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_ABSTRACT - & . |,

Growth reSponses of brosophila helanogdsterflarVae on'defined

E

medxum conta1n1ng purlne and pyr1m1d1ne bases, nucleos1des and deoxy-
nuoleoS1deS'haoe been measured at- doses f#bm 3. 16 x 10 SM to 3.16 x

f'
10 2M Purlne compounds are shown to be- more tox1c than pyr1m1d1ne

T compounds " A number’ of mechanisms are proposed for the toxicity. of
. N L

| these.compounds. L - .

- Studies on FUdR show that the analogue at the concentrat1on of
\'V"’

10” M kllls the larvae The addltlon of thym1d1ne (5 x 10 M) re-
duces the\éen51t1v1ty to the analogue 100-fold, Ne1ther ur1d1ne

(5-x 10 M) nor RNA (0.4%) has a similar effect It has been"bn- o

\x\\ cluded that the: effects of FUdR at low doses (10 to 10 M) are due
to 1nh1b1t1on of the e‘fyme thym1dy1ate synthetase whlle at hlgher

_doses (10 4M and above) it 1ncludes effects on RNA and p0551b1y, de

novo pyr1m1d1ne b1osynthes1s ‘.- . ; _ b:l . -

Medium $hift experiments, between med1a w1th and. w1thout FUdR,

1nﬂ1cate a prolonged per1od during larval 11fe when the analogue is -

effect1ve both under cond1t1ons when DNA synthes1s is 1nh1b1ted and

+
“ar

1-'

" when other aspects oft metabol1sm are affected : R

, The responses of larvae to FUdR and to other- pyr1m1d1nes and

A
v

pur1nes with the exceptlon of deoxycyt1d1ne, in. the presence of

- FUdR reflect 51milar1t1es of nucleot1de metabol1sm 1n Droeophzla )

1ty of nutrltxonal nanxpulat1on for such studles.

&

AT

and in other organ1sms They, also 1nd1cate the potentlal sens1t1v— w

TS
A “
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A ¢

1nrobtaining FUdR-reSistant mutants.

Dxff1cu1t1es were encountere
After EMS mutagenesxs (4 3. mM), no tants were selected at doses

higher than 1.5 x lO ”M FUdR At 1.5 10 M FUdR, 1n the presence of

thymlhe (5 x 10~ M),\ld mutant stra1ns were 1solated However all

v

straxns exhxblted a low level of resrstance and were phenotyp1ca11y un-y

&8
stable w1th ‘the exceptlon of one straln, A37.m The. productiv1ty of- AS?—-

is, reduced Ain thg presence of dTMP sources, even in the absence of

.

FUdR It is suggested that“ﬁis mutant has ‘an elevated level of -

thym1dylate synthetase act1v1ty . o 4f ' : ' o

Sy

The rest of the mutants could be leaky'hutants in the thym1dy1ate

’ L

synthetase or thym1d1ne k1nase genes or could have. sl1ght1y elevated

.thymldylate synthetase act1v1ty or could be transport mutants.
“ /

Prel1m1nary genetlc stud1es 1nd1cate that all of the mutants are

oA
)

recess1ve, complement one. another and/%re of autosomal orig1n. Four
(mutants were mapped to one, or the other large autosdme } g

-

-~

\
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FdUDP S—flﬁoro-Z‘Qdeoxyuridiné diphosphate
FdUMb ~ 5-fluoro-2-- éeogyuriaine-monophosphate -
FU . $4f1uorou;acil “ . .
Fupp ... _S-fluorouyihine diphosphate .
FUdR" 5-f1uor6—2‘-deoxyu£idinq
FUMP | 5-fluorouridine monophosphate
FUR '-Sffluo%ouridine o "
FUTP »1 s-flubrouridine Eriphosphate
G iguanine | ’
GDP' ‘_ guandsinewdiphosphate_ )
GdR - deoxygﬁanésﬁne
GMP ,‘ .gﬁanosine monophqsphaie‘ !
*GPRT guanine‘ph@séhoribosyltransferase
GR :éuanoéine ’
GTP ‘ gﬁhnoéiné triphosphaté .
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" HdR, ' deoxyinosine . : '\
HGPRT hypoxanthine- guanlne phosphor1bosy1transferése
- hPRT . hypoxanthlne phosphor1bosy1transferase “\
| HR . \1nosine “ \
IMP " inosine monopﬁosphate b
1TP.. - jnosine'triphOSphate’ :
Mg ' - magnesium |
.NAD+.; n1cot1nam1de ad;n1ne d1nuc1eot1de
Pi ‘C} n}1norgan1c phosphateg,
PP, . pyrophosphate
PPRT i pyrimidinz phosphofibosyltransfefasc'
PRRP - phosphoriSstI pyrophosphate | | j
vbur ~ purine basé' ) ﬁ\\
R-l-; ribosg-l-pﬁdsphate i “
: ’ A
R-5-p ribose-5-phosphate o R
RNA ribonucleic acid o ) N A\
SAMP | 'adehy16-sucéinafe I . | \\ ’
»T | , thyminé 0,, .
TdR thymidine RO

THFA ¢ . tetrahydrofol1c ac1d
o urac11
UDP o uridine diphosphate R ' .
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_ UPRT

.

UTP - ur1d1ne tr1phosphate f . . .

R L kv



XMP

“ XR

i

xanthine

xanthosine monophosphate -

xanthosine

)

ef

=Y



- . . ]

C ~ INTRODUCTION
1. THE PROBLEM

One of the maJor d1ff1cu1t1es in studylng developmental genetlcs

in hlgher organisms’ is the 1solat10n of mutants that affect spec1f1c '

-
(

'uenzymes or processes ‘Mutation frequenc1es at any given! Locus are
quite low even after enhancement with potent mutagens; hence, thousands
Tof 1nd1v1duals must be screened before such mutants can be detected.’
Furthermore,mutants in fundamental developmental.processes would_prob;
ably be lethal and thus d1ff1cu1t to study These factors are further
compllcated by. the’ d1p101dy of most h1ghgr organlsms nece551tat1ng the
labor1ous testing ofr;nd1;1dual progeny lines of every mutagen1zed or-

’ganlsm to obtaln such rare- mutat1ons In this study an attempt is made

to av01d some.of these d1ff1cu1t1es by the use of metabolite gnalogue

‘tOXlClty as a screenlng agent a method whmch mlght min1m1ze these prob- .

lems, 51nce only mutants would survive. the screen,

Nucleotlde metabolism was chosen s1nce 1t prov1des an excellent -
.Opportunlty for such stud1es The normal functlon of genes govern1ng

.these pathways and the1r coord1nat1on w1th one another was e1uc1dated :

.

with the a1d of auxotrophs and analogue re31stant mutants in micro- .

-organ1sms “Such mutants proved to be powerful tools in reSOIV1ng am-

N

fb1gu1t1es about the utlllzatlon of certain compounds the ex1stence of
particular enzymes, and the correct sequence of steps in. spec1f1c path-
ways. These mutants were also useful in comparlng the in vtvo and in
'vttro functions of certain enzymes ~ For examples and detalls of such

a

studles see O'DonQvan and Neuhard (1970) and Beck et aZ (1972a)

{



:énce could be set up. T ""
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These achlevements have not, as yet been matched An mu1t1Cellu1ar dr-

. ! . .Y

o

.ganlsms. D1ff1cult1es arose ma1nﬂy from the\latk of approprlate coéndi -

&
IS

B3

"The success of,Saﬁh (1956) in’ creatlng a dfﬁ1ned med1u for the

fruit fly, Droeophtla meianogaster and ths ahrll y "of ‘this: organ1s

'develop in the absence of nucleic aC1d prdcursors 1nd1cate its capacxty“

\

for de novo nucleotJde blosynthesgs Th1s fact, in add1t1on to the ex-wT

Al

‘1stence of a powerful mutagen ethyl methanesulfona;e (EMS), and the

i
wealth of knowledge regard1ng fly genetlcs, suggests the p0551b111ty

for -the 1SOIab1on of’ nuc1e051de auxotrophs and nucleoside or base-an- ’

alogue re51stant mutants in Droaophzla. Successful attempts o 1solate -

auxotrophs by Vyse and Nash (1969), Falk and Nash (1974 a and b),

Naguib (1976) and Naguib and Nash (1976) have so far led to the 1sola-

t1on of 40 nucleos1de auxotrophs in at least. e1ght dlfferent loci in

thls organlsm. Norby (1970) d1scovered also, that mutants at the - ,°

rudzmentary locus are pyr1m1d1ne requ1rers

Successful 1solat10n of nucleos1de auxotrophs in Drosophzla gen-
i
erates interest in exploring the 35551b11ty of using res1stance to

o,

purine and pyr1m1d1ne analogues to screen for more mutants that affect

.

.

nucleotide metabollsm in thls organism.- This method is useful in iso- ; -

1at1ng mutants in spec1f1c enzymes in m1croorgan1$ms and mammal1an

s

t1ssue culture, s1nce resistance to such ana10gues generally has qulte :

.

spec1f1c cghses Analogue resistance te\ﬁrlques have been used in

Drosophzla in attempts to isolate mutants 1n alcohol dehydrogenase

v

»

-(Sofer and Ha@hoff 1972 O'Donnell et aZ., 1975).and dopadecarboxylase
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(Sparrow’ and Wright, 1974; Sherald and erght 1974) and mutants re51s?
tant to Juvenlle hormone analogues (Arklng and Vlach 1976). It has
of FU toxicity in the fly. Similar re51stant mutants would undoubt-
edly help in understanding the mechanism by which Drosophzla can util-
1ze cxogenously’ supp11ed purines and pyr1m1d1nes,“ Such knowledge be-.
sides being crucial to understanding nucleotlde metaboilsm in general
should also faCJlltage the isolation of more mutants in the various
steps of these metabolic pathwaye and-eluc1date the mechanlsm of action
of the different'purine and nyrimidine analogués. Furthermore the”
- study of drug resistance in a well studied whole organism ‘like

Drosophila should complement'?tudies using cultured cells. It has been

. reported that hypoxanthine- guan1ne phosphorlbosytransferase (HGPRT) de-

R i S0 I

cells but is known to cause: severe abnormal1t1es in persons suffcring
from such deficiency (Seegm111er 1972) .

e

In studies on analogues, as well as supplementatlon studies . on
/

Drosophzla nucleoside auxotrophs it is commonly 3sefu1 to know the

v .

levels of nucleotlde precursors tolerable by tﬁe wxld type Although /
stud1es on the ut111zat10n of nucle1c acid precursors in Drosophtla o
started as. early as the 1940'5 (W1lson 1942 1943a h c and 1944),
controver51es about the-ut111zat10n and tox;clty for such compounds
g,;;__;_-e re//umerous in the 11terature For example Sang (1957) showed that
d1etary cyt1d1ne does not stimulate growth and hence concluded that
Drosophtla cannot ut1112e cyt1 1ne, on the other hand;»H1nton (1956)

{

demonstrated that cyt1d1ne igpproved surv1vei from 74% to 89% and

also been used by Duke and Glassman (1968) to 1nvest1gate the mechanlsml;

f1c1cncy selected ‘as drug re51stant has no deleter1ous effect on cultured

Vv



\ ‘ | |
\\ S . : , .

\stated that cytidine is utilized. Similarly, Burnet and Sang (1963)
A\

Y

ﬂukingkgrowth rate and survival as criteria for utilization concluded-

\
that thym:nells not utlllzed, although Goldsmlth and Harnly (1950) had

shown that this base reduced\the toxicity caused by dietary aminopterin
and suggested that thymine is used as & 1hym1dylate source when thym1dyw
late synthetase [E.C.2.1.1. b} is inhibited" hy the antlmetabollte Des-

p1tc such Lontrovcrs1es no report of ‘a systematxc study of the response

,

of Drosophila to dxetax) purines and pyr1m1d1nes has ye( been publlshed

I3

and, as a preliminary matter, this aspect of nutrition is also treated .

in this thesis.ﬁ

[1. UTILIZATION OF BASES AND NUCLEOSIDES FOR NUCLEOTIDE METABOLISM

7 . C 5
The biochemistry, regulation and genetics of the de novo pathways
of purine, and pyrimidine‘nucléotides in different organisms are now

.well documénted (for rev1ew see O'Donovan and Neuhard, 1970 Henderson
a , .
and Paterson 1973 Nagulb 1976).

-, Bl
>

/ Although de novo pathways are major routes by which purine and
Vyrimiﬂine nucleotides. are synthesized, alternative pathways for the
synthesis of‘these‘compounds are known. These "salvage" mechanisms

are used either to reut1llze preexisting nucleotides and the1r deriv-

2
. °

atives or to utilize e€xogenous sources of these compounds.

< . ' , .
Thé relatlve importance of the salvage pathway was not fully rec-

ogn1zed unt11 the: 1solat1on of the first auxotrophs (see Magasanlk
<@
1962)<and the finding that some t1ssues/such as bone marrow, leuko-

cytes, erythogytes, blood platelets and inte;tinal mucdsa tfop_ }
' ' ‘ ~
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references see Murray, 1971; Mackinnon and Deller, 1973) and ofganisms-'
like Tetrahymena geleii (Kidder and Dewey, 1948), the majority of
'Lactobacilli (O'Donovan and Neuhard, 1970) and brine'shrimp (van Denbos
\

and Finaﬁore, 1974) are deficient in the de novo synthetic capacity.

In these cases it was clearly shown that a cell or an organism can sus-

tain life possessing only the '"salvage' pathways. The significant role

of salvage pathways was further ‘realized by the finding that the:ab-

sence or change of some of its steps are mssociated with severe abnor-
. . ' .

