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The Interaction of the Nucleoside Analogues, Formycins A and B,

with Xanthine Oxidase and Hepatic Aldehyde Oxidase
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Fornmycin B, ant anualoogue of intositut’, iuas beent founmmd too bo’ uxidized too oxofon’nmtycinu B,

time xanthosine analogue, by hepatic aldeimvde o)xidase (EU 1.2.3.1). The K,,, was 2.0 X

10� �i. Formycin B armd lornmycin A, t-i-ne Indenosinte aumaloguo’, hire nmoot sumbstrato’s but an’(’

cornmpetitive inminibitors for time relateol enuzynme, xanntlniune oxidase, witim K1 values oil 1 .3 X

10� Nt. Neitiuer (of these enzymes inns previounsly bo’o’nm knmoownn t(i mnuteract with punrinne nnuo’lt’co-

sides our close strtmctunral analogues oof nmuncleosides. ‘Fho’ effects of several re’lato’ol punrinut’ base

and nnucieoside anmalogues on hepatic aloleimyde ooxidase, bovinne milk xanntiniumt’ oxiolasc’ (E(’
1.2.3.2), call iumtestinnal adennosine deaminmase (EU 3.�.4.4), aumd inunman o’rytinm’oocytic punrinut’

uuucleoside pimospimourylase (EU 2.4.2.1) are ro’porto’ol. A nometlmool foot’ puu’iiyuung biloleiuyol(’ OXi-

olase from rabbit liver is described.

I NTltonfl’oTION

Formvcin B [7-hydroxv-3-(fl-D-ribofura-

unosyl)pyrazolo[4 , 3-djpyrimidiume} was first

discovered iun Umezawa’s laboratory iut 1964

(1-4). It is anm anmalogune of the natural

purine ribonucleoside, inosine, anmd was
shown to be idenmtical with time atmtibiotic

laurusinm (5, 6) (Fig. 1).

This laboratoorv has beeum iunterested iuu

formycinm B annd related compoumntols as Poos-

sible inhibitors or sumbstrates for enmzvmes

of nucleoside metabolisn’n. Formvcium B has

beeim fouumd to be a competitive innimibitor oil

c’rythrocvtic purmume umuncleoside 1)imoospi noryl -

ase, botit witin time isolato’d eumzyme ammo! witim

intact cells (7). Sinmco’ lormvcinn B is uno)t- a

This inmvestigati(onn was supported by (ranit ‘F

94 J fronm the Anitericanu Canmcer Society amod by

(irantt CA 07340-05 from the National Canncer

I nnst it ont-e, Nat ionual I nst itootes of Ileal t h.

Presenot address, Pro(’ter 1)epartmentt of Food

anud Leather Science, Thue Unoiversit�’, Leeols L52

9JT, ‘�orkshire, l’niglannol.

stnbstn’ate tot Iumn’inno’ uuuncit’osidt’ ioi000sPlnoo-

rvlase (FX.’ 2.4.2. 1 ) aund t-ino’rc’ is little

evidence loom’ the (occurro’nmce oil ann immoosinnt’

kinase inn auumummi tissumes, mvimiclu ummigimt ho’

capable of cconmvertiung foom’nmnyciun 13 t(o tint’

nnoumoopimo)spi oate olem’ivativo’, oumt’ nmiglmt cx-

pect timat lornmycin 13 woumld be nmetaboolicbuliv
inmert.

Flooweven’, ivo’ wc’n’t’ iumfeornmed by l)rs. \ I.

Hon aund H. 1.mezawa that- wino’nn fcrmycinn

B was inmjecteol iuttci rabbits anne! nmico’, boot in

lormvcmnm B an no! a nnetabol ito’ wc’n’e excreted

itt time umm’inut’. This nmetabolitc inns bu’eum

ideumtifieo! as ann oxidizo’d pu’oudumct oof loou’uimy-

cmii B atud has, timereloro’, bet’nn calico! oxoo-

lornmvcmum B (8). Tlmis laboratourv has conm-

fiu’med tluo’ loou’nmtntioin of titis nmit’taboolitt’,

and a pre’lmnmmntary report ool part oof this

work iutis bo’c’rm preso’ntted (9). Sinuce tine pres-

o’uttationi oil this prelinminuam’y n’o’poom’t-, ‘l’sun-

kada ci al. (10) havt’ aiscu conncludo’ol thoat-

livo’m’ aldehnvolo’ oxio!ase (EU 1.2.3.1) i� tint
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j)rinmcipal eumzynui’ m’espoinsible lou’ time o)Xi(!a-

tioum of formvcin B.

Inn additioum, thmese results have led to tht’

innvestigatioun of thne metabolism of othmer

coonmmpouimds closely related in structure too

foirnmmvciun B, anud o)i time innteractiont oil time

lormyciums with several enmzymes thmat react

w’itht pum’inmes auto! timein’ derivative’s.

1Iatei’ial.s’

MATERIALS ANt) METHOt)5

Sanmples of fornmycinns A aund B were gifts

ln’om Dn’. Hannao Umezaw’a of time Microibial

(1hmemistm’y Researehm Fourmdationm, I umstitute

oil \Iicrobial Clmemistr�’, Tokyo. Samples of

foorummycinns A ammo! B armd their 5’-pltospimate

ummonmounucleotides were oobtaiimed from Dr. J.

Ii’anmk Heumdem’son of time \ IcEacherum Lab-

ooratory, Umtiveu’sity o�l Albem’ta, Edmontout.

