy211 404 [mol. wt..?226.1205]: cC,

‘363.70;Jf, 8.02.  Found [(mass spectrum) 226.1210).:° G, -.

o

63.57; 1, 7.92. ‘ ' ' - *

“Tho_infrdiu] Spectrum\v'j (CHC1.): 3561 (OH)

max 377, _ i .
2828 cm™ ! (ocy) . - ' .
]' (3] - 3~ £ . Y - N . s 1 ; .

The "H nmr upoctxum THMS (dimethyl su}foa1do d6)]
2.28 (o, G, Ar=Cily); 3.68 (s, 6H, OCH,); 4.53 (s, 4Ii,
LCH,): 4.43-4.9G (broad, 211, O .

I d

2,5-Dincthory=-3,6-di mothj_'”]\y)hunv(‘. ime thvl Diphenyl Dicarbon-
ate 81 .

This compound was preparaed by the procedure des-

cribed previeusly for the preparation of the catbonate éi,
using 0.60 g (2.6 mmolce) of dialcohol 80, 1,5 ml of phenyl

chloroformate, and 12 ml of pyridince. Recrystallization

a



] - -
from cthyl acetate: potrol@uu('c-thur gave 1,02 g (84%
Yyield) ofqthc,,'tl‘v.nrbon.]to cstar 81 m.p..' 180-181°%, °
. S D) -

. T\nnlr.‘C.’l’lcd. for C [mu'l. wt ., 466.1628']: c,

| 26"208
66.94; H, 5.62. Found [(mass spectrum) 466.1644): C,
66.90; 1b, 5.82.

): 2824 (0CH

The lﬂfri')rl.‘(] spectrum i (cnch 3 3) ;
1750 cm‘lagc:o).
] . R -~
4 i) N - [ . ,(' . . . S
. The "1 Jjimy .»pc‘(..t_rum TMS(CDC13).' 2.37 ¢ . 6H,
Ar-Clig); 3.78 (s, 6H, OCHy); 5.43 (s, 4n,'éné); 3.10-3.63
(m, 10H, phenyl i)rntons) . r . o

ngfuas(cnrhamby]methyl);2,s-dimOE.P§Y-3,64dimethy1bah-
T e T T T — -y ;,wvaT__-.~' - N —_

AP . a

N o
zonoe 82 - ) N

This compound was prepared by the procedurce des-
scribod alove for the preparatien of compound _(L‘S"usixﬂg
0.466 g (1.0 mw.1lr) ¢f the phenylscarbonate 81 in 25 m
of ¢thanol. The carbamatc 82 was obtaincd as a white
solid (0.259 ¢,%@3% yidld) m.p. 248-249°, -

A "Siéé £ N 1 12

‘ nal. Ca d. for Cl4”20h206 [mo . owt. 312.1321]:
Cy 53.84; H, 6/’57 W, 8.97. Found [(mass spoc\trum)
312.1314]: €7 54.11: 14, 6551; N, 8.93.
Tha inf’rar(.d.s;;)(-ctrum . ' (nujoll): 3420, 3302,
max
3240, kd|.§3108 (i) ;1692 em™Y (carbamate €=0) .
The 'lH nmr spoectrum (("I'r“; (dimethyl sulfoxide-d
5t
3):"3.64 (s, 611, OCHy); 5.02 (s, 4n

.

6):
2.23 (s, 6H, Ar-clu

1’

Cx!z); 6.47 (broad.s, 41{, NHZ). . J

-
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Gencral Procedure for Determination of Covalent Crops-

Linking and Alkylation of DNA with Carbamate Quinongs and

!_lxd r()quig_clt_)}_-g‘ ) ) o D . » . )
The alkylating agents were added as 2 1g3/el solu-
tions in 50° dimvthy} sulfoxide: Sﬂi;&ator. ‘Rdgéliong
were buffertd with 1'M acctate pH 5.0 or 1 M phosphate
. - -»

pH 7.0 or 8.7. CroBs-linkinq reactions were carricd out

on a 100 yl scale. The reaction solutions were ihcubated

260 .
of . DNA, 0.03 M of buffer, 1.0 ug/yl of cross-linking

at -37° and had concontrations of approximatcly 1.04 A

agent and 25 dimcthyl sulfoxide. Quihones were run both
unreduccd and.reduced “n ot with sodium bbrohydridc,
1.0 wg/il. 10 111 aliquots were removed at timed intervals

and analyzcd for the extent of cross-linking and alkyla- e
L g

ction Ly “the cthidium fluorescence assay. Congrol recaction
mixturcs prepared exactly as above but containing no

.
alkylating aagent were run with each experiment and chowed
y SN _

no covalcent cruss-linking or alkylation.