“malities in man,” siich as Lesch-Nyhan Syndrome (Seegiller et al., 1967),

éout (Kelley et a%.,‘1967j and immhnodeficiency (for references see

—

'i}}man et al., 1976). , . :

Although by the late 1940's investigators had established the ex-

a

istence of de novo biosynthesis of both purine and pyrimidine nucleo-_ _

tides very little was known about the salvage.pathﬁaysﬁ' Difficulties
o . iRy :
in interpretation-oﬁ resdlts.available at that time were attributable

" primarily to the presence of the de novo pathways and to the 1nherent
limitations of the classical nutritibnal studies which had been em-

~ ployed. In early expsrlments an1mals were reared on dlets Jow 1n or

:' .__"

free from purines and pyr1m1d1nes a basal level of~ur1nary n1trogen
excretlon was estabr1shed under such cond1t1ons Iﬁ‘éhe amount of nit-
rogen excretion rose upon adm1n1strat10n of purlnes or eyr1m1d1nes
'the source of the addit1ona1 n1trogen was identified to establlsh

whether it was due to the presence of the compound admlnlstered per se
' —
or to any of its metabol1tes The most successful experiments were in

) b

‘systems where a large amount of the compound could be administe}qd with-

‘out exerting a toxic effect on the organisms studied. However results
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from such'cxperiments - where a relatively slight increase .in urinary

LV
inltrogen was most commonly observed - could rarely be 1nterpreted wlth
o [ .

ease, Although the results of such experlments provided 1n$1ght 1nto,””
A ¢

catabollc products, they never really proVed that preformed purlnes and

pyrimidines acted as precursors for nuc1e1c acid’ metabollsm For a a0

v

review of such experlments, see Cerecedo (1927), Emerson and Cerecedo

.‘(1930) and Lerecedo and Allen (1934)
. o e SRR
. Nutr1t1onal studies were also carr1ed out w1th Droaophzla, where

~ *
o '

the utilization of purines and pyr1m1d1nes wds mostly 1nferred either

IR

from developmental responses of larvae to d1etary supplements (see'
Tables 1 and 2) or from the protect1on that these compounds w11P afford
in ‘the presence of antxmetabolxtes (Goldsmlth and Harnly, 1950

‘Schurtz 1956; Bos et al., 1969 R1zk1 and Rizk1 1973). . ','
N o &

The conclusxve ev1dence for the, ut111zat1on reformed ur1nes=
P P

and pyr1m1d1nes as- nucleic acxd precursors ya1ted unt1l 1sotop1ca11y
V. ' O . . Q K
labelled compounds were avallable and forthe later d1scovery of: auxo-

o

o

trophs with absolute requirements for purine and pyrlmid;neﬂeemponnds,'

- When isotOpically labelled compouhds were first used, it seemed

that anlmals were- unable to ut1112e e1ther pur1ne -or pyr1m1d1ne bases
- Rt ,( (R

Plentl and Schoenhelmer (1944) falled to show the 1ncorporat1on of

15N guan1ne ‘uracil or thymzne 1nto rat nucleLc aC1ds Simllarly,cyto-

h sine (Bendlch et aZ . 19499 hypoxanthrne and xanthlne (Getler et aZ
1949) appeared not to be 1ncorporated It was concluded that ne1ther ol

. \ &

of these compounds was utilized- fpr nuc1e1c ac1d s:jghe51s; Brown'et

al. (1948) conflrmed the negatlve guanine results méntioned above, but

o
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C Tt Yeble 1. Susmry of Litersture on the Effects oa Survlvonhl’ and Developasut Rate Asongst ¥ild Trpe
R " : Mtk tarves &"lcuuud -lth 'yrin“lnn u‘ Prrh“lu Nu'.loou“l
. A
- L Comcentrationl) , (@ Bffect on hats * saspling(¥)
- T Compound : ). . SurviwdPahip of Development Medium Stradn °  Techmiqus . Reference
1 vrmet 2.0 x t0~? sot toxic slows Y Swedish-b w Wison (1943)
e 9.0 x 107! v.e8 - - _ ) Oregoa-t " Hintes ot al.
\ ) ‘ asy
o _ 9.0 2107 1.2 accelerstes » Oregea-2 I miates (1956)
S, R R R - slews s Oregen-S . LY | Semg (197)
Uridine: i, a0t 1o < slews ] Oregon-i g Niston (1936)
SRR F U - Cile . s Orggon-$ L Seng (1957)
' Deoxyuridine-. ---- . -MOT STUDIRD-
o . . ‘ \ (Y
-Cytasing 1.0 x 1073 »ot texic e offect ° Sy Swedish-d ” Wilson (1943c)
9.9.x xo" |.u‘ f-:g slows ) ‘ [ | Oregon-R T n;-u, (19%6) -
2.3x10°3 - L slews s Oregon.$ iro Seag (1957)
" Crtidine 68 x107! 119 : - . Oregos-R T Minton et af.
: : : \ ds1)
C «sx 107 1.20  slem s Oregos-% e Histen (1956)
v C a3x1ed - slows s Oreyoe-§ LT Semg (1957)
' “e:0 x 1074 17.67 accelorates s Oregon-k LT Riis (19%9)
Deoxycytidine- ----- -%0T STUDIRD-
' -2 . Lo . o - \
Thynine 2.0 x 10 lethal slews Y Swedish-b m Wilsen (1944)
-4 : : : ) .
9.$ x 10’ 0.41 P slews ? - Oregom-2 |+ S Rinten (19%6)
, 2.3.x 107 - [ slen ' S . Oregons LT Seag (1957) :
- A . ' ! e Ac
. o -2 R ! . .
. Taymidine 1.0 x. 10 ) 0.78 ,/ - ) A 4 . Gromingea 67 | 14 Sos ot al.
, : ) . ' . (1968) .
: - ‘ :
« 6.6 x 10 . 0.22 I R . " Stummes § Murde AO Wolf (1971)
- Yoncentrations wvere’ comverted to Molarity for sasier cemparisom; the highest concentration weed by sa auther is
Zstimted as relacive to comtrols. ' : R o C . .
. lY: Yoast, §: Basal defined mediwm. (l_lu ot al,, 1944), S: Semg's (Semg, 1956) YD: Yeast deficiemt.
‘ ™ trasfer, LT: Larval tramsfer, AO: Adult Ovipesitiom. . - N :
. A . /] . . .
’
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lch’o/-tml.- wore cenverted te Mslarity fer essier

roported,

Ipetimated as relative to cemtrols.
|

3: Yesst, 5: Besel defined métu (Schuits ¢t oL, 1946), 8:

andified,

‘ﬂ: Sgg tremsfor, LT: Lasvel tramsfor

0

.
.

/‘ .
Couperisen; the Righest soncentratica wsed by s swther is

;

Seng's defined sediwm (Seng, 1956), B Seag's

: Sammary of 'L » the Effects of Survivership snd Develepmunt fate Amsngst Mid Type
. Tehe " bvacepiiia Larves bupplomated with Purines aad Purine hucloselées #
- o
b can - . : o (-
o ) w : ffect e Ame Sempilng e
Conpound € 0‘1;‘“- . mavivership?) ot Bevelepment waw? ks «
ST - RO ’
e tne s 'IO"'\:‘."' e ceveloretes s Ovegen-2 [ 14 diveem (1986)
g 1,33 “-l' - <o eee - aseetevetée- - s —Oregen-8 - -'LY - Sang (3987} -
o~ . . " y - 4 R . '
AP v ,
Insetne et am ssoaloreses ’ Oregem-t ! Mieces (1936)
N Ty 2182 1073 BN ascelovates s Ovegw-$ LT Seng (1937
S ad et 0.2 sl - Riverside - it GCoer (1963)
N . A |
" lenthine: 7.4 2 1074 T 9™ assslerates s Ovegen-A n Misten (1936)
232103 ¢ - accolorstes slightly s Oreges-8 I Seag (187
.- - ‘- 4\ ‘ ' . X - . "
Xeathesine ¢ 5.0z (I‘ . 0.7¢ sseslofuren 5 Omgem-d ® Mnten (1934)
R 2.3 2107 T, soselerates slightly s Oregen-$ U Smg 97
Merive | 20112070 o dew v ) .TAM o Wiisen (1943)
‘ . sox1e? 112 sscsloresss - . specified &Y ville end .
- . c » \\ -T Bissel? (1949)
. -4 . V4
016 x 20 1.32 - ’ gun-2 7 pineen eral. ,
oA P - > (19%1)
0.00 2 1074 Lz sceslerates: 5 ¢  Ovegem-t: " Miathn (1936)
., r3nied - scoslerates s Ovegen-3 L Seng (1957)
0.1¢ 2 107 wr . s Ovegon-& LT nits (1939)
Adonosine 6.17 2 1074 1.5 LR 5 . Oepnt " Wisten of al.
. ; ‘ (1931)
6.17 2207 1.0 secelerates » Oregen-2 o Riatsa (1934)
23x10°% . sccalorstes , s Oregia-$ LY ' samg (937)
. , . oy
Deoxysdenes ine- X0t STUOIES- —— .
Casnime » 502 107! - i accelerstes slightly Y Svedish-» T, Wilsea (I4m)
7.3 107 LL, - . Orogoa-2 " Minten of of.
) ] 3 s
7.3z107 1.09 sccelerstse s Oregen-a T mistes (19%6)
23107} . »e sigaificest sffect s Oregen-$ 1T Semg (1087)
‘.3 x10t 7.00 - s Orvegen-k it 11is (1959)
. ’ . : .o .
Guasosine $.8x 107 'Y ©Q ’ Oregen-t T . Mintes (1956)
“saxaet 0.0 eccoloretes > Ovegen-t - T Kistes (1936)
consse . \ scoslorstes s Ovegen-$ ] Seng (198T)
Doaxypuasesine- 3---—-4or sTIS- \
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showed that

in the rat. ver later studies by Brown et al.. (1949) estabdlshcd . e

Ho

appreciable incorPoratiop of 15 N guanlnc into mouse nuclcic acnds

. ’
® v

. Ix}
Morcover, when the more easily detectable 14: isotope was used 'Abrame

(1051) ‘and Balis, Marrian and Brown (1951) showéd that guanxne and. hypé- o

J

xanthxne were uqed by the rat for RNA synthesis though to a much lowef

~

extent than was‘reported in the mouse. This,fact;could be due to the \

. . * .

-~

more: rapid catabolism of guaninc by the ighly active enzyme, guanine

deaminase,'found in the rat ftissue (Schu\man, 1954), The findings that

yeast (Kerr et al. 1951y, Lactobactllus casel lis, Brown, Elion,

Y

H1tch1ngs and v dechrff 1951' Balis et al., 19$2) and the protozoan \\

Tetrahymena gele z (Flav1n and €raff, 1951) £an effectively utilize

' guanxne for tht synthes1s of RNA puripges stgess the 1mportance§bf keep-

1ng in mind’ species differences and that metabolic events in one org
RN
i

ism:can not be assumed to’ apply to another Organxsm Lagerkv1st\

(1955) also showed that uracil was readily 1ncorporated into nyc eic

acids of rapxdly*growxng tissues of the rat ‘ where anabolism is favoured.‘/

’over catabolism in contrast to the situation in adult tissues Further-

thC11 if 'it is administered in suff1c1ently high concentratidns to »
RN : (A 40 -

dvercome the degradation.

more; Canellakls (1957) found that even adult txssues cxn 1ncorporate

<. E ° '
"

g‘ In contrast to the early negative results obtained by the use of
o~ . .
frée basgs (w1th the except1on of aden1ne), nuc1e051des seemed from the P i

-~

- ‘beginn1ng to be read11y 1ncorporated into nuclelc acids. Hannarsten‘j

~ ! - "

,w§et aZ.‘(lQSO)“shoged that the fnjection of either labelled cytidine or
:dﬁidine resulted in the jneorporation of the compound ipte both RNA

[

o / ’ ”
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“ ‘ - G
.and DNA of the rat. Similar exﬂcriments by Reichard and Estborn
(1951) established the incorporation of deoxycytidine and thymldlne
into the DNA only. 15N guanosine was found 1neffect1vc as a purine
.preégr§or for either hucléic‘acid in th? rat (Hammarsten dnd

Reichard: 1950)‘ Howevcr low but sigqificgnt incorporation was ob-
1served uhen Lowy ct al (19§2)'uscq guanosine‘isotdpically labélled
yith 14C. They also established that adenosine and inosine were util;
ized for the sxnthesis.of RNA purines, However the utilizatién of
adénosine was much lowef than that reported, by Brown et al. (1948) for
-adbninq. S;milar results  were reported in yeast (Kerr et alt., 1§Sl).
This could be“atiriQuted to rapid deémination of‘adenosing‘to'inosine
by adenosine deaminase (Schulman, 1954) or fo the degradation of aden-
osine taradenine before it could.be utlllzed per se for nucleic ac1d

synthcsls (Kerr, et al., 1951). . . ' .

In Drosophila the in vivo 1ncorporat10n Qf uracil, uridine and

[

[3 Al

thymldlne 1nto nuclelc ac1ds was demgnstrated by R1zk1, Douthlt and
Rizki (1972), Rizki and Rizki (1973), Alonso (1973), Sayles et al.
(1973)'and Carpcqter (1974).\\Jhe incorporation of adenine, guanine,
-hypoxanthias and their réspeciive nucleosides was siudiedlby McMaster-
Kaye and Taylor (1959), Becker (1974a) and Johnson et.al. (1976). All
authors reported the 1ncorporat10n of these compounds into nucfé1c »
acids with the exception of Becker (1974a) who failed to_qbserve the
incorporatién of hypoxanthihé, guanine and guanosine in tissué cuiturg.

0 o

Experiments using lﬁbelled compoundé on different orgénisms dom-
inated ‘the f1e1d until mid-1950"'s (for Leviews see Chr1stman 1952;

Schulman, 1954 Brown and Roll, 1955), Utilization o{‘non-utilizétion':“



!

of a compound was shown to depend on the organism used, the type of

tissue studied and the compound itself.

.

fII,< ENZYMATIC CONVERSION OF BASES AND NUCLEOSIDES

'phates.y

The enzymes involved in the utilization of bases and nucleosides
have been known for a number of years. However, little is known about
their properties and regulation. The isolation of mutants defective

in these enzymes has made it possible to construct a more complete pic-

ture of these metabolic patﬁwayS, as will be shown below.