7 -Deazaintosinme [4-h�’droxy-7 -(�3-n-ribolura-

uiosyl)-711-pyrrolo[2 .3-djpynimidine] aimd 7-

deazatitioinosinne [4-thio-7- (j3-n-ribofuranmo-

syl) -7H-pyrrolo[2 . :3-d]p�’m’inmidinme], botim of

winich are derivatives oil tubercidiun (11), and

7-lmydroxypyrazolo[4 , 3-d]p�rimidiue aitd 7-

luydroxy-3-metimylpyrazolo[4 .3-d]pyrimidinne

were gifts from Dr. H. K. Hobinms, Unmi-

versity oil Utah, Salt Lake Uity. A prep-

aration of purified itumaim erytimrocytic

puniume unumcieoside pimosphorylase was pro-

vided by Dr. H. P. Agarwal oil timis laboora-

tory. Frozeim yoounmg rabbit livers w’ere pun-

chmased ln’onmm Pel-F’reez Biologica!s, lime., and

N’-nmethvhimicotinanmide cimloride ammd adenmo -

siute deaminna-se (mom chill inmtestine) were

purcimased lronm time Sigma Chemical Corn-

I)httmY � Xautthiiime oxidase (from milk) (EU
1 .2.:3.2) m�’as obttuiumed from the \Vo)rthmington

B iochemical Corporationt . All otimer corn-

pounuds used were oil time hmighest purity conm-

unerciallv available.

.iIet/zo(ls

c/I z’oniato�ji’aph ic separation of formycin B

an(l oxojoz’inycin B. Time asceitding tecinlmiolue

m�’as employed for botim solvelmt systems, and

\Vimattrmanm No . 3 M � I clmromatograplmy paper

w’a-s used.

1 . Carter’s isoamvl alcoimol system (12):

Time solvenmt cointained 2 volumes of ;� Ye di-

basic sodiun’n I)lmOSPlmate to 1 vo)lulrne of iso-

amy! alcohol. Chronmatograms were de-

veloped for about 10 imr. Time R� values for

forrnyeiim B aumd oxoformvciut B were ap-

l)roxirnatelY 0.7 aind 0.6, respectively.
2. Arnmoniurn bicarbonate systenmm : Time

solvent was aim 85 % saturateol aqueous solu-

tion of tnmn’noumium bicarboimate (16 g/100

mmml) equilibrated itt time tank fo)m’ at least 24

lmr before use. Chrornatograms were de-

�‘eloped for about 2 imi’. The R, valumes for

forrnvcinm B aimd o)xoforrnyeimm B wen’e up-

ProximatelY 0.62 and 0.52, respectively.
Both conmpouimds could be eluted w’itlm w’ater

aimd time solutiomms concentrated by flasim

evaporatioit or lyopimilization.

Incubation of mouse liver Inomogen ates wit/i

form ycin B. Liver from a fasted mouse was

homogenized mm 3 volumes of 0.15 u KC1.

Reactionm mixtures were inmeubated for 60

nmimmat 37#{176}and conmtaiumed 4.0 mg of formycimm

B anmd 0.S ml of liver imornogenate ut a total

volunme of 2.0 ml of 0.9 % XaCl. Other

flasks w’o’re set up w’lmichm contained, inn addi-

tion, 0.1 mg 0)1 TPN�, 0.1 mg of DPN�, om’

0.5 mg of allopurimmoi. Coumtrol incubatioums

were deumatured with perchioric acid at

zero time, anmd time rest after 60 mum. Time
supenmmataumt fluids front these flasks were

umeutralized with po)tassiurn bicarbonate,

and a small aliquot from each flask was

spotted oim No. 3MM paper ammd chromato-

graphed in ammonium bicarboumate. Similar

experiments were also set up in which the

incubation flasks comutaiimeol, ium additioum, 0.5

mg of allopurinmol.
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Purification of Rabbit Liver A ide/tyde Oxidase.

The initial stages of time purification pro-
cedure were adapted front time method of

Rajagopa!aum, Fridovich, and Hanmdler (13).

Step 1 : Preparation of the homogenate and

heat denaturation. Frozenm rabbit liver (900

g) was thawed slowly at 4#{176}overniglmt and

then homogenized in a Wariimg Blendor in

5 volumes of distilled water at room tern-
perature. A!iquots of about 250 ml eacim
were heated as rapidly as possible to 67-70#{176}

in a boiling water bath and then maintaimned
at this temperature for 2 mm. Time imomoge-
nate was cooled quickly to 40#{176}by tine addi-

tion of ice and then placed in an ice batim

until all the other aliquots had been treated

in a similar manner. The precipitate was u’e-
moved by centnifugation at 10,000 X g for
60 mini, and the reddish-browum supernatant

fluid was collected and stored at 4#{176}over-
night.

All steps from this stage onward were

carried out at 4#{176},using 0.005 �ui potassium

phosphate buffer, pH 7.S, containing 0.005 %

EDTA.

Step 2: Ammo-nium sulfate fractionation.

The supernatant fluid from the previous
step was brought to) 50% saturatioum by add-

ing solid ammonium sulfate (298 g/liter).

After the solution mad stood for 60 mum,
the precipitate was collected by centnifuga-
tion at 10,000 X g for 1 hr. Most of the red-
colored substances remained in time super-
natant fluid. The precipitate was dissolved

in 0.005 M potassium phosphate buffer and
dialyzed overnight against five cimanges of
the same buffer (4 liters of buffer were
used for each change). All dialysis tubiimg
had previously been treated witin boiliumg
EDTA solution.

Step 3: Calcium phosphate gel-cellulose

column c/u romatography. Whatmaim C FH

cellulose (120 g, coarse fibers) and calcium
phosphate gel (5 g, dry weight) (14) were

packed in a 5.0 X 40 cm columnm and equi-
librated with time above 0.005 u1 pimosphate

buffer. The dialyzed enzyme was loaded

directly onto time column and wa.shed witim
200 ml of the same buffer. Elution was

carried out with a linear potassium phos-
phate buffer (pH 7.8) gradient varying from
0.005 iii to 0.4 ni in a total volume of 1500

ml. Fractionus (10 ml) wo’n’e collected anmd

ht55tU’�’ed four activity botht mvitit N’ -nmetinvl-
imicotinamiole anm(l ��‘itim fom’mycin B. 1’erri-

cyanide wa.s used as time electroun acceptor
witim botim sunbstrates, so timat time activities

could be compared directly. rfite fractions
cointainmiumg time higimest specific activity of
aldehyde oxidase were pooled.