The experiment with PM2 COC-DNA was performed as e

1. .

above at pll 7.0 and ‘a bNA cémEentration of 1.24 A260
i h 3 A

-

2,5=-Di (brorom: thyl)=23,6-dimthyl-1,4-hydroguinone 33

- A solution,of the dimethyl cthor 62 (1.315 g, 5.0 ' ‘\\
rmmele) in 30 ml of methylene chloride wag added to a solu- -
tion of boren tribremide (3.765 g, 1.43 ml, 15.0 mmole)

in 15 ml of methylene chloride.  The solution wasgstirred:
L . .



hd . . a *

y

overnight under o drying tuboe., 75 ml of water was added
. i

and the mirture was oxtracted twice with 100 ml af cther,

1 \

The organic layoers were driced over sodium sulfate and oevap-

Oratcd.  The resulting solid was doecolorized and recrystal-
N - L] :
lized from benzone to give 1,096 - (68 vyicld) of the «i-

-

bromohyd_fm;uil‘lonv 83 m.p. 174-175° (dec.). This propara-

tion is a modification of a litcerature pro<rc(1ur(-.7.

g . .. 79 81
I\nali. Calcd. for C10”1-202 By Br [mol. Wi,

N

A323.91“73]: C, 37.07; H, '3.73;-.'3r, 49 .32, Found [(mass ‘

spectrum) 323.91741: C, 37.39; H, 3.74: Br, 49.5].
/ The infra cd spectrum gma'x- {nujol): 3180 sm’l
(broad, OH). . ' '

r ] - (a3 N . A ; Y - - Py S
. The "H nmy "P("CWRASTMS (n?oton( dG) : 2.28 ("/
. - L]
64, Ar—CH}); 4.69 (s, 4n,.Cn2); 4.98 (s, 2K, OH).

° -

2,5=Di (chlorr ’-i-"::,h:f.? 1=3,6-dimcthyvl-1,4-hydrosuinone 84

A mixturc of the dibrmmr>h.ydru‘oqujrmn‘v“>8_’3_‘ (0.972 g,
3.0 mr;\nlu) L.mrl 3./182 g (6.0 mm()l;-‘) ‘of sodipm _chi.orido in
75 ml of cther (m’_’?("7—5 ml of concuentrated hydrochloriec acid
was /tzirnrg far 3 days. 100 ml of water was added and'
the solution was L::-:tr.xc-t(j;l twice with 1\00 ml of cther.,
The «ther solation \-.'.':;:'cll"i(~(1 over sodiun sulfate and evap-
orataod v;i\'in«;_u sl id '.-.'hic*h. wWas xic‘cry'stalliz<,‘<l from ot.;horlf
Skelly B (0.555 ¢, 797 yiold) m.p. 148-149.5°,

35

Anal, Calcd. for © .C12 [mol. wt. 23‘4.0215]:

10t12%

C, 51.09; 1, 5.14; Cl, 30.16. Found [(-'mns(:r:' spoct‘rum)'

200
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s -
234.0200): c, S0.9%: H) 5.18; C1, 30.19.. L.
-

A 1 N Al » ¥ i} 3 - —1
The 1nfr‘|rz.(?~,ﬁJikcl rum C max (nujol) 3200 om

n

(broad, OH) . .