~

The following diagram illustrates the main ehzymatic‘reactions by

dhich bases'énd nucleosides cd4n be anabﬁiized to nucleoside monophos-

Nucleotide

&

/ (37 (1) \ T
<. 7 (d)R-1-P

~ Nucleoside < ; Base ,

(2)

-In generaljrﬂucleotides may be formed'diréctly from the base by
the action-of phosphoribosyltransferases inIQthpresénde of PRPP

< N

. \ . :
(Reaction 1) or from nucleosides by kinases in the presence of A
. -

¢ -

(Reaction 3). Nucleosides may also be cleaved phosphorolvtically,

by nucleoside phosphorylases (Reactioﬂ_Z) to yield R-1-P and the base.
. . ’ . » -

- Bases may also be converted first to the nucleoside and then to

the nucleotide by the sequentialuéction of nucleoside phosphory}ases

<

11
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'and kinases respectively (Reactions 2 and 3). It has to be mentioned

how0vor that although the nucle051de phosphorylase reactions are .re-

)
verslble they are prlmarlly catabollc (Gots, 1971). The anabolism of

"~ wbases by these enzywes is limited by the avallab;llt; of R-1- R and they
| function. only under certain condltlons whlﬁh cause the r‘accumulation of
_R-IQP. Phosphoroly51s, reversce phosphoroly51s and k1nase act1v1t1es

are also-known’ w1th respeo: to the synthesis of dedxy compounds Al-
though the above mentloned reectlons are the most common ones known fTom

.
v

studies on a:varlety of d1fferent‘species, they are not the only known
réactions, Some organisms utilize these compounds in a dlfferent man-’

ner, as will be. dlscussed below.

)

Although the above dlscus51on revolves around the 1nterconver51on
between a slngle base and its nuc1e051de and nucleotlde dérlvatlves
1nterconversion‘between different bases, nuc1e051des ‘and nucleot1des
is also important. Such mechanlsms enable s1ng1e compounds to act as
sources for a'group of related compounds Figures 1 and 5 summarize

the 1nterconver51on of pyr1m1d1nes and the 1nterconver51on of purines,

respect1vely :

Iy

The-following sections are concerned with the fate of the individ-
‘ual. ‘pyrimidine and purine bases and nucleosides,. 1nc1udtng utlllzatlon
up to the nucleoside monophosophate level, interconversion -and catabol-_
.1sm and with the enzymes invoived in these reactions. Interconver51on
of nucleotldes is generally beyond the scope of this rev1ew and the

reader is referred to Henderson and Paterson (1973) for a reV1ew of

~ that top1c

12



Figure 1, Salvage,biosynthesis and interconversion of

»

pyrimidine nucleotides. De novo synthesis leads
to the production of UMP, (Inforﬁation derived
frpmﬁBéck éi al,,.i972a; Henderson and Paterson,
-1973) . |
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" ‘must “exist for the conversion of thymine to dTMP.

1. Thymine

4. Thymidine phosphorylase [E4C.2.4.2.4]

A. The pyrimidines | . . T '

i .
»\

The pyr1m1d1ne de novo b1osynthet1c pathway is pract1cally un1ver-

.

sal; w1th UMP as the:final common precursor to the flve Ciasseg of pyr1-

o

m1d1nes commonly found 1n nucleic acids (see Henderson and Paterson,

“

1973) However Gome varlatlon is observed in ut111zat10n of preformed

pyrlmidlnes partlcularly in regard to cytosine and thymlne conta1n1ng

1

~compounds . : , : _ ,

)

Goodman (1974) and Selman and Kafatos (1974) showed that thymine

is incorporated at an extremely low rate into animal DNA. Siminovitch

and Graham (1955), Crawford (1958) . and Bodmer and Grether (1965) fa11ed

15 °

to show thym1ne 1ncorporat10n into DNA o&,bacterla and it was 1n1t1a11y?yh'

thought that bacteria cannot utlllze this base. However, thy  mutants,

which’ lack thymldylate—synthotase, ean ut1112e»thxmine: honcé, enzymes

LY

- - oy

This enzyme is found in'nost.mibroorganisms (Razzeldcand Xhorana,

1958, Imada and Igarasi, -1967; Saunders et aZ., '1969) except in® |

4LabtobaciZZi (O'Donovan and Neuhard 1970).' It is thought to be lo-

. cated near the cell membrane in E. coZz (Kammen 1967"Mnnch{Pétersen,

19670., The distribution of the anlmal enzyme shows spec1es and tissue
d1fferences (Frledken and Roberts, 1954 Kren1tsky et aZ 1964*and
- 1965, Zimmerman and Seldenberg, 1964; Welnstock et aZ., 1973) belng ab—

sent from some dog tissues (Kren1tsky et al., 1965) and Nov1koff

R
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hcpatoma (Morse and Potter' I965). The mammalian enzyme shows over-

s

lapping SpCle]L]ty thh uridine phosphorylase (see bes%w-S UracLZ)

although they are readlly d15t1ngu1shed from one’ another by DEAE

cellulose chromatography (Krenltsky et al., 1964) and their reaction

C»mechanlﬁmﬁ (Zlmmerman and Se1denberg, 1964 Krenltsky 1968) Indlj
-cations of the presence of thlS enzyme 1n Drosophzla were reported by"

.Clynes and Duke (1975). f - o /

i
This enzyme normally cleaves thym1d1ne and deoxyurldlne to the

';lbase and dR- 1 P, as will be dﬂscussed later bUt in spec1a1 cases " it-

|
can anabollze thymlne, urac11 and certain analogues to their respec—
[ R . L N " .

tive deoxyribosides. Kammen (1967), Munch-Petersen (1967) Budman and

Pardee (1967) Dale and Greenberg (1972) and Goodman (1974) observed

B
- extensive incorporation of thls base into ‘DNA of var1ous organisms

when déoxyr1b051des were added 51mu1taneously with. thymlne, the g:;j\

ine deoxyr1bos1des be1ng the most, effectlve stimulants. Thus it

16

. appears—tnat the incorporation: of thymlne is dependenu on the avail+

' ab111ty of a dR-1- P donor - This suggestﬂgn is supported by the find-

ing of Budman and Pardee (1967) and, Munch Petersen. (1968a) that deoxy—

adenosine does not promote thymlne 1ncorporat1on 1nto DNA of qmuutants - -

' defectlve in either- thym1d1ne phosphorylase or purlne nucleos1de

phosphorylase Furthermore,Bre1tman and Bradford (1967), Munch-

" Petersen (19688) and Lomax and Greenberg (1968) found that mutants
defect1ve in enzymes 1nvolved 1n the catabollsm of dR- 1 P (Z.e.
‘phosphodeoxyrlbomutase and deoxyrlboaldolase, see Fig. 3) show

_ greater eff1c1ency in’ ut111zat1on of thym1ne and .that thy stralns

‘ depr1ved\of exogenous thymlne release 51gn1f1cant amounts of dR-l P

R



into the medium.

There are two known mechan1sms by which thymldlne phosphorylase

’

can transfer the deoxyr1bosy1 moiety to thymine to form thymidine:

direct transfer and coUpled transfer.

«Direct transfer occurs strictly between substrates of thymidine

»

phosphorylase (thymidine; deoxyuridine and analogues) in the follow-

ing manner:
T + UdR +> TdR + U

The enzymes of both E. colz and mammallan cells can catalize this

react1on memerman and Seldeﬂberg (1964), Gallo and Breitman

(1968) and Krenltsky (1968) reported that dR-1-P is an 1ntermed1ate

in thlS reaction though it is enzyme bound In addition, Krenitsky
0 .

(1968) found that the transfer does not requlre a stoxch1ometr1c

amount of nhnqnhnrp

\

Coupied'transfer is a phosphate dependent reaction and'invoives

.tne fbrmatlon of the free dR-1- P 1ntermedlate. The reactien €an occur

‘between purlne or pyrimidine deoxyr1b051des and thymlne Hence 1t

requ1res the Jo1nt actlon of purlne nucleoside phosphory1a§e and

thymldlne phosphorylase (Gallo and Breltman 1968)- or, in cases where

it can cleave deoxyr1bq51des, as in'mammals,'qridine phosphorylase

(Krenitsky et al., 1965).

The reactions are sequential:

Pur-dR + P + Pur'# dRil'P ' C

N

dR-1-P + T > P, + TdR

17



be metabolized to dTMP in E. coli. No phdsphoribosyl;raﬁsfqrase re-

troph which had lo$t'th¢ ability to survive on thymine. Mutants in

- The ahabolic function of thymidine phosphorylase is the only

route by which thymine, via the obligate intermediate thymidine, can.

-

2

action is known for‘thymine in‘ﬁhis bacterium, since Fangman fi969)'

showed that upon introduction of ‘thymidine phosphorylase deficiency -

. into a thy strain, the resulting doyble mutant was a.thymidine auxo-

o

“this enzyme are unable to cleavé‘deoxyuridineAand cannot use it as a

sole carbon source (Beck et al., 1972a).

ii. Uridine phosphorylase [E.C.2.4.2.3] ,
. ; ‘ ,
r- t ' !
The mammalian uridine phosphorylase can assume the func.inn of
thymidine phosphorylasé because of their overlapping‘specificity, or
: ‘ . :

hhen the .latter is absent from specific tissues (see above). Uridine

phosphorylase can only anébolizc thymine via coupled transfer reac-

_ tion and does not have\the;capacity‘fordirect transfer (Zimmerman and
_tion and ¢ ] cap y oT - transte rman and .

Seidenberg, 1964; Krenitsky et aZ.,'196S; Krenitsky, 1968; Kraut and

Yamada, '1971). .

-

111! _Transt—deoxyriboeyZase [E.C;2:4;2,6]\

‘Many Lactobacilli have an absolute grdwtﬁ requiremeht for 5.,

. deoxyriboside, a purine and a pyrimidine. This—suggests that

Lactobacilli are capable of synthesizing all their nucleoside tri-

phosphates requirements from such precursors, However, Imada and

Igérassi_(1967) reported the absence of nucleoside phosphorylases

- from these bacteria; hence, they must have a différent mechanism for

! . " - . . e
transferring deoxyribosyl from one base to another. MacNutt (1952)

18
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discovered that Lactobacilli have a specific enzyme, trans-N-deoxy-
ribosylase.which catalyzes phosphaté independent transfer of the'
deoxyriboéyl moicty, without EE; formation of dR-1-P. Furthermore,.
the,studies‘of?Roush and Bitz £}953), Kanda and Takagi.(1959) and
Beék’and Levin (1963) showed that the synthesi§ of this enzyme is

: - [ . qs
under repressor control and that cytosine and deoxycytidine are

.among its substrates. They also indicated that thé%é-migﬁt be two

' . . ) ":\_,' = P
or more enzymes catalyzing such a deoxyribosyltransfer, one specific
»

for purine-purine transfer. This suggestion was proved recently by

Holguin and.Cardinaud (1975) usiﬁg affinity column chromatégraphy.

2. Thymidine

I
H N . . » ‘ . ’ .

Thymidine is not essential for nucleotide metabolism except in
organisms which cannotrmake the thymine moiety themselves. Never-
theless the utilization of thymidine has received a great deal of

attention because of its usefulness in studying DNA synthesis.

In general*thymidine, after intracellular phOSphofylation to

dTMP by thymidine klnase, is readlly incorporated 1nto DNA of most

. cell types (Boyce and Setlow 19627 Bodmer and Gerther, 1965;

Cleaver, 1967) However Adelstein et al. (1964) reported that some '
rodents appear to be severely limited in their ability to utlllze
thymldlne-fbr DNA synthe51s though the 11m1tat1on was not unlform
in all tissues. Neurospora, Aspergillus, Saccharomyces (Grivell and
Jackson, 1968) and Fuglena (Cook 1966) léck thym1d1ne kinase and
do not 1ncorporate thym1d1ne, as suéh; into-;hei; DN@! Fink and

Fink (1961, 1962 a and b) found that although l%C-thymidine, Iabelled

19
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at_various'%ositiOns in the pyr{hidinc ring, was no; incorporated.
preferentially into Neurospoea ¢rassa DNA, it labelled the pyrimidihe
moicties of both RNA and DNA. Mutant studies by Williams and
Mitchell (1969) and SchafMr et al. (1975) and enzymological studies
by Abbott and co-workers (for review see Abbott and Undenfriend, 1973)
suggest that this result is due to demethylatlon of the thymine r1ng
via the pathway shown in Fig. Z.A Schaffer et al. (1975) suggested
that fhe enzyme pyrimidihe deoxyribenucleoside-Z-hydfolase catalyzée
the major reaction gy_which Neufospord.ini;iates coﬁ?ersion_of‘thy-
midine to usalle pyrimidihes. BerryAet al. (1§7O)Ifound thet ‘the
injection of éecropia pupee with C 2- thym1d1ne was more effectlve
in labelllng thymlne moieties of DNA than (methyl— C)—thymidine sug-
gestlng demethylation at the deoxyriboside level. This Qas sdpported
by the finding that labelled hydroxymethyl 5- deoxyur1d1ne but not
deoxyurldlne, was -detected when (methyl- C) thym1d1ne was used and

that labelled deoxyur1d1ne was detected only when 14C 2~ thymldlne was

used. /

N -

in.DrosophiZa, Rizki ‘Douthit and Rizki (1972); Rlzkl and R1zk1
(1973) and Carpenter (1974) found that feeding larvae on (methyl H)-.
thymldlne reyhlted .in the 1ncorporat10n of the label into. the}r DNA.
This 1ncorporat10n was shown,to increase upon the adm1n15trat10n of
various analogues which 1nh1b1t de novo dTMP synthe51s Furthermore
the demethylatlon ‘pathway observed in the 511kmoth (Berry et al.,

'1970) seems not to be h1gh1y actlve, if at all, in Drosophila since

,pyr1m1d1ne requirements of auxotrophs are not satisfied by thymidine
i

St

'(el Koun1 and Nash, unpubllshed results).
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Figure 2. Proposed pathwéy for the utilization of
thymidine by Neurospora crassa. The following
enzymes mediate the steps as shown: (1) Pyii-

.
midine deoxyribonuclgoside-Z—hydrolase; (2)

Hydrolase; (3) Thymine-?-hydroxylasé} (4) Ura-
cil-5-carboxylic acid decarboxylase. (Modified

from Schaffer et al., 1975). o
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lncdrpurutidn of thymidine. into DLA wias observed to ceasc.after
N short whifc in microorgahisms (Rachmdler et al., 1961; Bodmecr and
Grether) 1965), in insects (Selman and\Kafatos, 1974) and in plants
(ZilberQthtezaz,,197sa).due éQ\the~ihLuction of the enzyme thymi~
dine phosphorylase and subsequent rapxd degradation of thym1d1ne to

thymine. Conversion of thym1d1ne to thymine in Drosophila crude ex-

tracts was observed by Clynes and Duke (1975) .-
i. Thymidine kinase [E.C.2.7.1.75] .