Step 4: A F1O11WFO iu-m sulfate /)recipitatw’o

and dialysis. Step 2 was repeated as a meaums

0)1 concentrating time pooled eutzynme in a

suitable volume to load onto time DEAE-

cellulose column.

Ste/) �i: DEAE-cell-ulose column chi’oma-
lo,qraphy. The dialyzed eumzyme was loaded

directly oumto a DEAE-cellulose l)iuoospimatt�

column (5.0 X 35 cm) equilibrated w’itim

time 0.005 u phospimate buffer. Time commit
�vas mvasimed with 500 nml of time same buiffer,
and timen a hiumear gradienmt was started from

0.003 Nt to 0.4 u pimosphate buffer to a total
volume of 2 liters; 10-mI fractioums were

collected, assayed, aumd pooled as in step 3.
Step 6: Bin-Gel P-200 column cli z’omatof/-

o’aphy. After storage overnight, enzynme from
100 ml of tine 235-mi pool from step 5 was

precipitated with 50 % ammonium sulfate,
collected by centnifugatioun, aimd dissolved
in as small a volume as possible of 0.05 Nt

phosphmate buffer (about 0.2 ml). Timis
sample was timen loaded oimtoo a Bio-Gel

P-200 columun (2.2 X 65 cm) in equilibrium

with 0.05 Nt pimospimate buffer. Time enmzyme

was eluted witim the same buffer.

Other Met/nods

ileasui’ement of pi’otein concentration. Tine
protein concentratioum w’as measured by tine
metimod of Waddehl (15). The differenmce
betweeln time absorbaumce at 215 and 225 m�
was multiplied by a factor of 144 to) give
time proteium concentratioun in micrograms jiem’
milliliter.

Spectropli otometric assays. A Beckmanm DU
speetrophotometer equipped with a Gilford

optical density coumverter and recorder m�’as

uso’d.

Assay of aldehyde oxidase activity. Two

assay systems were employed, botim adapteol

from time methuods of Rajagopalaum ano! Haumd-

ler (16), whmicim used arbitrary absorbance
units. In botim systems, time lull range 0)1 tIme
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( �iifon’d sCbIlt’ \\‘1i5 set hit 0. 1 absoim’bhmttCe.

Enmoouigin aieio’huyolt’ o)XiOlast’ \\‘htS ado!ed too time

cuvet-t-t’ too givt’ a reas(onnabl(’ vo’hocity.

1 . llt-t’hi’Viouit’t absom’l)t-icomm ummt’t-htood at 300

umma: ‘Fine’ m’eactioouu nmixtuun’o’ loom’ tint’ staumdaro!

bi5shi\’ econmtainmeol 0. 1 nml �ol 0. 1 mu ,Vt_metimyh_

nuicootiuuanmi(lo’ (‘ii loorio!o’ elissolveol inn 0.05 mn

i)ootassiunnm i)hmosphmatt’ bumfft’m’ (pH 7.8),
bilelt’involt’ coxiolase, amm(l 0.05 mn 1)(otassilnnm

1)itoisbihnhitt’ btnfI’t’n’ to nmhohu’ hO t-(ithtl m’oulunni-tu’ of
1 .0 umil . ‘[hut’ imncm’east’ inn absoom’baunce r�’�’

umminnuntt’ hit 3(X) ummu mias u’ec(on’olt’ol.

2. Assbuv witin ieu’nicvaummoit’ as o’lectn’oomn

accu’j)t(ou’ : lint’ (o)nmt(’ntts ouf tint’ cuvett-e w’eu’o’

tine’ sanmt’ hiS four time unltrbuvioiet absOm’j)tiOolt

ummo’thuoool, withu tine’ ael(lit-io)mu oil h)ootassiunnm
fem’n’icvaunie!t’ at hi fimual o’o imuo’(’nmt u’at-ioim oil 1

ni�n . ‘fhuo’ decm’easo’ imu absoou’b�nmuct’ p#{176}’�’immiuuunte

hiS tint’ ferricvanuio!e bccounmmt’s n’eo!unceo! was

n’ecoroleol hot 420 nmmp.
S/)e(’ti’O/)/n t)lt)fll-(’ti’i(’ assay it’ll/i joi’in/jciii

B as sothsti’at(’. Iitu� activity oof aldeimvde

ouxidase mvithn foon’nmmycinn B his sunbstu’ate coounle!

be assayed by slight- nm000lificatio)un oil time twoo

ummethnoods olescnibed foot’ N’ -nmmt’ti uvl umicotinna -

nmmio!e. I un botiu �ossavs 0. 1 nml (01 time 10 rn�

ftou’nmmvcinn B m’t’placo’el tint’ �\�‘ -nmmt’timylnmicootinm-

hiimmiolo’ as sunbstn’at-e. limo’ umitn’hivioole’t htssav

n’(’coon’oled tint’ i nmcn’t’hose inn absoom’banmct’ I)e’m’

nmmmnnmntc’at 3l() ummj.�as foon’nmvcimn 13 was oxidized
tno ooxofou’nmmycmnn B. l3t’caust’ time nmolau’ ab-

sooi’bauuce chianuge is snmmallem’ witin lon’nmycin

B t-huan witin � -nmo’tinvlnmicotinmamido’, huboUt

twict’ as nmuchn hololt’hnvole oxidase \\his i’tI’-

o�umireoi wheum fornmvciun B was time sunbstrate.

‘Fiut’ lo’n’ric\’aunio!e assay mvas unumahto’ro’o! except-

fon’ timo’ chanmge 0)1 sumbstu’ate.

�“�pecli’op/ooioiou’trit’ assays ,[or /)urine iiii-

(‘lco.s’iile p/non p/n oi’yla.s’e a nil ia oil/i inc o.u’iilase.