1 .
The H e Socetrum

¢ S MG (uvAtonv—dG): 2.30 (s,
oli, ér-CH3); 4.85 (o, 411, C“Z)'

%‘)—‘” acotoxyro they 1)-3, (,-dxmmth' Ry 4'-‘}1_5/*(1_1'_().(guip_r)ﬂni-_ 87
. ‘#"

The dibronobvdroguinone £3 g, 3.0 muole) and

1.500 g (18.0 mrole) of sodium ccet! 30* ml of \ql‘;minl

aceotie acid wero '%tirrcd f@ W %
o’ N Rl

wWas  ae klod and the resulting pr(‘c*lpltxtc“' as filtered and

ml of watcr

'~recrysca111zeg.frnm ether givihg 0.676 g (807 yield) of

the diacetate ﬁ m.pp. 133° ('d(rc‘.) .

< . ‘A . J ' i . . .2. H
Anal. Calcd f({ (,14 1806 [mol wt. 28 ,1103] Cf
59.97; 1, 6.43. Found | Gnass spectrum) 282.1111): C,
59.53; H, 6.31. . . : v

. - . 4
The infrared spectrum v (CHCl.): 3308 (broad,
- max 3

OH); 1698 cm™ 1 (C=0).

: 1 . ‘ . .
A The "H nmr spoectrum "I‘MS(CDC13) : 2.08 (s, 6H,
CH,CO) ; g. 31 (s, Cll, Ar-Cily); 5.19 (s, 4H, CH,); 7.68
(s, 21, OH). . . '
2_,7_‘)—1\;_17'(‘(-:_}_;7] oromcthyl) =3, 6-dire thyl-1, 4—br*nzoqulnr)m 86

A sclution of 2,300 (8.5 mmole) of ferric chloride
. in 35 ml of water to which had been added 0.43 ml of con-’
centrated hydrochloric acid was added to the dichloro-

~

hydrogquinone 84 (0.399 g, 1.7 mmolc) in 35 ml of chlore-

Fr201
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A J
) ) ) ‘ N ! . -y /
form.  The mixtygre was stirrod vigorously for 2.5 days. .
‘ . v e
The chloroform layer was Separated and the aqueous layoer

-

was extractod twice with 35 nl of chlornfnrrr*\. mb.ined

v

chloraforn layers wore washod twice with wator, drica
over sodium sulfate, and cvaporated,  The residlue was
1] B »

crystallized from benzenc:  petroleum ether aqiving 0.288
. N

(73 yield) of the dichloro puinone 86 m.p. 109-110°,

v . -;r)‘ oy . ' o .
qulonz U'z fmol., wt.‘232.00J)]‘.

C, 51.53; M, 4.32; C1, 30.42.. Pound | (mass spectrum)

Anal. Calcd. for

232.00¢2): C,"52.38; H, 4.34; Cl1, 130.25.. A
;i 1655 en”l (c-0). ‘

):  2.19 (s, ‘6H,

3 - - 1

2,5=Pi Az tormethiyl) =3, 6-dincthyl -1, 4-benzocuinone 87

The infrared spoctrum o (CHC1
‘max )

o’ The Ih ‘nmr spectrum & (cpCl

TMS

Ar-,CH3); 4.;8 (s, 4H-, Cilz).

The procedure ontlined above for the preparatioén

.-
P A I

M - - - .
of the dichlorobenzoguinenc B6- was followed using 0.564 g
(2.0 rmole) of the diac«'t?%:','hydrm]u'inon(e 85 in 50 ml of

chloroform and 2.700 g (10 mmole) of foerric chloride,

. ; . ]

‘O.SO ml. of concentrated hydrochloric acid in 50 ml] of watcer.
e . - -

Crystallication from cther: Skelly B gave 0.399 q (71°

y.ia‘)d) Of the quinone 87 as yellow crystals m.p. 115-116°.-. ¢
4 RN

Anal. Caled. for [mol. wt. 280.0947): cC,

“1aM16%
60.00; H, 5.75.  Found [(mass spoectrum) £80.0940): C,.
60.01;1, 5.80.