This enzyme is of wide-distribution ~among organisms. However,
it is absent from those which cannot incorporate thymidine into thelr
DNA (see above). It is also absent from some mutants selected as re-
sistant to BUdR (Littlefield, 1965 Kit et al., 1963; Freed and
Mezger-Freed, 1973) or to FUR (Morris and Fischer, 1963; Morse and

Potter, 1965; Beck et al., 1972a).

Two forms of thymidine kinase are found in vertebrate cells,
The principal form of thymidine kinase is found in the cytosol and
.dlffe s in e1ectrophoret1c mob111ty and other properties from a sec-

ond form found in the’ m1tochondr1a (Kit, 1976).

\

- Several workers (see Kit, 1976) have demonstrated that there is

a correlation between the activity of the enzyme and the occurrence

of DNA synthe515'1n the cell. It has been documented by var1ous in-

vestlgators that in a variety of cells the activity of thym1d1ne o
-

kinase is altered 1n response to changes ip blologlcal needs - There

is an increase gf enzyme activity in regeneratlhg mammalian liver

(Maley et al., 1965; Bresnick et aZ., 1970; Adelstexa%et al., 1971),

(s} .

v o

AN
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in virus infected cells (Hatanaka et al., 1969; Kit _etsal., 1970),
upon resumption of development or as a respons to(injury in diapaus-
ing pupae of silkmoth (Brooks and Wllllams 1965) and in mammalian

tumors (§neider ot a/ lQbQ; Brcsnlck and Burleson, 1970). Changes
in thymidine kinuﬁc activity occur alsd durihg,mitotic cycle of
qdants (Hotta and Stern, 1963; Wanka et ql., 1964; Harband et al.,
31973)jandvanimal cells (Kit, 1976) as a’ re%ult/of dletary varlatlon
In animals (Beltz, 1962; Adelstein et al., 1971) and in respohse to

hormonal influence in guinea piés (Masui and Gérren,~1971).

4

The éhzymc-fpomiﬁ. coli was purified'and1studied.bv‘Okazaki and
Kornberg {1964 a and- b), that from animals by Bresnick and Thompson (1965)
-and was studled in crude extracts of Drosophzla bv Clynes and Duke
(1975). It catalyzes phosphorvlat1on of thymldlne in the follow1ng
manner: “ |

s

Mg )
‘TdR + ATP & dTMP + ADP

The enzyme has the same substrate specificity irrespective of
: 2

‘the tissue of origin. In addition to thymidine, it accepts deoxyuri- -

dine and many of its 5- substituted derlvatlves as substrates The

« .
PVE s W T TN

relat1ve eff1c1encykof each. deoxyriboside as a substrate is probably

ﬁeteraned by the size of the S—subst1tuent§.r They also seem-to be -

o

‘g%- phosphorylated by the same active site, since they 1nh1b1t the phos-

phorylatloﬂ of one another competltlvely

ok, 4

>~

o - Okazaki and Kornbérg (1964b) found that the E. colt enzyme is
under alloster1c regulation. It is activated by dCTP dCDP and to

a lesser extent by dATP. It 1s_feedback inhibited by dTTP~put not




" by dT@P or dTDP. ‘ .
. \ ' ' '
Bresnick 'and Karjala (1964) and Taylor et al. (1972) found that the

_ mémmalian cqzymeuiS'simlar to that of £, cols with regard to imhibi-
tion hxﬁdjﬁﬁ;ﬁ_Uowever, they reported that dCTP also inhibihs thymi -
dine kinase fr adﬁlp rat and human tissue, but. has v1rtually no
CffCLt on enzymes from ‘tumor or fetal tlssues. In insects, Brooks and.
Williams (1965) showed that thym1d1ne kinase from the oak silkworm,
Antheraca pernyi, is inhibited by dTTP and to a leqser extent by
dCTP, while Berry et al. (1970) found the enzyme  from Cecropza is in-
hibited by dCDP and high concentration of thymidihe' dnib does not

inhibit enzyme activity in crude extracts of the protoLoan Tetrahymena

pyriformis (Sharp et al "1966) . ?

The enzyme was shown to be composed of more than one subunlt
[ts activity could be affected by the stat of aggregation Qf these
subunits (see Clcaver, 1967). Enzyme from Drosophila also ig sug-
gested to, eXist in a var:ety of actlve 011gomer1c forms (Clynes and

Duke, 1975).

i1, Nucleoside phosphotransferase [E.C.2.7.1.77)
: A . i

( v
This enzyme is widely d15tr1buted in anlmal and plant tissues

as well as in bacterla (Chao 1976). It resembles the hinase in its
~action, Thus it phosphorylates thymidine as well as almost al} othe¥
_pyr1m1d1ne and.purine ribo- or deoxyr1b051des to their respective
nucleoside mohophosphate However it dlffers from the kinases in

that it utilizes low energy phosphate donors for such reactlons

The avian enzyme is also inhibited by ATP, the preferred phosphate

25
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donor for thymidine kinase reactions, but it is not inhibited by dTTP

as.is fhc kinasc (for references sce Brunngraber and Chargaff, 1973;

Chao, 1976; Kit, 1976).

The enzyme from the bacterium Erwinia herbicola was found to be

membranc-boundHin'contrast to that from £E. coli and carrots (see

T

‘Thao, 1976). "

117. wlhymidine phos phorylase [L C.2.4.2.4]

o

’

The -distribution, substrate spec1f1c1ty, mechanism and anabolic
function of thlS enzyme have been dlscussed earlier (see above 1. R
Thymine). Only its role in the eatabollsm of thymidine and'its reg—_'

ulation will be mentioned here.

The induction of -this enzyme by -thymidine (Rachmeler et al.,
1961, Razzelland Casshyap, 1964) results 1n the rapid degradation of
thymldlne to thymine and dR-1-P, with the- subsequent cessation of
thymidine incorporation into DNA of bacterla (Rachmeler et aZ 1961);
plants (Zillberstein et 'al. 1973&) and possibly 1nsects (Selman and;

i

Kafasos, 1974).‘ Mutational loss of the enzyme .in bacteria (Fangman
and Novick, 1966; Fangman, 1969) or its 1nh1b1t10n by azacyt1d1ne in _%
mammallan cells (C1hak et aZ K 1976) prevented the rapid degradat1on

of thym1d1ne and enhanced its 1ncorporat1on into DNA. Kammen (1967)

and Yagil and Rosener (1970) found that deoxyadenos1ne also enhances

deoxyaden051ne also
provides the resultlng thymine with the dR-1-P necessary to reform

thymidine (Budman and Pardee, 1967) .



—~

lhe reguratlon of thymidine phosphorylase was !!udled extensive-
ly in E. cozixby several workers, most recently by Buxton (1975),

Hammer Jespersen and Munch-Petersen (1975), Albrechtsen et al. (1976)

'and Hammer Jcspersen and Nygaard (1976) The current evidence indi-

cates that the synthesis of thymidine phosphorylase is ‘regulated co-
ordinately with at, least thrce other enzymeé, shown in"Fig. 3. The
four enzymes arc coded by four. closely 11nked genes (symbols are

shown in Fig. 3) whose l1nkage relationship is to be found in Flg 4.

,All four genes are under the control of two repressor protelns pro-

duccd by two regulatory genes deoR and cytR. In the deoR system’
dR-5-P acts as an 1nducer while in Cth sy%tenpcyt1d1ne is the main in-
ducer However some ev1dence suggests that the four genes comprise

two transcrlptlonal un1ts: Thus only purine nucleoside phosphorylase

-and deoxyribomutase are'induced by purine nucleosides whllst induc-

‘tion by cytidine or dR-5-P appeared to lead to product1on of hlgher

levels of thym1d1ne phosphorylase and aldolase than the other two

o enzymes, studies with dra polar mutations anddboR constltutlve mutants

as well'as Mu-1nsert10ns'apparent1y confirmed the presence of two
transcr1pt1ona1 units (for references see Albrechtsen et aZ 1976) .

MOI‘e ‘recent genetlc expenments carried out on a stra1n carrymg a

‘mitation in cth, along with a dra polar mutatlon, suggest that all

“four enzymes are cotranscrlbed but that a secondary 1n1t1at10n s1te

Vexlsts allowing the transcrlptlon of drm and pup genes 1ndependent1y

(Hammer Jespersen and Munch Petersen, 1975; AIbrechtsen et al., 1976;

Hammer Jespersen and Nygaard, 1976) Fig. 4 illustrates the proposed

model for the deo-operon(s).

27
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Figure 3. Pathway of thymidine and purine nucleoside
catabolism and the enzymes involved. Genes cod-

ing for each enzyme are shown in parentheses.

(Modified from Buxton, 1975).
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[E.C.4.1.2.4]




Figure 4. .Proposed model for deo-operon, P} ‘promotor;

| : 0; Qperator;'cAMP,'qyclic,AMP} CRP,ICAMP‘receptor
prqtein. (After Hamﬁer-Jgspersen and Nygaard,
1976).v_Fof details regarding'gye gontrolrregioﬁ
to the. left of dra, see Hammer-éespersen and

” - Munch-Peter$en (1975). - s

ey
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This model is ;upportcd by in vitro transcription studies by
.Svehningsen (1975) usihg template DNA_carrying'the four genes. It is
- the quallty of transcr1pt10nal origin for the pup and drm messages
and the relatively low amount of the two enzymes coded %or by -the

. long transcrlpt (10 30%) that led to the failure of earlier workers

to recegnlze that the four genes constitute a single operon, since
mutants and inducers of the dra and tpp genes affect only the produc-

tion and translation of the long transcript (Albrechtsen, et al.,

1976). . - | o ,

iv; Uridine phespho}ylase [E.C.2.4.2.3]

P 4

The mammalian uridine phosphorylase, though acting preferential-
ly on uridine, can also cleave thymidine and deoxyuridine to thymine
’ B .
. and uracil resﬁectively (Krenitsky et al., 1965). Similar activity

towards’ thymidine was reported for the enzyme from Bactllus stearo~

thermophzlus (Saunders et al., 1969).

v. ’Trans-N-deoxyribosyZase [E.C;2.4.2.6]

" This. enzyme in Lactobacillus cleaves thymidine, ‘in the presence

of a nucleic acid base, to thymlne (see above 1. Thymzne)

\%

3. Uracil .. , o ‘ B

'
/

The free base urac11 was shown to satisfy the requirements of

pyrimidine auxotrophs in bacteria (see O'Donovan and Neuhard, 1970;

v

" Beck et al., 1972a) and Drosophzla (Norby, 1970). However the 'up-

take of uraC1l seems to be limited in some anlmal cells in culture
{
(Hochstadt, 1974).



!

In general urﬁcil can be anabolized to ﬁﬁb in éne step- by uracil
phosphogibosyitransferase (UPRT) or in two.steps by the sequential
action of uridine phosphorylase and uridine-cytidine kinase. It\éqn
also be anabolized to dUMP pia the formation of deox&uridine'by thg

enzymes thymidine phosphorylase and.thymidine Kinase.
1. Uracil phosphoribosyltransferase [E.C.2.4.2.10)
a . .

In the presence of PRPP, this enzyme anabolizes uracil in ‘the fol-
lowing manner (Reyes, 1969; Reyes and Hall, 1969; Jind and Lacroute,

1972; Reyes and Guganig; 1975):
PRPP + U - PPib+ UMP

. This enzyme has been idéntified inlseveral micnoorganism§,in
Salmonella typhimuriwm (Neuhard, 1968), E. coli (Brockman et al.,
1966), Lactobacéllus bifidus (Crawford et al., 1957), Saccharomyces
cere¢visiae and iﬁ the protozoan Tetrahymehatpy}ifbfmis (Hein?iksoh
and ColdwaSser; 1964) . Uracil phospﬁofibosyltfané%erase wés also
vfound in mammalian cells (Hatfield and Wyngaarden, i964; Kasbekar
a et al., i964; Réyes, 1969; Reyes and Guganig, 1975) and in Drosophila

(lenes,and Duke, 1975).

o 14

‘Both the microorganisms:and the animal enzyme; accept uracil
analogues as substrates but not cytosine (Brockman-¢t al., 1960 and
Hatfield and'wyngaarden, 1964)._ However, thyming and“orqtate‘were

“also found to be utilized by the_ﬁammalian enzymé, hénce ;he enzyﬁe '

- . R~

'Qas calléd pyrimidine phosphoribosyltransferase.(Hatfiéld and

“

:Wyngaarden, 1964 énd'Réyes and Guganig, 1975). Nevertheless, the

[ 93]
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Drosophila enzyme was shown not to utilize thymine (Clynes and Duke,

1975).