Tine ummetitoools c’ntplooved went’ time sanme as

those 0)1 Ninmm, (‘hnbu, ammd Pbin’ks (17).

�‘�‘jocci i’opln oioin ci i’ic a-ssaij of aden Oslo! (‘ (le -

all? inase activity. Time olo’cre’huse imt abson’baumce

hOt :307 nmm� h05 fon’ummvcinn A \ihis elt’honmiumated

too foa’nmm�’cinu 13 was nmmeasunrt’d. Ehi-chu cuivette

o’oonut-himnneo! tint’ f’ohloowimmg inn I nml : 0.05 su

p0 )t assiunm h)inc)51)htbtt-u’ buffet’ (pH 7.8),

!ornmmvcinm A inn commcenntu’atioonms naumgmnmg fn’onm
0.2 to 0.033 mn, anmo! emmoughm ao!u’nmousiume

o!o’anmmiumast’ too give hi m’easo)unable veloocity

mvhut’un thmo’ funii scale (of time’ (illon’o! u’ecoum’der

was 0.13 absorbanmct’ unumit (tlnis m’o’pu’eseunts a

co onnvem’siou u (of 2 mmm�nmmoles of suubst rhott’ too

in’oo!unct) . ‘lIme tu’n�iuem’hltull’e ivlms Iuei(i coum-
staumt at ;30#{176}.

RESULTS

iS’tU(lieS of’ JOrflhij(’ iii B in etabolison- in viva
and u/en I ifical to ii of in etabolite. \Vimeim lou’m�’-

ciun B mvas injectu’o! unto nmiice aund time unninme

was subjected too Paper chmromatoogu’apimy,

thmen’e appeared out time chronmatoogranims,

besides fornmvcinm B, It une’w cc)nmpu)unune! mvhiciu

mvas nmot present mm tine unrinne from unnntn’eated

mm�ice . The compouumd fluom’esced oumm papen’

wimeun exposed too unltu’aviolet ligimt �ittd u’tnnn

bt’iminmd fom’nm\’cium B (whelm absorbs umltu’a-

\‘ioilo’t light) in botim so)lvent systenms. Inn
Carter’s isohnmyl aico)hoi system tine I?F

\‘bolues for formycium B aumd loor the fluuom’es-

ct’nmt conmpound were approximateiy 0.7

htttd 0.6, respectively, aimd ut ammoonmium

bichurboumate time value’s mm’ere 0.62 tund 0.52,
n’o’spectiyely. Time fact t-hmat iom’mycin B

absorbs aumd time nmmetabolite fluoresces aids

greatly in distiimguishinmg time tweu co)mpounumds.

No evidence was scent for more thuanu oume

nmethobolite in eitimo’r oil timeso’ soivenut sys-

tems. lIm order to oubta-in eumoungh metabolitu’
10)1’ studies oum time structure of titis com-

p(oumnnd, the unite lrcom seveu’al nnice tm’eated
hiS hiboi’Vt’ was co)llected over a 24-imr perioud,
j)(000lt’(!, ammo! concenttu’ated by flash evapo)m’a-

tionn. Time coumcenmtrat-e \\htS applied to) cimrco-

matograpimy pa-per htutd n’unn in time amnmou-

mmium bicarbonate systenm. The bannd� oof

nmetaboiite were elunted mvitim imot whiten’, Ionic!
time solutioum obtaiuned was fla-sim-evhlporateo!

too du’vnmess.

It- simoumlol be umcteoi that timis nmetaboiite

\\hiS proclinced mt m’eiativt’ly large oiumamntities.

Whuenm 10 mg of foormycin B ier mounsu’ wt’rt’
inmjected (approxinmately 500 mg/kg), aboout
ithill oil time’ injecte’d dose’ was excreted as time
metaboulite. This is in accom’oI with time fiunol-
itngs ouf Isimizuka et al. (8), mmhmosimowed that

nmuost oil thme lorummycium B inmjected immto) rabbit-s

mvas excreted as a nmetabolite witeun doses ouf

50 nmmg,/kg were givenu.

\Vinile coum’ studio’s we’m’e iut progress a n’epon’t

appean’ed by Isimizuka ci al. (8) wimichu ic!enn-

tifieo! time unetabolite ol ion’mvcitm B isolato’ol
lroonmm n’hubbit uniume hiS time xanthuoosiume auma-

loogune, wimicim timey call coxoufoom’mycinm B. 0mm’
fiuncliungs into!icate timat tine metabolite iso-

1111cc! f’m’coummmousc’ lil’lttt’ is idemmtical mvitin
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thmat reported by Ishizuka ci al. Ishmizuka

and this laboratory botim recoognized timat time’
ultraviolet spectrum o)f time formycint’ B
nmetabolite very closely resembles thmat oil

5 , 7-dilmydroxypyrazolo [4 , 3-dJ pynimidiime,

mvlmicim was first syntimesizecl in 1888 by Behn-

rend annd called “isoxanthmiime” (18, 19).

Elemeumtal aimalysis obtaiimed by Ishizunka
ci at. (8) ont time purified metabolite gave

fair agreement witin time proposed structunu’e.

These w’orkers inmterpreted the loss cii a

imydrogen (demonstrated by Ni\IR) to) be

iii agreement with time coontcept that fom’ummy-

cut B had been oxidized at Positiotm 5. Innfra-
red spectra were’ obtanmed for foormycium B
amid tine metabolite isolated from nmoust’
urine. Time spectrum of time metabolite was

iTt agreemeint withn timat (of ooxolormycinm B
reported by Ishizuka ci at. (8) , particulhul’ly

as it related to the band at 1 100 cm’.