3):A 173% (acctang

The infrared spectrum o (CHC1
. ) max

C-0); 1650 ('ﬁx_l (quinone C=0) .
. tc “l.";)
)



1 : -
Th: a0 spect rum ¢ “Hie : . H, €
I'h Honng poct rum 'l‘Mli(( h ’) 2.07 (4, 61,

(,'Hj('()); Jole (s, G, f\l“(‘HJ); 5.04 (g, 4”,4'(‘“2).‘

2,5~Di (et by = v :;_-«! Pt ll_",'AI'--l‘, 4-)1‘\,'(];91}1_1 none KK

To a solution of 0.108 4 (0.3 mrnle) of the dibroro-

.

hydrogquinens 83 in 10 Of Sthanol war added 0.1 wml ()}
concentrated nitric acijd, The mixturce. was h(nwr(w} on the
Stcam bath for 1 hour., Wator was added ‘1(1({~ the solution
w;n:;'c()vuh"d. The resulting precipitate was filtered giving
,0.042>q éSS' yiceld) of the dicether 88 m.p. 73-74°,

Anal, (,le(‘d.‘ fqr (‘14l!2£‘ [mol. wt. 25’1..1518]: C,
66.12; H, 8,72. Found [(mass spectrum) 254.1518): C, .

65.81, 1, 8,10.

, ’ -] —
The infrarcd spectrunm “m (CHC1 ) : 3310 cm (OH) .

ax 3 .

The 1}! xm.x".':pr-(ftr‘vn. (Chely) 1.26 (v, 611,

CTMS 3

cthyl Cii Ao 7.0 HzY; 2.12 (s, 6H, Ar-CH ).; 3.59 (g, 41,

3
cthyl Ci,); 4.72 (s, aH, Ar-CcH

3

2); 7.83 (s, 2H, OH)..

Goeneral Proco lre for Dertermination ¢of Covalont Cre isa—-

oand Alhelation of DUA with Bior~duct jve Alkvlntineg

.

The alkylating anents wire added as solutions in
507 Airithiyl sul®exido: 507 wator. * Peactions were buffered
-
to pH 7.0 with .1 M ple sphiate. Cross-linking solutions of
-

100 1 woere incubated at 37° and had concentrations of

(l[)[)r’))(i]"mAL"‘}",' 1.0 [.’260 of 2 DNA, 0.05 M of buffer, 1.0 {:q/

bl oof the 2,5-disubatituted quinonces and hydroquinoncs,

203
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and 29 dingthyl sultaoxide, Quinones were run both unre-
$ . :
ducod and reduced S0 0 wit sodium borohydride, 1.0 hey/

'ul. 10 111 .'xl'iqu.n(.-: Were romovead at tamed intorvals ond

analyred for the et ntoof ey -) il?‘nq and alhelation

by thee crhidiun fTuor o e dantay . Control o roact vons

run sith cach copornont o Lo noocrosg-ligiang or alkyla-
. R

tion,

Exporimonts with the Zyd-drsalbetitut, A quinone:
. , .
were jpertorred by LW, McLaucshlan In our latoratorics ag

described ahove. THRCept that thoe gquinone Concentration wao

0.8 1“;;‘-1. -

o

Cof fAzirvaidinoguinones

The aviridinoguinon o wore pPreparcd 1n oour labora-
.

torte. by Lir, MUH., Akht v, L.wW. McLauahling, and 7Ts Ali by

34,69,70

publiciid proccdures. The general method jg i11g.-

trated b the following cnarnlo,
. 1 i

() pr

aration of Tetraretlhoge -]

, 4;Lu-n7m lneene

.

"A slurry of 24.5 9 (0.1 mole) of chlearani] in 75 ml
of rothandl wan acldel to g relutorn nf9.8 0 (0.42 mole)
of codiu an 270 ~1 of SRR NSNS I Purinag adlition the tem-
peratur: of PG Ction riure g k(-;»t“at 19-2%° by
means of cxterngl C(')Ols,in'. The rn..?t_ir;:x risture was then

heatodl on o0 steam bLath for ¢ bLogr:, The: coole 1 roaction

o
IHCIrC Ao i ted by jaghe Crance crystals whicl wore col- ’

. f . -
Tectol, wosho d with cold water, and takon up an dichloro-



- . LA
. \.‘.
>
. Q
moety e, The olutaon wan decoloa oo bowithe ooy b,
toared aned Lhe sl N e e o to gave by g

' Y hd
oranad crygtala of the paoduct L6, 7 g (780 vield) mog,

. . Ho
P3d-D b (bt oo 13%-1 36y ° .
T T A e T L e T (S S P gt S
IRERNIE
A
Tor g o ron ot T one g Moy b lo)y ot oty gt

dod-bo e e i 30 G ol we L ARV Y
' 4

of 0,28 0 (O smale) of acorrsdine in 10 ml of mcthano),

Theo veac von s ture wae s re Uoat o temrraturs tor,
N .‘ . . . . . .