3.
"

Molloy and Finch (1969) repo}ted that the enzyme from E. coli is

strongly activated by GTP and inhibited by UMP and UTP,

Mutants deficient in this enzyme were selected as either FU or

azauracil resistant in bacteria (Brockman et al.,. 1960; Beck and
Ingraham, 1971; Pritchard and Ahmad , 1971;vBean and Tomasz, 1973a),
in yeast (Greeeon{ 1969; Jund and‘Lacroute, 1970) and in mammalian
cells (Kasbekar and d}eenbeig, 1963)._ Such becteriah mutants are un-

able to use uracil but ‘can use ur1d1ne as a sole carbon source.

~
-,

P1erard et al. (1972) also’ found that mutation in thlS enzyme is
accompanied by considerable’ decrease in sen51t1g‘iu of carbamyl phos-
phate synthetase [E C.2.7.2. 5] and other enzymes in pyrimidine blO-
synthesis to repre551on by uracil.‘ Furthermore, such mueants ekcrete

significant amounts of pyrimidines.

+

ii. Uridine phosphoryiase'[E.C12.4.2.3]

s

This enzyme is found 1n numerous animals and bacterla (see |
Henderson ‘and Paterson 1973). However, it is absentAfrom Pneumococcus .
(Bean and Tomasz, 1972b) and yeast (Juna and Lacroute, 1970). The
enzyme was firstfcharac;erized in bacteria by Paege and Schlenck
§1950 and 1952)‘and in mammalijan ceLl by Kreni;sky et al. (1964 and

1965) .

Although the prlmary role of this enzyme is the cleavage of
N3
ur1d1ne to uraC11 and R-1-P (see 4. Urzdzne), under special

s ‘ .



R e et ..\-‘-.w:u'qvnm,m"mw\wmv'v\:f'-c', AR R R AR

circumstances when dR-1-Pis available it can anabolize uracil as

follows:
U + R-1-P ++ UR-+ Pi

This anabolic function of the enzyme was detectea by’koch o
(1956) in extracts of E. coli. The R-1-P is usually prbvided by -
the cleavage of a purine nucleoside, hence the transfer is a coupled
transfer (see 1. Thymine) a#d dependent on both uridine pHosphory—

lase and purine nucleoside phosphorylase (Imada and Igarassi, 1967).

In addition; Krenitsky (1968) démonstrated the exchange of ribose be-

tyeen_dridinc and 14C;uracil by uridine phosphory1a§e. The reaction
was phosphate dependent and R-1-P was a_freevintermédiéte. Further-
more'PritChard and Ahmad (1971) found that uracil phosphoribos;l-
transéerase mutants»selected as FU or azagracil'resistant can be sen-
sitized again to the analogucs if adenosine is added tb'the growth

medium as a source of R-1-P. Thus it appears that FU must be anabol-

ized to the toxic FUR by uridine phoéphorylaée. Under these ifecial..'

conditions (i.e. lack of UPRT and availability of R-1-P), Pritchard |

35

and Ahmad (op. cit.) were able to select for mutants deficient in

uridine phosphorylase as FU resistant.
g .
<3 .

The results of Sfroman“(1974) suggest the involvement of fhis

enzyme jn_ahabolizing dietary uracil by Drosophila.

iii. -Thymidine phosphorylase [E.C.2.4.2.4]

~-In"the presence of dR-1-P uracil can be converted to deoxydri;
'dine and then to dUMP -by thymidine,phosphorylasg and thymidine kinase

Ve - .
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respectively as in the case of thymine - (see I.. Thymine).
- X "

iv. ‘Trans—N-deoxyribosyiaee (E.C.2.4.2.6]

In Lactobacilli, this.enzyme converts uracil, in the presence

of a deoxyribonucleoside , to deoxyuridine ‘(see above 1. ‘Thymfne),

T ' ju . oo
4. Uridine

4
i

Uridine is réédily incnrporatédlintb nncleié acids of several R N
"6rganisms (see d'Donovan and Neuhard, 1970; Snyles et al., 1973;
Hochstadt, 1974); It also satisfiés fhe“réanirements_of‘pyrimidine
auxotrophs in bacteria (O'Donovan and-Ngéﬁard, 1970) and Drosophila’

(see for example Falk and Nash, 1974a). ', Lo

Uridine éan be anabolized directly to UMP by the;enzymg uridine-
cytidine kinase, as most probably is the case in aninal\cells, nr‘can
belcleavedvby uridine phosphorylase to urncil which, in turn, can be
.converted to UMP by uracil phosphor1bosy1transferase as is the case
in bacteria (Hochstadt 1974) Urldlné can' also be phospho(fﬂated to

UMP by nucle051de phosphotransferase (see 2. Thym1d1ne)

\7-7
it g
>

i.. Uridine-cytidine kinasew[E.C.Z.?.l.S]' o C b

Ur1d1ne cyt1d1ne klnase is the only pyr1m1d1ne r1bonuc1e051§§ '

kinase known (Beck et aZ 19728 Henderson and Paterson, 1973) .-

The enzyme has been studied in manma11an cells by Sk¥1d (1960)
Anderson and Brockman (1964) and Orengo (1969) in sea ﬁrchlns by
Orengo (1966}, in bacter1a by Anderson and Brockman (1964) and Beck

et aZ (1972a) and in crude extracts of Drosophzla by Clxnes and

o~



Duke (1975). . T P

The enzyme phosphorylates uridine in the following-manner,

(Skold, 1960):

+4 . P -
Mg .
UR + ATP + UMP + ADP

Although uridine, cytidine and several of fheir analogues seem
to.be substrates for thlS enzyme (Skold 1960 Cihak et al., 1964

O0'Donovan and Neuhard, 1970), orotidine and pyrxmxd1ne;dqoxyr1bo-

-

sides are not (Skﬁid 1960% Chiak and’ Vesely, 19739 Anderson and

[

"Brockman (1964) and Orengo (1969) have also shown | that bacter1al and

mammalian enzymes are inhibited by CTP and UTP and\st1mulated.by ATP

Ne o

. ‘ , ,
~and dGTP. gvidence for such a control system in divo has been obtained .

by Neuhard (1968) in mutants of S. typhimurium. o A

) . N .
/ : © : : e . L

BN .

¢ .
-

,. Mutants deficient in this enzyme were isolated as FUR resistant

. = - -
¥ .

. - s B . . . —_ . f'
in yeast (Grenson 1969) and Pnewmococci : (Bean and Tomasz,, 1973a)
and re51stant to both FUR and FCR in S.,typhuuurzum (Neuhard,. 1968-

Beck et aZ 19723) thus suggesthg that uridine and cyt1d1ne are “x

-~
>

phoSphorylated by thé same kinase. ' s e

A/ R R . ’ . .
.t * ¢ ‘o
L)

- . . A

mutants withered (whd) and tilt (tt). . \ =

w

1. Nudleoszde phdsphotransférase [E.C.2.7.1. 77]

K .
a
~

The enzyme phosphorylates uridine to UMP ﬁsihg low energy pﬁos-

- phate donors [see 2. Thymidine]. : g {
’ : '\ - i ' ' .v,‘l

Stroman (1974) suggeéted tﬂe'absence of this .enzyme in Drosophila



111,  Uridine phosphorJZa e [E.C.2.4.2.3]
2 . ! '
The distribugion of this enzyme

its mechanism and its ability
to convert uracil to uridine are mentioned abovg (see 3

; s Uracil).
In spite of the anabolic function of uridine phosphorylase, its main
role is certainly cafabolfc

aZ.

Beck and Ingraham (1971) and‘Beck et
(1972a) reported that ‘the enzyme functlonsonly catabollcally in
Vivo; 5tralns of U.

resistant to -FU

thhLmurzum deficient in uracil phosphorlbosyl-
transferase were shown to be unable to ut111ze ufacil and completely

-

Furthermore Beck et gl

(19723) noticed that 75%
of dietary uridine was cleaved to  urdcil and concluded that, in vivo

the major route for utilizatjon of uridine is viag its cleavage to
uracil by phosphoroly€1s
\

+d
¥

Partxally purified enzymes from E. coli and

but not cytrdlne, orot1d1ne or deoxyurldlne (Paege and Schlenck 1952;
Razzell and khordna

typhirmuriun were
shown to cleave uridine and certaln analogues (Clhak et al, ,,1964)
1958 and Beck and Ingraham, 1971)

al (1969) found that the enzyme from B, stearothermophzlus cleaves
thymldlne also

Saunders et
Krenltsky et aZ
enzyme can cleave deoxyuridine

(1965) reported that the mammallan
actlvely than uridlne

‘FUdR and’ thym1d1ne‘ though less .
. a
the dog enzyme being exceptlonal for\lts pref—
-1 v
erence for the- deoxyr1bos1des
Krenitsky et al

S

\
(1965) found that there are two classes of ver-

tebrateur1d1nephosphory1ase enzymes, dependlng upon thelr PH o

ptina,
One has an Optlmum pH of about 6.5 (Chlck human _guinea pig and\frog)
‘and the ether of about 8 (mouse, rat and gog) - ‘\ '
- | o o !
. v ' ! \

i
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Urldxnc phoxphorylasc may §lso be found in Drosophzla, in addi- \
! 1
t1¢n to thc report of Stroman (1974) mentioned abovc (see 3. Uracil, '

.

. iﬂl). Clynes and Duke (1975) reported that 'the conversion of uridine

to uracil by Drosophﬂla extracts, ' .

j
/
/ Mutants in this enzyme were selected in bactéria by Neuhard and

. S . :

Ingraham (1968) and Pritchard and Ahmad (1970) on the basis of - 1n§b11-'

ity to grow on ¢r1d1ne as a sole carbon source \ ;
It is interesting to note that although the structuralgeﬂ.e for

uridine phorphorylase, in E. ¢317i and S. typhimurium, is not linked

to that of thym%dine phosphorylése,both are induced'by‘cytidine.and\

negatively contfblled.by the‘same repressor protein coded for by eytR

in the deo operon (for references see Hammer- -Jespersen and Nygaard

1976 and Fig. 4).

i i

iv. Nucleoside fibohydrolase [E.C.3.2.2.3]

. ' 1

.-y'

Although ur1d1ne is generally cleaved phosphorolytlcally in most ‘ )

.

A}

organlsms as mentioned above, it is cleaved hydrolytlcally in Saecharomyces
cerevisiae (Carter, 1951) and LactobaczZZus pentosus (Wang and Lampen
R19s Lampen and w;ng, 1952) by .the ,enzyme nucleaside r1bohydrolase
%hese enzymes have relat1ve1y little specificity W1th regard to the1r :
r1b051de substrates Purlne as well as pyr1m1d1ne r1b051des can be |

cleaved by such eniymes. A mutant of this enzyme, unable to cleave

uridine, haslbeen'fepq;ted by Grenspnk(1969) iﬁlyeast.
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5. Deoxyuridine

‘ N , —
Deoxyuridine serves as a total source of carbon and energy in
bacteria (Beck et al., 19723)."It also satisfies “the requirements of

bacterial pyrimidine auxotrophs.

'Deonyridine can either be anabolized to'dUMPﬂbyr¢hymidine kinase
or nucleoside phosphotransferase, or catabolized to uracil by thymi-

dine or uridine phosphorylase in most organisms and by .frans-N-deoxy- .

o

ribosylase in Lactobacilli (for discussion of these enzymes see 1.
p

Thymine and 2. Thymidine). However,ngén and .Tomasz (1973b) reported

the absence of any enzymes which élgave the N-glycosidic bonds Qf'pyfi—

midine deoxyribosides.in Pnewnococcus. |

~

6. Cytosine o - , - ¥

Mammalian cells are unable to utilize cytosine (Hochstédt, 1974).

In Drosophila Norby (1970) showed that -cytosine cannot satisfy the
o - ' & e
nutritional requirement of rudimentary mutants, which are pyrimidine

P

auxotrOphs, .Most microorganisms can utilize this base only via its

deamination to uracil by the enzyme cytosine deaminase. This was ill-

b

. ustrated by .the findingé of Beck et al. (1972a) that the pyrimidine

\ :

requirements of Sl_typhimﬁrium pyrimidine auxofrdphé.whiéh arejalsé
deficient in cytosine deaminase are satisfied by uracil but not by &

. -

cytosine. Furthermore, temperature sensitive uracil phosphoribosyl-
transferase mutants were shown to be fluorocytosine (FC) resistant at |

the restrictive temperature. These results indiéate the absence of

any nucleoside phosphorylase'or phosphoribosyltransferase actiVifiéS" S e e

for cytosine. This was further confir@gd by,Neuhard and Ingraham

o



(1968) when theyfdenenstrated that cytosine cannot support growth of
" cytidine requiring mutants (lacking c}tidine deaminase and CTP synthe-
| tase, see Fig. 1). However cyfosine can be anabolized to deoxycyti-

dine in Lactobacilli by trans-N-deoeribosylase (see 1. .Thymine).
1. Cytosine deaminase [E.C.3.5.4,II‘

_Beck et ai. (19§2a) reported that the deenination of cytosine by
this enzyme is the Bnly route by which this base can be utlllzed in
S. typhzmurium The enzyme is active enough to meet the entire grow;h
requirements for nitrogen in E, cqli (Beck et al., 19725) and;yeast
(Grenson, 1969). It is aiso suggested that deamination is'the’rate—

5 : , o
limiting step in the utilization of ‘cytosine (Bean and Tomasz, 1973bj.

Cytoéine deaminase is found inTSeveral microorganisms (O'Donovan
and Neuhard, 1970) but not in animaf cells (see Henderson and Paterson,
1973). Kream and Chargaff (1952) and Hayaishi and Kornberg (1952) re-

ported that the enzyme deaminates cytosine to uracil in the following
POt ‘ 1 it - _ :

manner: ' , - C

C‘+_H20 ++ 9 + NH3

: . . oo :
The enzyme is also capable of deaminating the cytosine analogues; 6-

azacytosine, 5- fluorocyt051ne and 1socyt051ﬁn (O'Donovan and- Neuhard,
1970) . However Cohen (1953) found that the E. .77 enz?me is unable
.;o deaminate S-methylcyt051ne -a reaction which has been dEmonstrated .
‘earlier by Kream and Chargaff (1952) in yeast. The E. coli enzyme is

also-inhibited by'S-azacyt051ne and S5-azauracil (Cihak and Sorm, 1965).