Studies with rabbit live,’ alde/iyde o.m’l(lase.
Prelimiumary experiments witin imomogenmatc’s

uonmd cell fractions demonmstrated timat thmo’

oxidation of formyciim B takes place priun-

cipally ium the imigim-speec! superumataumt mac-
tioin of mouse or rabbit liver aimd that time

reaction o)ccurs imm time absentee of eithe’r

TP?n�+ or DPN+. Xantiminme oxidase was

elimirmated as time responsible eumzynme wlmenm
: it was simowum that admiimistra-tionm oil tine

poteint xantimimme oxidase irmimibitor, allcupuni -

no)l, did umot inhibit the formation of time
metabolite eitimer in vivo or in vitro. As will

be discussed below, formycium B is ann in-

imibitor aimd umot a substrate lou’ punniflee!
milk xanthine oxidase.

We theum turImed our atteuntion to time 1)05-
sibility timat time eumzyme imepatic aldeimyole
oxidase might catalyze time conmveu’sion of

formycin B to oixoformycin B. Aldehyde
oxidase was purified from rabbit liver,

because timis enzyme is knowtn to imave a pan’-

#{149}ticularly low specificity for substrates (20-
23). The activity of aldeimyde oxiolase was

assayed witht N’-n’netiuylumicotiimanmide as sumb-

strate. Almost as soon as purificatiooim mm’as

started it became obvious timat Nt�metimvl�
Imico)nmtinamide could be replaced by formy-

cium B as substrate, eitimer with or withount
ferricyanide as electron acceptor. Figure 2
demonstrates timat mm all timree colummnu
metimods used to) purify hmepatic ak!e’imyde

oxidase time ratio of activities of timis eumzvme

Fmo;, 2. El nntion pro/ito’s in I/ne purification- steps

of (lldehy(IC exudate -mi/n ich deoonornst nate tine parattet

activities neil/n forootijein B an�/ \toom ct/n ojtnicoturm -

Win ide.
Ennzvnte actv wit it bmot h fmirmvo�ino B annol \‘ -

rnetlmylnicot innontmide svas assniyed onsintg ferricya-

nmide as the electronu accept mnr, SO tlmat the activities

conld be compared directly. Thme steps nu(oted oonn

the figure corresponid to those olesuribed muncher

Methods. #{149}----�, enizvnme activity with \‘n-

methvlnnicotinnamide as substrate; 0- - - -0, cnn-

z�’nmme activity with fmwnnvcino B as sntbst rotc’;

>< >< , � connoo’nntrotionn.



d

T�umI�E 1

Fraction
‘I’otal Total Total Specific

volume protein activity” activity

ml ong units units/mg -fmnld

qSupernnattonot from Imeat -

dennatured honnogeniate 5,200 30,1(X) 1,131 0.038 1(X) 5 0.16 1.12

Anmmonmitnnm sulfate, 0-

50% 76 3,800 910 0.24 81 :31.5 0:37 1.04

Calcitnnm phoosphate gel-
cehlmnlose coolunmnt 110 1,050 825 0.78 73 105 0.34 1.11

Aummnmonmimnnmsinlfote, 0-
50% 18.2 800 780 0.98 69 1:30 0.38 1 . 16

1)EAE-cellulouse (pimmis-

phate) cmulmnnmnt 235 280 540 1.93 48 255 0.43 1.10

Bio-Gel P-200 co)l innntnn

(100 nil fronm DEAE-
o’elhtnlose pool used) 11.5 46 150 3.2 21 :325 0.42 1.20
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mvithu eitiner substrate mi’as constant in all

lractiouums. In additiooum, Table 1 simows timat

thmro oungitout 1)umnificatioum time ratio oil activity

witht bothm sumbstratu’s re n’naiumed esseimtially

c(onmstanmt , wIn icimever hissay proceeluire was

used. Timis was stroumg evidence that a!de-
im�’o1e (oxida.se is the ermzvme respoumsible four

time oxidatioun oof formvcium B, particularly

ItS time ummost imighly purified fraction of aide-
imyo!e ooxidase obtainmed by this method mvas

less timan 2 times lower in specific activity

timann tine puu’e’st preparatioums reported pre-
viously (13).

Tine prooluct formed mvineun fornmmycium B
reacted witim purified rabbit liver aldeinyde
cuxidase was isolated auto! was showum by

paper chmronmatograpimy aimd by spectroscopy
to be time same as time compounumd isolated
froimm tine uriume of mice.

Inudepenmdenmtly, Tsukada ci at. (10) un-
covered evideumce wit icim also indicates that

hmepatic aideinyde oxidase coumverts formyci nn
B to oixofornmyciun B.

Kinetic studies of aldehyde oxidase wit/i

foo’mycin B. Formyciim B is an excellent sunb-

strate for aidehyde oxidase, comparable in

activity too N’-metlmylnicotiumanmide. Time

K�, for forn’nvcinm B witim imepatic aidehmyde
ooxidase was determinmed by plottiumg time

reciprocal velocity agaiimst the reciprocal
substrate coumceumtratio)n according to time
nmetimod of Liuneweavem’ anmd Burk (24).

Several samples of aldehyde oxidase of
differeumt specific activity were used, w’itim

aumd mvithmoiut lernicvanide as electron accep-
tour. Iii all cases time Km mm’as mm time order of

2 X 10� ml. Time K�, for aldeimyde oxidase

mvitin Nt_methylunicotmnamide is also itt this

raumge of conncentm’atioum, at 2.7 X 10� mu.
The � values fou’ aldeimvde oxidase witim
formyciun B aimd Nm�methy!nicotinamide
could be compared directly mvimeum ferricya--
imide was used as the electron acceptor,

anmd assays were carried out at saturating
levels of substrate. Table 1 shows timat withm

time fernicyanide assay, the Vmax whenm

formyciun B was time sumbstrate was slightly
higher than w’imeum N’ -metimylumicotiutamide

was time substrate, time average ratio being
approximately 1.1 :1.