2 days. The pesulting reddish-brown 2,%bistaziridingl) -

(-4 ~

3,6-d1 toonrr=l,d =t e e war e Tt edd Py Taltrat:

OL8TL T (70 i) mep. TR9-190 0 (Ui, mlp. 1M93-104.0 .

— .. »

s st v un s the e oL tedure o 1ne ) el

: - :

T ’ b
(1) 2, 0=t 0= v Yy L Ty thyl =1 ,0=1 e
aquiIn o iy 63 vreld mop, 147-10500

\ ’
. .
‘ 1 , b ey . p Vg . - )

ol 1l . fon 1aig , B.29; i, 7.31;

N, 11.3¢. Foyunl: C, 68.21; H, 7.61;: v, 11,72,
\ . 4 B - .

(1) $,5-0 ¢ D= vl gnely=1, 0= oo one a0 47
Yiold D B 387,

R PO A SO AP () ST [ A I
v, 12,87, Pound:  C, 65,85 B, ¢ %1 o, 13,01,

Ixprori SUson tla anteraction of the o asaridain..-

. 3 ¢
QUILRGcn wWith - DINA were carvied cutoaoant i b the gt
.
<

’~

y-

[SEI

201,

Y
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Dr. M.I. ..I\J»;htdr, and L.W. McLaughlin in our luaboratorices.

B}

The following cxperiment was carriced out by Dr. M.H. Akhtar

in our laboratorics,

Covalent Cross=-Irinkina of DNAs of Differont (G+C) Content

with 2,5-pis(aziridinyl)-3,6-dincthoxy-1,4-benzoguinenc

Recactions were carricd out at pH 4.5 at 37° using

]

the following solutions of natural DNAS. The assays were

\

carricd out as desceribed previously.

(ads . __.__4_’__; DNA (30° C4C) . " The reaction
.D, -

soluticn wus approximately 1,46 in DuA, 0.05 X in

7260 . .

acctate buffer p 4.5, 0.05 ;.g/::1 in quinone and 207 in

toetrahydrofuran. /72 1dentical control reaction containing

no guinone cwas also prepared and assayed.

(L) (_‘Qll_f_l‘h*,'r.u;: IA (40 G+C) . The reaction solu=s
- e

tion was approximately 1.15 A260 in DA, 0.05 M in b'uffcr,
0.05 pa/, 1 in quinone ard 207 in tetrahydrofuran. An
ihdu'nt_i(‘dl control reaction containing no qx;inrm@*w:xs also
prepared and asgsayed.

(c) .’-_._"'_7_‘j'__f')}'.’\;-(fr:‘;_if;(j_)f The reaction solution
was ap proximataely 1,03 ;‘QGO in PN, 0.05 M in buffer,
0.05 .3/ 1 in (;uin:unu and 20 in tetralbiydrofuran., An

idntical control rcaction containing no cuinone was aloo
1 ¢

provarcd and assayoed,

- I
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- .

8 .
The following experiments were carried out by Dr. A.R.

Morg.n and D. Johnson in the Department of Biochemistry
o . L

. e P ' st
at the Unzvoréﬁ}y of Albcrta. . DRARES

’

.
Assay for_Cova!anhCrgiﬁ—Linkinq of . 7 !7 DNA usina

S, -Endonuclcasc ) ¢

¢

These assays were carried out as described in Chap-

o

=CH R_=H) .

ter I1I for mitomyctm#C using 574 and 58 (R=P 37 R,

1
Results are presented in Tables 19 and 20.

rir.ition or Dcpyrimidatign of Polynuclecotides

Troatcg;ﬁ}ibmgii:nis(aijridinyl)—3( * thyl-1,4-benzo-
quinonc : ‘

Poly dC°dC-(14C C)-(3H C) 0.339 A260 Qq; incubated
at 37° inf0.0G M sodium acota%g buffér pH 5.0 with 0.36
;u/n] of the (quinone in 189 aqtoous tetrahydrofuran., At
intervals duplicate samples were removed, placed on What-.

man filter discs, washed twice with 5° trichloroacetic
7 0

acid, then twice withethanol, dried, and counted.