~.



Mutants deficient in this enzyme were isolated in prototrophic -
S. typhimuriun by Neuhard (1968) and Beck et al. (1972 a and b) and,

in E. coli by Ahmagd and Prltchard (1972), as mutants re51stant to FC

ohay
Ty om

but not to FU, and in pyrimidine augotrophs in S. typhimurium as
strains unable to use cytesine as a sole pyrimidine source (Beck et
aZ,,11972b) Mutants’ were ‘also isolated in yeast by Grenson (1969)

and Jund and Lacronte (1970).
T, Trans-N-deoxyribosyZase {E.C.Z.Q.Z.GJ

In LactobaciZZi thlS enzyme will convert cyt051ne to deoxycyti-
dine prov1ded that a deoxynuc1e051de is also avallable for the reac-
tion (see above 1. Thymine). v , ) S »4\

7. Cytidine - S ' IR

’

Cytidine,can be utilized by bothlmammalian cells and mieréorgan-
isms. It can be phosphorylated to CMP by ur1d1ne-cytidine kinase
or deamlnated to uridine by cytldine deaminase. _ Mutants defective in
both of these enzymes are unable to utilize cyt1d1ne demonstrating

the absence of cytidine phosphorylase activity.
‘i Cytidine deaminase [”E'.c.s.s,4'.s1_
- ° . ,
: ' 1
* This enzyme is found in varlous animal cells (see HenderSOn and

Paterson 1973) and in S typhzmurzum and E. colt (Wang et al., 1950)

The E. coZz enzyme is located in. the membrane (Munch- Peterson 1968b)..

It 1s absent from Lactobacilli (Wang and Lampen, 1951) and yeast

. (Grenson .1969) .

i



" The enzymes.from E. eoli, S. typhimuriuﬁ and sheép liver were
studied by Wang et al. (1950); Cohen and Barner ‘(19575, Beck et a'z.‘,
(1972a) and Wisdoﬁ and Orsi (1969). The'éniyme deaminates‘cytidine

i-ﬁalogenated derivatives gnd 5-

(as well as deoxyc}tidine, their

méthyldeoxycytidine) in the foll%wing manner:

L ’ j '
N "CR +'qu,..«’c UR + NH,

This reaction is very rapid in E! ecoli aqd S. typhimuriwn (Beck et

al., 1972a) 50 that it provides éufficient NH3 to meet total nitrogen

- "requiremenfs (0'Donovan and Neuhard, 1970; Beck et al., 1972a). By
reason of ‘rapid deémination, cyt%dine requiring mutants (lacking CTP

i
i

|

of cytidine deaminase deficiency (Neuhard and Ingraham, 1968; Beck

synthetase,ISee Fig. 1) can'only be selected iﬁth genetic background

e . : . Lo i
and Ingraham, 1971). Cohen and Barner (1957) showed that deamination
- of S-methyldeoxycytidine by this:enzyme.fulfils the thymidine fequire-

ments of thy mutants .in E. coli.

: : . oo . -
Cytidine deaminase activity correlates well with the presence or!
- absence of active developmeﬁt in-Cecropia (Berry and Firshein, 1967;

Firshein et al., 1967).

The syntﬁesis of'cyfidine déaminasélin bactéria:is indﬁced by
high concenfrationscofcytidiné asAis ;he'éase for‘fhymidiﬁe phosphéry-
- lase and uridine phosﬁhorylase. The structyral genes for all three
eﬁzymes, although uﬁiinked;'are neéati?ely cbntrolled by.cytk géne inf
the deo operon (for referenCeé see-Haﬁﬁer-Jespefsen and Nyéaérd,‘1976’.
and F{Q. 4). Thus, it abpears that‘the‘phosphgrolysis of all éyri-

_ midine ribo- and &eoxyribbnuc}eosides in‘bactefia is controlled by éi

*

43
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common regulatory gene (i.e. eytR).

Cytidine deaminase mutants.@ere isolated in E. coli (Karlstrom,
1968), S; typhimurium tNeuhard and Ingraham, 1968; Neuhard, 1968;
Beck éhd Ingraham; 1951; Beck‘ep al., 1972a) and in Pneumocoééﬁé
(Bean‘and'Tomész,;1973a) as .strains resistantvto FCdR buf sensitive

‘to FUdR\Qr as‘st;ainS‘uﬁable to‘u%e‘deo*ycytidine.éither as a gole
nitrogén source (Neuhafd and Ingraham, 1968) or as'a sole pyrimidipe

gource:(Karlstrom, 1968).

it.  Uridine-Cytidine kinase [E.C.2.7.1.8]

A%

This enzyme is responsible for\the utilization of cytidine and
tOXlClty of FCR in cyt1d1ne deamlnase mutants in bacterla (Neuhard
‘and Ingraham 1968) The dlstrlbutlon propertles and mutants of

this enzyme have beeg dlscussed above (see 4. Urzdzne).

\

111, Nucleoside phoSPhbtransfbrase [E.C.2:7.1.77]

This enzyﬁe can anébolize cytidine‘to CMP using low energy phos-

phate donors (see 2. Thymidine).. ," *

v, ‘Nucleoside ribohydrolase [E.C.3;2.2.3] o :ff;'

' Although as mentioned above Lactobaczllz and yeast ‘are
devoid of cytldine deam1nase these spec1es can cleave cyt1d1ne

-

hydrolytlcally by the enzyme nucleos1de r1bohydrolase (see 4 Uri-

dzne).



‘8. Deoxycytidine

Thé utlllzatlon of deoxycyt1d1ne seems to differ accordlng to the
organism under 1nvest1gat10n7_ Mammallan cells were shown to be caﬁ- '
able.of forﬁing dCMP from deoxycytidine by the enzyme deoxycytldlne
kinase (D&éhamfand Ives, 1970 and lIves and‘Durham,nIQZO).- They are-
also capablé'of deaminating deoxycytidiﬁe to.deoxyuriding’by the én-
zyme cytidine deaminé§én(see ?. Cytfdine). On ‘the other hand bac-
teria, with the exception of'LactobaciZZi; utilize deoxycytidine.only
via deamination. This was demonstrated by the finding.of Beck et al.

‘ (19723).1hat pyrimidine éuxofrophs that ar¢ also deféctive in cytidine
deéminase'(seé Fig.yl) are able to grow on deoxyuridinevbuf not on

N ‘
. deoxycytidine as a sole pyrimidine source; hence they suggested the

i_.absence of any deoxycytidine kinase or phosphorylase in S. typhimurium.

A similar cénclusion was reached by Firshein et al. (1967),.stgdying
homogenates of deve10p1ng Cecropta pupae 1n3ected with 14C-deoxycyti;
"dlne,ln whlch they observed extensrve act1v1ty of cytidine deamlnasé
In fgct,the work of Berry and F1rshe1n (1967), Fi;sheln et al. (1967},
Berfyaet'dl,l(lg%O) and Swindlehﬂrst et al. (19%1)'suggests that, in
Cecropia, thevpriﬁ;ipal fate of exogeﬁous deoxycytidine is'in thymine

nucleotides. - Their proposed pathway for such synthesis is summarized

in the fpllgwing diagram:

2N¢Y @ - a v .
dCMP $---5 CdR -y UdR —y dUMP__ dTMP
3 @ |
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Appropriate intermediates involved in this pathway were identi-
fied when labelled deoxycyt1d1ne or deoxyurldlne were incubated with

extracts of Cecropia. Other evidence supports this suggestion., It

was shown thafﬁinjccted deoxyuridine or deoxycytidiné labelled only

~hymidine moieties of DNA. In addition,no detectable activities of
,L

eoxycytidine kinqse (i), dCMP deaminase (2) or any deoxycytidine
‘degradative enzyme were-found, while high activities were reported
for gytidine deaminase (3) and dCMP'nuéleotidase (4) Also, the

omission of THFA from reaction mixture contalnlng deoxyurldlne or

.deoxycytld;ne resulted in no detecpable dT™MP.

i. Deoxycytidine kinase {E.C.2;7.1.74]

- This-enzyme has been found in animal tissues (Hendefson and
Paterson, 1973). However, it was not detected’ in Ceéropia (Berry and
Firshein, 1967; Firshein et al., 1967). It is absent from S. typhi-

Murium (Neuhard,  1968) and E. colz (Karlstrom 1970)  but present in
[
Lacotobaczllus aczdophzlus (Durham and Ives, 1971) The enzyme was

purified from L. aczdophzlus (Durham and Ives 1971) ahd calf thymus

(Krenltsky et aZ.,v1976). The enzymephosphorylatesdeoxycytldlne 1n

H
i

the following manner:

: Mg'h )
. CdR # ATP =+ dCMP + ADP

The phosphate can be ﬁrovided by any ribo- or debxyribonucleoside"
trlphosphate except dCTP, whlch is an allosteric 1nh1b1tor of the

4

enzyme. Such 1nh1b1t10n was found to be reversed by dTTP. Deoxycy-

tidine klnase is relat1ve1y specific' for the pentose rather than the -

base m01ety The enzyme can phosphorylate deoxyadenosine and

46
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deoxyguanosxne though less effectlvely than deoxycyt1d1ne Cytidine,

ur1d1ne and thymidine are not substrates for this enzyme

iZ. Nueleoside phosphotransferase [E.C.2.7.1.77]

“This enzyme can anabollze deoxyeytldlne to dCMP (see 2. Thymi-

dzne)
iii. [Cytidine deaminase (E.C.3.5.4.5)

The characteristics and role of this enzyme in anabol121ng

Y

deoxycyt1d1ne and cytldlne have been discussed above (see 1. Cgtidine).

iv. Trans—N—deoxyribosyZase [E.C.2.4.2.6]

This enzymesfrom some Lactobacilli transfersthe'aeoxyribose
moiety from deoxycytldlne to a pyrlmldlne or a purine‘base to yield

Cytosine and a deoxynuc1e051de (see above 1, Thymzne).

. - -
!
B. The purines
. - ]
‘Utilization of purine bases, nucle051des and deoxynuc1e051des is _ ///

51m11ar to those d1scussed for pyrimidine compounds. However in-
stances of anabol1c roles for the purine nucleoside phosphorylase and "
klnases are much less common than those reported for the pyr1m1d1nes' ‘%%f“

- Hence the maJor route for anabolizing purine compounds is via phos-

-

phorlbosyltransferases "The 1nterconver51ons of purine bases nuc-

' 1e051des and nucleotides are- shown in Fig. s,

. ~ e : |
Although the de novo synfhe51s ~of GMP and AMP and thelr ‘anabol -

ism to nuc1/951de tr1phosphates are practlcally universal, the

-

‘.
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purJ".ne nucleotides. (Information deriqu from

w

. Henderson and Paterson, 1973).

g

™

_;S'al_va‘g&f)iosynthesis and interconversion of
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z. Hypoxaf‘hﬂnéfphosphoribosyZtransfbrase [E.C.2.4.2.8]

conversion,of AMP to GMP or vice versa seems to differ from one organ-

-~

ism to another For example animals are’ generally .able only to con-

vert AMP to GMP while Lactobacillus Zetchmanzt and Tetrahymena geZezL

50

are able only to convert GMP to AMF E, colz is capable of conver51on

in e1ther dlrection (for d15cuss1on and references see Nagulb 1976)

_ The utilization of bases, ribosides and deoxyribosides ‘also varies in

different organisms (see below)."

o l."Hypoxanthine°

. Hypoxanthlne was. shown to sat1sfy the purlne requirement of pur-

e

ine auxotrophlc bacteria (Hoffmeyer and Neuhard 1971). It is malnly

o used via anabollsm to AMP by hypoxanthlne phosphor1bosy1transferase

(HPRT) qr oxldlzed to xanth1ne by xanth1ne oxldase or xanthlne dehy-
/f
drogenase In some cases, 1t can react with purine nucle051de phos-

. phorylase to form inosine or - deoxy1n051ne In some Lactoboc;llt it

can be converted to deoxyinosine by trjhssw;depxyribOSylase ‘

ce : . . ’

‘The'availability of a great.number-of mutants in this enzyme

makes’ it .one of the best’ studled enzymes in the salvage pathway

(Hochstadt 1974) The characterlstlcs d15tr1bq§uon and phys1olog—

1ca1 role of HPRT were dealt with 1n a number ‘of reviews, most rec-

_ently by Murray et aZ (1970) Murray (1971), Gots (1971) Henderson

nd Paterson (1973) and Hochstadt (1974)

HPRT cat§1yzes,the folfowing reaction:§

"H+ PRPP '+ IMP + PP,




"

-

o/

AN ' N
]

The substrate specificity of HPRT varies acggfd1ng to tne drgan1sm

o
Q

1nvest1gated The mammallan and yeast enzymes catalyze the conver-

sion of hypoxanthlne, guanlne, and several of their analogues to their

respective nucleotides, hence anecalled hypoxanthlne -guantne phosphor-

) rbosyltransferase (HGPRT), | The animal enzyme. reacts weakly with xan-

o

thine.‘ In bacteria,a distinct enzyme ex1sts for each base, though

Cross- spec1f1c1ty with substrate Stlll exists. For example HPRT from
S, typhimurium converts 10% of. ava1lab1e guan1ne to GMP, but no xanthine
(Benson and Gots, 1975). The evzdence for substrate speC1f1ty of L
these enzymes is- based on k1net1c propertles with d1fferent substrates

and the utlllzatlon of varlous base’s and their analogueslby different

mutant strains. D1ssxm11ar1ty 1n,e1ectrophorot1c moblllty between ~the .-

dlfferent enzymes was also observed
'“‘Q
uﬂhe enzymes (HGPRT, HPRT and GPRT) requ1re PRPP for reaction and

t

are feed back 1nh1b1ted by the correspondlng nucleotldes of the sub- i

strates Such 1nh1b1tlon is competitive with PRPP Enzyme produc-

~tion is derepressed when' cells~are dependent on exogenous pprlnes

v .
N \

'Vg.Mutants in these enzymes‘bave been selected as re51stant to
G;n;rcaptopurlne, 8- azaguan1ne and 6 th1oguan1ne Shese mutants lack
or have part1a1 enzyme act1V1ty Mutants completely 1ack1ng enzyme |
activity were found either to have normel levels qf crossreact1ng
material (CRM) ‘or to be. 4ef1c1ent in CRM (Upchurch et aZ., 4975).
Revertants of HGPRT mutants are recovered on HAT Ob¢mxanth1ne-

amethopterln thym1d1ne) medlum (thtlefleld 1964)

. ‘.
© ‘T ¢ } .