Purification of rabbit liver aldeimjdc oxidase

Ratio of formycin B to
�

Vielol Purifi; activity
catnon’ - - -- --------- -- --- - -

Ultraviolet F’erricva-
assay nide assay

()ume mnunit m)f enozyimme ao’tivitv is the amounmt of enzynie producimmg a chaumge at 300 nm�.L of 1 absorbanmce

nnnnit/ntinn wit-It 0.005 �m Nt_met hylnnicootinnamide as substrate jut 0.05 �m potassinnnt phosphate bonifer, p!1

7.8, �t :30� (1(i)
‘rime specilic activity of a high-speech supernatant fronm the liver Itomogennate was aboo,t 0.008. smi

timnmt the pmnrificationm obtamnned by heat- denmaturationt was approxinmately 5-fold.



XANTHINE mM

.�.‘

�RM�l�21oo1� NONE

-no 0

N’-METHYL NICOTINAMIDE (mM)

properties anmd reactiont nmecimaumism mind
several conmpouimds are commoum substrates

for both enmzymes (25), tine possible interac-
tion 0)1 the formvciums witim xaimthine oxidase

- -- -------- ms’as reiunvestigated. Both formycinns A hunmd

I0 � 20 30 B were founnd to be inimibitors of xaumthinte

oxidase competitive with xantlmiume; the
results o)f time experimeimt with formycin B

are showum mm Fig. 4. The K� values calcu-
lated froinm replotting time slopes agaiumst time
inhibitor concermtrationms were identical,

1.3 X 10� mn.
These ro’sults imave led uns to examinme tine

substrate activity of the base of formm’cinm

B, 7-hydroxypyrazolo[4 , 3-dj rimidine and

7-hvdroxy-3-metimylpvrazolo [4, 3-d1p�’rimi�

dine (Table 2). Botin tinese compouimds were

found to be rather poor sunbstrates for aide-

imvde oxidase wimeum ferricvanide was used as

electronm acceptor, aumd were umot substrates
for xaumthmiime oxidase. As shown itt Table 2,

7 -deazainmosinme anmd 7 -deazathioinosinme, both
derivatives oil time aumtibiotic tuiberciolium,
were inmactive witin xaumthmine oxidase antd
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Final proof that aldeimyde oxidase was

responnsible for time oxidation of formycin B,
anmd, furtimermore, that time same catalytic
site on the enzyme was involved, was ob-
tanned wimen formvcin B was showim to be a

competitive inhibitor of the oxidatioim of
N’-metimylnicotinamide (Fig. 3). The K1

value obtained for formycin B was 1.6 X
10� mu, wimich is in close agreemeumt withm time
valume obtained for time Michaelis coumstaumt.
In countrast, the adeumosiime analogue, formy-
cm A, was neither a substrate imor aim in-

hibitor of the eutzyme.
Since it was established timat aidehnvde

oxidase could oxidize formycium B to oxo-
formycin B, it ms’as of interest to re-o’xanmitne

time oluestion of time possible oxidation of
inosine by this enzyme. Neither innosine nnor

xanmtimosinme served as substrate for aideinvde
oxidase when tested at 0.1 nun conceumtra-

tiouts with amouimts 0)1 eumzyme increaseol
20-fold over the an’aouumt used ium routiume

assays. Funrthernmore, umeithmer o)f these umatunral

FIG. �3. Inhibition by forinycin B of purified rab-

bit liver aldehyde oxi(la.se u’ith N’ -in el/n ylnicotin- -

arnide as smnbst rate

Plot of the reciprocal of the inmitial velocity (v =

�Aa�o/nnl/nmi un) agai most reciprocal mill inmmolmr
concentration, of .V’-nmet hylnnicot innannide. The

oxidationo of .V’-methylnnicoot innanmiohe was recmorohed

at 290 m.� becaunse the simunltaneous oxidationn O)f

formycint B did niot innterfere with veloucity meas-

uremermts at this wavelenogth. Potassitnnm phos-
phate buffer, pH 78, was held connstannt- not 0.05
M. Nn�Methylnmicotmnianmide and formycinu B were
added inn the contcenntrat-ionns inmdicated. Specific

activity cuf rabbit liver aldehyde oxidase was 2.3
unmits/mg. The inihibit ion coonmstannt, K1 , of fornmy-

cmi B as the competitor of .Vm�methylnuicotinnanmide,
estimated by time replot shownu mu the iniset, was

1.6 X 10#{176}M.

Fno;. 4. Inhibition- by foroonycin B of purified onoilk

xa nt/u me oxidase wit/i xan(hine as s on/ittrate

Plot ouf the reciprocal mif tIne inuitialvehmno’ity (v =

�ntoles-’mmil/tiimnn) againnst reciprocal unmillinnolar

counneenutrationo of xannthminue. Pmot assinmnmt Phmosluhate
buffer, ph 7.8, was heloh eounnstanut at 0.05 ml. Xnonn-

tlminue anud formycinu B were added inn time (‘m)nncenmtra-
iminis inudicated. Specific activity of xannt ininne oXi-

dane was 012 zmm uruits1nntg of proteinu. Time inohiioi-

timunu counistanit, K1 , of fornmycinu B a.s time conmpetitor
of xanothinne, estimated by the replot showno inn time

inuset, was 1.3 x 10#{176}mu.

unucleosides iuthibited hepatic aldeimyde oxi-

dase.
Kinetic studies of xanth me oxidase with

foo’;nycins A and B. Siumce xaumtimiume oxidase

is related to aldeimyde oxida.se itt nmmolecular



All K,,, val unes were evol minted oe’cordinmg t mmt Inc nmet hod of Li nnewc’over onnoh Burk (24 ) . K,- vol mnes wi tim

aldeimvmie mixi(haSe onnol xannt lti ne mmxidase �mere mibt ii ned by Immet hmiols sintilor t mm t hat described fmnr \�n

unmet im�’l nuicm)tinnanmmimhe i nuhi iii t cmi liv fmornmyci mu 13 . Itetoo’t imnnn of xann t hi ne mnxidase s�i t in t inc punni nne onnolmigones

‘,vos umteosmnremh mvii It ferrir�’onnide as elect room, accept mir at- 420 nm�. Smnbst rote mmmdinnimibit ionn St inches mf p�u’-

inie nouncleosiule l)hmo5l)h0)r�ltO5e were perfournieol as (les(’ribe(h elsewimere (7, 14).