SUMMARY

In this work various aspects of the physical and
chemical properties of mitomycin C have been studied in’

order to gain information about the mode of action of this

clinically important antibiotic and antitumor agent. The
13C nmr spectra of mitomycin C and the structurally re-

Y N . o,
lated streptonigrin were amalyzed and the peaks assigned.

The strong conjugative interactién bétween the N-4 nitro- .
gen and the.quinone éroup of mitOmyciA‘C, which has been
probosed as the‘reason for the stability of the unreduced
form of the antibiotic, was cohfipmed. The fully assignéd
13C.nmr spectra may prove useful for possible bi;synthettc
studies invciving 13¢ incorporation studies.
Theilnréractioﬁ of mitomycin C with DNA was exam-
}nqd using ‘rapid ahd convep%ent ethidium fluorescence
assays. This led to an assa§ for measu;ing the ability
of various alkylatiné agents to covélently.alkyléte DNA.
Work is continuing in this area to qu;ntify this assay

.

" and te extend it to other systems. Studies of the pH de- ©&
pendence of covalent f;ss—linking'and alkylation of DNA
by’mitomyoin‘C,‘as well as work with mitomycin derivatives
havé.c;nfirmed; for the first time, é%e inQolvemeﬁt of he
both the aziridine and &arbamate groups in the attach-

- ment. to DNA. jhe step-wise ngture of covalent‘cross—

lirking by mitomycin C and the seguence involved has been

»
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sopcration of a proximity effcecct in the scission process,

demonstrated. These results WOrc'supportud by studics of .
thc.rolatfbc-rcactivitioq,of the two alkylating groups.in
mitémycin analogs. The observed ability of pbssiblc ﬁito—

mycin-C mc¢tabolites to cross-link and alkylate DNA raised

the possibility of the involvement of such metabolites in

the action of mitomycin C. o

_Ié was demonstrated that npqitomycin C inBuCesﬂEinglc.

strand scission in DNA by the QCncfation of supcroxide and

a

hydroxyl radicals. fThis result contrasts with the: prev-

iously pbeOSod mechanism for mitomycin C inducced DNA de-

gradation3

that mito/, Cffacilitatos the production of superoxide

63

radical guction, Evidence was presoented for the '

arising from thc covalent intcraction with the DMNA. Ex-

) X Sy . o .
periments to clucidate the role of the degradation mech-

o

anism in the antitumor action of mitomycin C can be cn-
. .
visionoed. . ‘ -
. o ¢
Elcectroanalytical expcrimonés confirmed the short

o

life-time of the scmiquinpno of mitomycin C and Contihuinq
c#péfimonts should provide a detailed description of the
entirce reduction proc®®s,
[ e .

Work with hitorycin‘andlogs supporﬁcd the conten-

tion that thce aziridine group of mitomycin C.is preferen-

tfdlly irvolved in the interaction with DNA.  The proposed
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.. . .

"covalent crossllihking of DNA by aziridinoquinones was @~ - -

‘confirmed and cvidence'was presented for preferential
- . . : . -

-

. alkylatipn on guaninc.' It was demonstrated that cross-

linking ability shows a falrly good corrclation with anti=-

tumor activity raising the possibility.of uSing tl‘.n::'o:w:hiozl-’~

o
.

ium fluorescdnce agsay as a conVcnlcnt prc qcrecnlng pro-
[ 3 L J
“cedurc for potentxally actlve componnds.. The recent

flndlng that the clinically uscful a21r1d1noqu1nohqtgrve: ‘
_ ninowm, facxlltato"‘thd formatlon of superoxldc rad:.cals63
aiong with thc.dotcctlon oflqu1nonen1nduceq 51nglevstrand .
scission bf DNA sgggcsts thc.uqility of an iﬁ?cstiéétiQn
into the role of DNA.qurahdtion in.tﬁc‘Qcchdniém of

action of.qu§gohb'antitumor agents.’ . |
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