. creased PRPP pool in HGPRT mutants is due to the lack of utilization

*. by the defeetiVe’enzyme.

fﬁsee Hochstadt 1954)

."f

i

Complete absence of enzyme ac:ivity (Lesch-Nyhan;'Scegmiller.ct

al., 1967) or partial loss of activity (gout; Kelley et al., 1967) is
: i C e v
associated with elevation in PRPP-synthetase [E.C.2.7.6.1] activity

and PRPP production; hence ‘the increase in del novo purine biosynthesis

and purine excretion (Becker et al., 19f§; Mnrtin and Maler, 1976).

-~
This led Martin and MalerA‘}976) to propose that the HGPRT gene has-

two funetionS' one is’ respon51b1e for HGPRT synthesis and the ogher

functlon is to regulate PRPP- Synthetase synthe51s She loss of“%the

74 . u_ .
latter functlon is suggested to be the cause.for the increased de“novo

< PR
0 \

purine biosynthesis and purine.excretion, résulting from elevation in

i

PRPP*synthesis. - This cont;édicts the earlier belief that. the in-

)

p=_J

\Llé
Arnold and Kelley (1971) dlstlnguxshed three varlants of purlfled

human HGPRT by 1soe1ectr1c focu51xg Howevef all three varlants were
shown to have essentlally the same subsqggte spec1f1c1ty and sen51t1v—
ity to feed- back 1nh1b1t1on by GMP, They suggested thainnon genetlc

N ' .
post transcrlptlonal modlflcatlon of one or both subunlts of the '

enzyme, is the cause for the observed electrophoret1c heterogeneltyf._p

Genetlc varlablll%y was ruled out since the gene for- HGPRT is sex-
(:,'
linked and the sanmple was taken from one male donor and a slngle muta-
#

t1ona1 event results in total absence of the ehzyme The total lack

of enzyme act1V1ty for some HGPRT mutants also suggests that polymer-

)
< » 5.- -,5.

'1zat10n of adent1cal monomers _could be respon51b1eﬂ£or ‘these elec---

iy ' '.('

_tropﬁbretlc var1ants or that these variants share a common subunlt

*4
R .

\

a

\
”,
N
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x

e
s

in bacterla

guanlne resxstant

4;-
a «’r

et ) b

,@ dxﬁ&not 1ncorporate hypoxaqth

" hand, Johnson et al. (1976)" rer

Complementation studies on HAT medium suggest that there are at

least three cistrons in the HGPRT gene in mouse (Sekiguchi et al.,
/

1975).

Hochstadt (1974) implicated HGPRT in the uptake of purine bases

'

.since uptake was proportlonal to enzyme act1v1ty. How-

(1973) reported that ani-
cQ

ever Beaudet et al. (1973) and  Morrow et al.

i
mal cells mutant in hypoxanthlne transport or HGPRT act1v1ty are aza-
HGPRT activ-

\ N

In: %he tase of the transport qmutants,

'-v"

4
ity waSrﬁot nesefiarlly absent, suggestlkg that HGPRT and the hypo-

,tanthlzakt?ansport system are d1fferent entities.

‘ 1€ ]
““"‘t“‘- 4 . .
Tﬁb\enzymé seems to be absenb»from Musca domestzca (M111er and

Colh&hs 1973) and Drosophtla (Becker, 1974 a and b). Both species

azaguanlne 6- mercaptopurfne ddd other analogues No enzyme activity.

On the other

'was detected in Drosophzla extracts (Becker op “eit.).
(48

orted the incorporation of d1etary

-

14C hypoxanthlne 1nto nuclelﬁ acids of Drosophila. -

s an /-
A . /

ii; Purine nuclrwsidé phos %orylaseq[E.C.2.4.2.l] P N

@

-This enzyme was 1dentrf1ed in many cell types (sse Murray et. aZ

Tﬁe bacter;al enzyme seems to~be located in

¥‘ii-§f;<tgs1; Hochstadt 1974)
. . ’ .
S » Its recognlzed funct1on in vivo

the cell membrane (Hochst dt 19&5&

: . b ‘

is. the cleayage of the glyc051dlc bond of all purrne nucleosides, .

deoxyrlbonucled§1des and therr 6 oxypur1ne analogues,A(Frledkln and

Kalckar 1961 Robertson agd Hoffee, 1973§ Jenyen and Nygaard, 1975;

53

1976). However, xanthosineJis,not'cleaved ink. coli

Lewls and Glantz

&
&
?



and S, typhimurium (Jensen and Nygaard, 1975). . The enzyme acts in the

following manner:

Pur-(d)R + P, +> Pur + (d)R-1-P

. Although the reactioo is reversible and favours nucledsfﬂ% syn—
thesis in vitro (see Murray et ai., 1970) few studies reported SUQ?gJ’“
.actiVity in vivo (see belrw). This could be due to the 11m1€ad§ -
ability of (d)R-1-P insidc the cell undfr normal cond'itions‘%&véyer

and Neuhard, 1971). . : o L

Studies in vitro shogedithat'the-enzyme oatalyzes phosphate de-
‘pendent“"coupled transfer"'(see 1. Thymine) in purine-ourine (debxy)
ribosyl transfer (Krenltsky, 1967) aéd Jo1ns thymldlne phosphorylase

in purine- pyr1m1d1ne deoxyribosyl transfer (®@allo, and Breltman 196%)

.Furthermore,anlmal enzymes catalyze a.slow, phosphate 1ndependeg5! . {

P

"direct trasgker“ reaction (see Murray et al., 1970).

. L . " '*, /
. a . .

.In vivo anabolism of hypoxanthlne by purine nucleos1de phosphory-
llase das reported by Raivio and Seegmlller (1973) study1ng fibroblasts .,
from patlents lackxng HGPRT. Becker (1974b) failed to detect any ana-
bolic act1v1ty of this enzyme towards ﬂ§%oxanth1ne in extracts of’ |
vDrosophtZah However Hodge and Glassman (1967a}~demdﬁstr$ted ‘the form-
atdon of in051pe by extracts of Drbsgphtla m3§§nts.def1c1ent in xan-

hioe.dehydrogenase.
’ \ ’, . ‘v_' » " LT

-Several'stddies have 'shown that the structural gehé forIPUrine




1976 and Figv 4). Although the synthesas of thlb enzyme could be in-
duced by purine nucleosides, it is also induced by cyt1d1ne as is the
case for the synthe51s of thymldlne phosphorylase, uridine phosphory-
lase, and cytidine deaminase (for references.see.Hammer-Jespersen and
Muncﬁ—Petersen, 1975' Hammer~Jespersen'and;Nygaard 1976) "Thus it
appears that the catabolism of all purlne and pyr1m1d1ne nucleosides

is negat1vely ‘controlled by a common regulatory gene, cytR.

Purine nucleoside phosphorylase mutants in humans are associated
S ~

with deficiencies in the immune system (for references see Ullman et

al., 1976): : ST e

i1, Tra‘ﬂs,N-de‘p:;yribosyZase [E.C.2.4.2.6] } o :“ I ~';'1‘:l“~- ST
. . . ) . ~’\-¢v;.~'";3‘.'\r.$“"A‘“ L #

PR
TR, e
"

“ 'N4

”

In some Lactobacv,llz, this enzyme, in the presence o!"li dedxyn— .
‘3 ‘ ' LY :

bonuc1e051de w1‘,11 convert hypoxanthme to deoxymosme (see Tf...fl'hy*-
» ‘;- &

mine) .

iv.  Xanthine dehydrogenase [E.C.1.2.1. 37) and

xanthine o:m.dase [E C.1.2.%. 2] , ;&.

. These two enzymes catalyze' the oxidation of manthine to xan-
thine. They also 0x'idize xanthine and other purine and non-purine
compounds and both are - inhibited by allopurmol Nev/ertheless the _

prs
dehydrogenases, as in mammals and Drosoph‘LZa, require NAD® as an

.electr%n acceptor for thg reaction, ‘wh‘ile thepo,_xidases of birds and ‘3 6
bacteria use Oé as. an electron acceptor Itlg a matter of dispute %
whether in vivo ox1dat1on is carned out by the dehydrogenases and o ' |
that the ox1dases are Just a form of the dehydrogenases appearmg |

o4
- only upon 1solat1on of the latter &or references and more detalls

N



see Henderéon and Paterson (1973).

The enzyme from Drosophiia has received a great:deel of attention
biochemically and:genetically (see review by MacIntyre and O'Brien,

1976) because of its role in eye pigmentation-énd its utility in studying

genetlc fine structure and -poss;bly, genetlc regulat1on in thls or-

ganism (see Chovnlck et aZ 1976) The enzyme is a dlmer coded for

<

by a structural gene. (rosy, ry) and 1nfluenced by at léast three othdr’

genes, namely cinnamon (cin), low xanthine dehydrogenase (lzd) and

o

\ : maroon-Zike (ma-1). Mutants lacking thlq enzyme die on diets supple-

mented w1th purlne (Glass . Qﬂ§? Barrett and Davidson (1975) ex-

. plalned the non- autonomy of the rosy gene with respect to eye colof
| on the basis that the enzyme is be1ng synthe51zed out51de the eye and y
then transported to the eye of the pupae via the haemolymph The in- '
hibition of hypoxanthlne ox1dat10n3by allopur1nol was conflrmed in

Drosophila by Johnson et al. (1976)
. :

It -is noﬂeworthy that Becker (1974b) was able to dctebt
enf?me activity in whode larvae or adult extracts but not from

cell cultures. These cell cultures excreted hypoxanthlne anqh
' - r.

xanthine. ) B o o '. o o
2. Inosine N _ S ' .
e Pur1ne*auxotroph51n bacteria (Zimmerman and Magasanlk 1964,
Hoffmeyer and Neuhard 1971) and Drosophzla (Naguib, 1976) weriﬁ
AR ' x .
5;_’;Tﬂ shotn to grow on 1nos1ne It was also shown that d1etary 14C ino-
Aoy
. -~ .
‘EEine is i ggprated into nuc1e1c acids of Drosophzla larvae
v, 1(J,phnson et a;?'.1916) e
’ ;‘ , ‘ f‘*’* I * A o
N IR v —
IR VoL R 2l
’ ' v . ) .



57

.-1nosine-can be phosphorylated to IMP by inosine k1nasc or
b ! .

cleaved to hypoxanthlne by purine nuqﬂeOSLde phosphorylasc

©

t. [nosine kinage [E.C. none|] : o ' . “

The evidence for the existence of this enzyme is 11m1ted

Pierre et aZ (1967) and Plerre and Le Page (1968) found that crude
. |

extracts from HGPRT def1c1ent Ehrllch ascites tumor cells are able
l

to convert ‘inosine to IMP.. Furthermore'Zimmerman .and Magasanik
(1964) and Hoffmeyer and Neuhard (1971) showed that bacterial pur1ne “
auxotrOphs also lacklng purine nucleoside phosphorylase or HPRT are

able to grow on 1nos1ne This route of utilization seems limited

since growth on inosine is suboptlmal
In DrOsophilo, Johnson et af. (1976) found'that'Sl% of 14C ino-

sine rad10act1vxty was 1ncorporated into nucleotldes while only 4%

]
x

- was catabOllzed wh1ch suggests but does not prove, the presence of

."1nos1ne.k1nase The ‘enzyme from E. coli phosphorylates both guano-
, e :
sine and inosine. ¥ A mUtaht*in,thi,"' yme: was isolatfd by Jochimsen

et al. (197s). UL '@’f ’ "3 .

¥

: i1, 4Euriﬁe'nuclegsideﬁphosphorylase [E.C.2.4.2.1]

v Lo

-Thisfenzyme cleaves inosine to hypoxanthine and R-1-P (see 1.

Hypozanthine for general tharacteristics of the enzyme). - ' .

Bacterlal mutants 1n this enzyme show very low survival on ino- = ia; L
sine but do not survive on hypoxanthlne suggestlng that this enzyme
is the maJor route for utlllzatlon of inosine in bacter1a (Hoffmeyer

"and Neuhard' 1971) ’Very low act1v1ty of thls enzyme towards 1nos1ne
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wds detected in Drosophila extracts (Becker, 1974b). 'Hodge and

Glassman (1967b) noted the conver51on of inosine and deoxyinosine to
hypoxanth1ne in extracts of dlfferent strains of Drosophzla. Mutants
affectlng xanthlne dehydrogenase act1v1ty (ry and ma-1) shpwed, re-

spectlvely, 78 and 86% increase in act1v1ty of the enzyme towards ino-

1

51ne but not towards deoxy1n051ne The base level of actlvivy towards

both nucleos1des‘was ;he_§ame'1n "Canton-S'" wild type.

{

441, Nucleoside ribohydpolase [E.C.3.2.2.3] .

G , X
: . . . . [

b

In'ba¢teria, this enzyme‘cieaves inosine, hydrolytically, to

hypoxanthine (see 4. Uridine).