Rela-
I’:mmz\’mc’ � Suhisirate K,,, live � (‘ompetiii�’e inhihnitmir lu

� � .m1 �0 �

11olohiit livo’r tide- - �

hvoie mmxidosc’ � F�mmrnutvcinn .� - �mi reno’t imonn

Fmnrnmtvcinn 13 2 )< 10� ho l’onnnivc’imnA Nm iunlnibitimmtn

.V’-Mo’thnvlnnicmit itt- 3 X l0� 100) Fmnrmvcinn 13 1.6 )( 10�

a nunimho’

\n_\I�,thi�.lmnnt.mitimn_ 3 )< 10� lOt) Imnmmsinnm’ Nmn innhuihuitimmun

aintnde

7-ll�’o1rmnx�’pvra- 4 X lO� :3:3,
zmilmn[4 , 3-djpvn’i - -

rnniolm nc

- 7-Ilvdnoixv-3- 4.5 X 10� 2.5 -

nmnuthvip�’razmnlmm

- [4,3-dipvrinitn. -

ohinue

- 7-i )o’ozon mnmisinne - 6 .5 )< 10 2 > �

7 -1)eozat himmnnnmm- 1 � 10 n > 1

-- sinue

F’mmrmnmvo’inn� 5#{176}- Nmm ueaot mint

piiosphmote

Fm nrnmvoi mm13 5’- - Nmu react ioun
luhlonsPhunte - -

Milk xnoumthi une mixi-

olasc’ Xaunthminne - 1 >< 10#{176} - Fmmrumtycuun B I .3 x i0�
\.onnthmiune 1 )< 106 Fmmrnmvo’imn A 1 .3 x io-�
Xauutiminne - 1 >< 106 Imnmnsunnc �\mm innimmi)itimnun

7-hlvdrmixvpvr-ozo- No react iminn

lo[4,3-d]pvrinnni- -

ohinne -

7-Ilvdrmmxv-3- Nm react iminn

nnuet iuvl loyrnzmmlmi I

- 4 .3-d�pvriniti-

mliunc’

7-1 )eozoi unosi no’ No renct umoun

7-I )eoz:o t iuimninnosiune Nmm meaotimoun

Calf mutest innai odo’nn- -

mnsinne olenntinnase Fornmtvm’inn �\. 5.7 )< 102 -

1�rytImrm)oytio� pmnriuno’

nmmmcieonsiohe iihm is- - -

i)hmmuuY1 050’ 1nnmnsitno’ 5 X 10’ h’mnnnnivruun 13 1 )< 10�
lunmisiunc 5 )< 10’� 7-i )e:ozoi nnmmsi no - 3.3 x 10-i
I unmosnmum’ 5 >( 10� 7-i )eozao lnimminnmmsimum’ 1 .5 x lii)-
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Fn 0;. 5. Oxidation of foooonycin B to o.roforonycun

B b�j at(leh !/de (ixi(l(ise

slnowed mveak substu’ate activity oil oiumestionm-

�tblt’ sigumificanmce mvithm tnlo!(’hyol(’ o)xioias(’.
However, bootin compounmds mvc’re gouod in-

hibitom’s oil eu’ytimrocytic puriume imucleoside

I)hospimorylase, mvith K values of the same
order of magnitude as time Km for innosine.

Formycin A is deaminmated to formycium B

by calf inmtestiumal a-o!eimosinc deaminmase,

but time K�, for this reacticoum is relatively
highm, 5.7 X 10-2 mu.

u)msoUssnoN

Time above studies clearly (leimmoumstrate

that time ermzynme hmepatic aldeimyole oxio!ase is
responmsibie four time oxidatiouum oil time inmosiume

analogue, formycin B, too time xttmmthmosine
anmalogue, oxoformycinm B (Fig. 5).

Fornmvcinm B is an excellenmt sunbstrate for

timis enmzyme, withm a K� of time same order,

and a I ‘uuunnx slightly imighter titaum the corre-
spoumdiumg valumes for time commoinly used

substrate, Nt -metimvlnicotitmamide. Also,

bothm fornnvcinm B antd formvcinm A, time adeumo-
sirme anmalogue, are competitive iumhibitoors ool
purified milk xanmtiminme oxidase (K1 = 1 .3 X

10� mu), aut enmzvme wimichm is similar ium many
respects too time aldehyde oxidase.

Hepatic aldeimyde oxidase is a complex

eumzyme, mvith a molecular weigimt of about
280,000, aimd cuntaiins time componments 0)1 ant

interimal electroum transport system (13),

i.e., 2 moles of FAD, 2 g atoms of molyb-

denum, S g atonms cii non-heme iroim, and 1

oir 2 moles of a nmaterial teittatively ioleumti-

fled as coeumzyrne Qa per mole oif eumzyme.
This enzyme Imas bu’oad substrate specificity
(20, 22, 23) anmd mviii m’eact witim suncln o!iven’se

compounmds as ohumiutitme, N’ -methylinicotiun -

amide, 6-methmvltimiopurinme, aumd n1etho -

trexate. To onmm’ kimowledge, hmowever, time

substrate activity oil lormycium B is time first

exanmple oil mmumucleooside-like coonmpouumol timat

caum react witim aldeimyde oxidase.

Time interpretationt 0)1 the above finmdinmgs

poses aim iumtriguing problem. Formycins A
and B closely resemble the nmatural umucleo-
sides, adeumosinme and inmosine, in timeir ability

to) interact withn various enmzymes of nucleo)-
side nmet,oboiisnrn (7, 26, 27). Homvever, liver

aldehyde ouxidase nmeitimer oxidizes mnor is

inhibited by inmosiume ; uneithmer ad!enosine mnor

inmosinme reacts with con’ inminibits xantimine

oxiolase. Ott the otimer hmn-nimd, formycin B, a
close struictural aima!ogume of iunosine, is an

excellenmt substrate four liver aldehvde ouxi-

dase, and botht fom’mycins A aumd B are com-

l)etitive inimibitors of milk xanmthminme oxidase,
witim inimibition coumstaimts oil about 1 .3 x
l0� mn. It is po)ssible tinat these seemiimgly

aumomalouns finmdiimgs nmmay be explained by

stnbthe differences betweenm the formyciims

aumd time nmatumral umuncleoosides both mm timeir

steric coumlo)rnmationms anmd inn time electronic

properties of time rinmg systems. X-ray crys-

tallograpimic stundies suggest timat time struc-

tunres ouf the formyciims aimd time punriume ribcu-

nmucleosides are quite similar (2$). Time C-N

g!ycosiojic boimd oil adeinosine huts a length

of 1.47 A wimereas its replacement, time C-C

bonmd cof time fo)rmyciims, is sligimtly longer,
1 .55 A (29) . Also, time planme (of the stmgar is

at a diimedral aimgle of 64.2 degrees to) time
base, a little smtnller timaum the values re-

po)rted for unoon’nmal nmuncleosio!es anmo! umucleoo-
tides (28). Howeveu’, if one examiumes molec-

ulam’ nmcoolels of iumosiume aimd fornmvcin B, it
nm-v be oubserved timat time rotationm oil time

m’ibose nmoiety abount time carboum-carboin bonmd

ol lormycium B is relatively immmhmiumdem’edammo! a
rotatioum (of almost 360 degrees is possible.

Inn counmtu’ast, mm nmolecular nmmodels oil innosiume
time rotaticunm of time ribose mooiety mnboout the

C-N glycoosidic boumd is markedly hmiumdered

by conmtact 0)1 both the 3-utitrogenm auto! time

C-S hydroogeun oil time pumriine rirmg witim time
C-2’ hmyolrogenn of time ribose. In nmoolecular
models 0)1 iom’nmycium B time conmtact between
time C-S aund C-2’ imydrogemms o!oes not ooccunr

becaunse the cam’boum aund hmyolrogenn at positionn

8 are repiacc’d by a unitrogeum atonm. Tinums it

seems possible that, because of thneir rela-

tively unnnininnolen’eol rootationm, tine foon’mvcinns
caum assume cconnformatioims thmat are umot 1)05-



264 SHEEN ET AL.

sible for time umatuni’al umincleosides, inmosinme aumo!

aoleimosin(’ , aimd timerelore cant ao!apt them-
selves to time active sites of eumzvmes, sumcim a-s

liver aldehyde oxiolase anmd xaumtlmine oxidase,

wimereas such aolal)tations are umot 1)ossible

for time imatural nucleosides because of steric

hiumdranmce.2 However, it does not appear that
these steric consideratioims alone caum wholly

explain time differeimces in stibstrate specifici-

ties of tlmese o’nzvmes. Time base of fornmvcinm B

anmd its 3-metimyl derivative are relatively

poor substrates for liver aldeimyde oxidase
(Table 2) , whereas if steric factors alone

were involved one might expect these com-

I)ounlmds to rival formycin B iim substrate
activity. Thus it seems necessary to invoke
;tdditioimal factors if one wishes a more
satisfyiimg explanmation of these discrepanmcies.

1mmtm-nv case, it is apparent that the presence

of time ribose moiety on formycirm B facili-
tates botim its binding capability aimd its

reactivity with aldehyde ox.idase.
The recent stmmdies of Ward and Reich

and their associates (26, 29, 33, 34) with

unucleotides and polyimuc!eotides that coum-

tam fornmycin A suggest that the freer rota-
tion of time ribose moiety may explain some
of time biochemical characteristics of these
substances. Time formvcin compo)unds re-

place their natural adenosine counterparts
jim a umumber of enzymatic reactions. How-

ever, formycin polymers display anomalous

beimavior in several cases. In its reaction
with bovine pancreatic ribonuclease A,

polyformycin resembles polycytosine ratimer

than polyademmosine (33). Aithougim, wheum
tested as a template for polypeptide synthe-

sis (26), formvcin codes like adenmosine in

copolymem’s, time imomopolyn1er, polyformy-

2 While punrinneanuch pyrimidinue numncieosides amid

nnnncleotides are fomnntd inn a preferred syn or anti

contfornmatiotn inn the crystailinme state, studies have

showmi thmat- niuciemusides inn i-he liquid state (inn

cyclohexanue) have umo exclusive syn or anti curt-

formationt (28, 30-32). Whether the nmixtmure of

syn, anti, anid inmtermediate coniformers persists
inn aqueoons solutions has nuot beeno established.

The low rotationnal ennergy borrier of the giycosidic

bonmd nmakes it likely that mixtures m)f couniformers

will exist inn soiltmtionns. To date physical nmeasure-

merits have unot provided conchmnsive evidenmce to
definte the preferred steric conmfornners of nucleo-
sides ammd their amialogunes inn the aquneoomns state.

cut, does not mimic polyadenosine in coding

for polylysine synthesis. Several pimysical

properties 0)1 formycin-containing polymers,

including ultraviolet imypochromism , fluores-

cence, and modified thermostability, suggest
a greater ease of conformatioumal transitions,

which may result from the greater freedom

of rotatioum about the C-C bond of formy-

cm (29).
It is of interest that to date the cimemical

synthesis oof oxolormycin B imas not been

achieved. Hence, the enzymatic approach

may ouffer a practical means of synthesizing

oxoformycinm B in reasonable quantities,

and the substitution of a hydroxyl group

for the imydrogeum on C-5 of the pyrazolo[4,3-

djpyrimidinme ring may open a synthetic
route for time preparation of other analogues

of potential interest, such as time 6-thio-

guammosine analogue of the formycin series

(7).
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