3. Adenine - , .' .
- This base was shown to satiéfy'fhe pu?ﬁne requiréﬁents of aux-
#y't#ophs in bacteria (éag@erman ahd.Magasanlck lgﬁd Hoffmeyer and

Neuhard 1971 Joch1msen et al., 19759% yeast (see Heslot,, 1972

Plischke et al., '1976) Neuroepora (Pendyala and Wellman 1975) and

.

mammal1an cells (Patterson et al., 1974) It was shown to be inco;~-
porated into nucle1c‘gc1ds’of'DrosophzZa larvae fed on 14C-adenine ,

7‘{MacMaster-Kay and Taylor, 1959) and that of cultured cells (Becker,

1974a). f%imilar results were reported in Musca domestica (Miller
and Collins, 1973).

-

Adenine can-be anabol1zed to AMP by adenine phosphor1bosy1trans—
:8\ -

. ferase or deamlnated to hypoxanth1ne in Some bacterial and plant

~ cells, It can also be anabollzed to the (deoxy)nuc1e051des by purlne

‘nucleoside phosphorylase in most organlsms and to deoxyaden051ne by . . \

o

Wy



suggesting this to be the bnly'route for adénine utilization. - . :n;

trdns-N—deoxyribosylase in some Lactobactillt.
‘ .

I, .
1. Adenine phosphoribosytransferase [E.C.2.4.2.7]

/

o . _ /
Thel enzyme (APRT) is found in many organisms and seems to be.the

main route of utilizing exogenous adenine (Hochstadt, 1974). Raivio
, A L , . v # v .
and Seegmiller (1973) reported that, in fibroblasts, 75% of the total

radioactivity of available 14C—adenine was found in adenine nucleo-

tides even when the conversion of IMP to AMP‘is,blocked'by hadacidin®

Becker L1§74aﬁ“reported that Drosophila cultured cells-deficient in

APRT can no longer incorporate 14C—adenine into their nucleic acid, ST

The enzyme catalxzés the direct conversion Sf'adenihe to. AMP in . N
the folldking_mannéI:§
’ . . ++
", . Mg . ’
- : ’ . A+ PRPP '+ AMP + PPi

APRT }S.highly specific to adenine, hence the diffiéulty in using some

‘adenine analogues as substrates (Krenitsky et al., 1969; Gadd and

!

Henderson, 19?0). The enzyme has a gredt competitivaéadvantage‘for PRPP.
: o : : RS '3
This could explain the scarcity of free adenihe in 5322 tissues

(Henderson and Paterson,»1973). The enzyme is feedback inhibited by
| : i . .

_ATP and various nucleoside monophosphates (Gots,  1971). Studies

with bacfé&j% (see Hochstadt, 1974) and Drosophila (Becker, 1974a)-

. '!,,:zv )
implicate the enzyme in adeﬁiné transport. 'The uptake of adenine, in.
bacteria, was correlated with the activity of this membrane-bound en-

zyme (see Hochstadt, 1974). Becker (1974a) reported that no labelled

adenine was detected in wultured Drosophila cells deficient in APRT.

w
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- '»K.l">‘7>

Murray (1967) obee rved changes in APRT properties of decveloping mouse

embryos and suggested the existence of fetal and adult forms of the

enzyme,

Mutants in APRT were obta1ned in S, typhzmurzum by Kalle and Gots
(1963) and Adye and Gots (1966) and were shown to excrete hlgh amounts -
of adenine. In Drosophila, APRT mutants were }splated in cel; cul--
tures by Becker (1974a) ;s aiaadénine,aﬁd fludroédenine résistant.

.'Autosomally'jnherited hypoactive apd hyper;ctive variants have ‘been

reported in man (Kelley ‘et aZ.,‘1968; Henderson et al., 1969).

"

it. Trans-N-deoxyribosylase
) : o \
A

In Lactobacilli, in the presence of a deoxynucleoside, the enzyme

converts adenine to deoxyadenosine (see above I. Thymine) .

117, Purine nucleoside phoéshorylase [E.C.2.4.2.1]
: : - ' e

L . . b . ;
The in vitro anabolls? of adenine to adenosine has been demon-

strated using purine nucleoside phosphorylasg.froh“bacteria;(Robertson
\ :
and Hoffee, 1973) and mammals (Zimmerman et al., 1971), although the

mammalian enzyme has very low affinity for adenine. However,Becker

(1974b)~ failed to detect similar activity in extracts of Drosopé%%a;

Vi

The enzyme reacts in the following manner:.

A+ (d)R-1:P ++ A(d)R + P,

For general properties of the enzyﬁe see 1. Hypaxanthine (above).

.,5' ) - ) . | \S

In: vzvo act1v1ty was elegantly demonstrated by Hoffmeyer and

Neuhard (1971) usxng pur1ne auxotrophs in S. typhzmurium ~51nce this

.
» . -

w

T

’
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I ¢ .

baeterium naturally lacks adenine and AMP deaminases . (see Fig, §),
two .routes are available for purlne auxotrophs to synth051ze GMP and

IMP from adenine. The first is via anabolic functlon of purine nuc-
! \
leos1de phOsphorylase the other ‘i's through APRT..and the hlstldlne_

pathway vza the formation of am1n01m1dazole carboxamide ribotide (an

intermediate in - de novo blosynthesis) from ATP, The last route was
? Y
est;mated to contribute SO% of bTP in auxotrophs and is'inhibited by

excess histidine. Hence, 1n the presence of excess histidine the
auxotrophshauesubOpt1mal growth on low concentrat1ons of adenine.
The llmltatlon W3S overcome by 1ncreased ava11ab111ty of (d)R 1-pP
provided either nutr1t1onally (thymldlne or uridine) or by an add1-

t§%nal mutatlon 1n deoxyribomutase (see Fig. 3) suggestlng the

\

existence of anabolxsm of aden1ne to adenos1ne by purine nuc1e051de ,
phosphorylase. This was confirmed when lethallty was observed upon ’

introducing mutations of this enzyme under the same conditions.

Ty, [Trans—N-deoxyribosylaseA[E.C;2.4,2.6]

T ’ : ’ -~ ’/ . : )
I\ ) ] . . '
In Lactobaeilli, this enzyme will convert aden1ne to deoxyadeno-

.xlne provided that a deoxyr1bonuc1e051de is avallable for the reactlon

$ -~
to proceed (see 1. %gymtne)
. | ~_N, .

V. Adenine deaminase ME.C.3.5.4.2)

‘This enzyme Spec1f1ca11y deamlnates -adenine to hypoxanthlne in

it

the f0110w1ng manner (see Henderson and Paterson 1973)

R HOb H Ny



Successful'eupplcméﬁtotionvof 5. typhimﬁrium porino auxotrophs by
exogenous adenine in the presence of excess histioine (eee abové) WAF
taken by Zimmerman and Magasanik (1964) as evidehoe for the existence
of adenine deaminase in this bacterium. 'Howéver,‘as described‘prev—
iously, Hoffmeyer and Neuhard (1971) found that an additional mitation,
in purine nucleoside phosphor;lase, prevehted growth on adenine" Pur-
ine auxotrophs, with addltlonal deficiencies in adenosine deamlnase and
>SAMP synthetase, (see Fig. 5) were shown to have an absolute require—

B

ment for both adenine and hypoxanthine in the presence of histidine.
Thus they concluded the absence of adenine deaminase from S.'typhimurium;
The enzyme is also absent from mammalian cells (see Murray et al., ~0)

and E. coli (Koch and Vallee, 1959) but present in other- bacter1al spec-

ies (see Schramm and Lazorlk, 1975)n .

‘Ecker (1974b) reported the presence of adenine de¥minase in ex;'
tracts of Drosophzla. However Hodge and Glassman (1967a) did not ob-

serve such activity and. indicated that hypoxanthlne appears only after

uu

the formatlon of AMP IMP and inosine. . .
& 3 ) ) : L B
4. Adenosine - »fjh -
. o . - g LT &
x : .

' Adenoéiﬁe was—showﬁ to“satisfy purine fequirements in purine auxo--
trops of bacterla (Z1mmerman and Magasanlk 1964 Hoffmeyer and |
_Neuhard 1971) and Drosophtla (Falk and Nash, 1974a; Nagu1b 1976)

o It'Qas€also shown that 14 4. adenosxne fed to Drosophzla larvae is in-

corporated into the1r nuclelc ac1ds (Johnson et aZ., 1976)

gMaguii‘e et al. (1972) reported that, 1n animals adenos1ne is

elther phosphorylated to AMP by adenosxne kxnase or deamlnated to

.JA
]
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“inosine by adenosine deaminase. Less often adenosine can be cleaved
to adenine, by purihe nucleoside'pho§phprylase, to be reutilized by
APRT,

Green and Ishii (1972) proposed that deamination overwhelms the
kinase activity with jegard to eXogenous edenosine and vice versa for
internally produced a enosine, d
1. Adenosine deaminase [E.C.3.5.4.4)

The'enzyme;has been deécribed in different cell types." It acts e

in the following manner (see Hendefson and Paterson, !173), /

AR + Hy0 > H(d)R * NHS

In bacteria, the enzyme is induced by adenine, hypoxanthine and
, o * ‘ :
their nucleosides (Remy and Love, 1968; Jochimsen et al., -1976).

Deamination is quite rapid (MhnS‘and Koch‘ 1960) and is‘the'major
route of adenosine and’de0xyadenosine'dtilizapion (90%) in these or--

b 3

ganisms (Hoffmeyer and Neuhard, 1971). ~Zimmerman and Magasanik (1964)

.

‘found that growth of mutants, defectlve in the conver51on of IMP to
ﬁ

AMP (see Fig. 5), on adenos1ne ‘or deoxyaden051ne is extremely slow

‘These’ compounds are rapldly deamlnated to hypoxanthlne and deoxy1no—

sine, whlch such mutants cannot utlllze. Mutants in adenos1ne_deam1n-
ase can be selected 1n-such genetic background in'é typhimu}ium
(Hoffmeyer and Neuhard 1?71) and E, coZz (Jochlmsen et aZ., 1975),

s1nce _they grow more rapxdly on adenos1ne.‘

\

Aden051ne deam1nase act1v1ty was detected in Droeophzla by

‘ Wagner and M1tchell (1948), Hodge and Glassman (1967 a and b) and



\
e

11 Adenosine kinase [E,C.2.7.l.201 : B

- The animal enzyme also reacts with.deoxyadenosine and seVeral anal-

‘donors. The enzyme 1s not feedback 1nh1b1ted (Hochstadt 1974).

64

P

j<Beekee 6197éb). : _ _ | }.* . | . Y

Human erythrocyte adenosine deaminase\has been purified by

Schrader et al. (1976). The enzyme iigzzjetically polymorphic

(Hirschhorn et al., 1973). AgArwalvet (1975) reported that'q:;

“enzyme is 1nh1b1ted competltlvely by inosine.

Total absence of the enzyme was found to be dbeClated with

'severe comblned 1mmunodef1c1ency",'a serious inherited dlsorder

. (Giblettwet aZ 1972) . - However Creageh et al. (1973) located the o

genes controlllng the. 1mmunodef1c1enc” pnd the synthe51s of the deam-

‘inase on separate chromosomes Trotta\gi al. (1976) suggested’the res-

olution of the paradox tobe that 1mmunodef1c1ent 1nd1v1duals produce

an, aden051ne deamlnase 1nh1b1tor

-

1970). It phosphorylates adenosine in the following manner:
++ R '_ S

7 AR + ATP AMP +* ADP

ogues, but not with inosine or- thio1nosxne (see Murray et aZ.; op.

e

cit.), However substratespec;f1c1tyvar1es in different tissues

(Snyder~and Henderson :1973). ATP, GTP and ITP all act as phosphate Ky

f
w /

1




phorylase and adenosme deaminase are unable to >

L

and Collins, 1973).

’
n

since purme auxtrophs 1ack1ng,, in ‘-"

"n purine nUClGOSl‘. §0s-
* "‘\

-

(Hoffm?'er and, Neuhard, 1971),
: ‘ : v

correct ﬂdP/GMP ratio in ammals Its absence could cause an imbal-

‘ance in this ratm by the accumulatlon of GMP due to- the back flow of
~ ,

AMP t6 GMP. via IMP (see F1g S),» the rapld a‘deno!me cycle (Bahs

,

' 1968) (AR » HR + H - IMp -r*MP‘ -+ AMP +~ AR) and the 1nab11;ty of mam-

[

-
malla'n cells (1ac§1hg GMP reductase) to convert GMP go AMP, The ex-
cess GMP would be degraded, causmg excretion of exg_ess pur1ne derlv-'

atives. Increased de novo blosynthes1s would. compe'nsa}e for AMP de-

ficiency. These latter are- the symptoms of gout - /' ‘ ‘

et . e . B = B

i1, Nucleoside‘ phoepi!btmnsfémse [é.C.‘Z.?.l; 77)

°

Rad

.

This enzyme ut11121ng a low energy phosphate dohbr, coriverts aden-
-'Lg .
& o

‘P (see above 2. T?zymdme). N .x o - : o

L. . M 2 N
\, . 1'\': ..‘ ’& o .
-

~io. Pur'ne nucleoazde phosphorylase [5“ ,2’:1{‘]"“ N

¢ ! * ‘ o - "l{;‘“ o

. Ge eral charactensucs of the enleuwere d1scussed above (see

- 1. Hyppranthine) and only its functmn' w1th ad.enosme w111 be dis- . 4.

e eay



K]

l

ot

o ot : ‘ : v b .
. w . N X Je. _-‘(P' RO
\ " ) ¢ v . s :

1973) Act1v1ty of thls enz vmo wnth aden051ne uas not detcctcd in

l«.
B

Drosophzla cell extracts (Becker 1974b) and seems to be absent from

’
"

Musca domestzca (Mlller and. Collxns 1973) Ne&gftheless, the cata-‘.gz

.

bOllC 1mportance of this’ enzyme st demonstrated by Hoffmeyer and

Neuhard (1971) 1n e. t)phzmurtum which is naturally very low in aden-
o “‘.,y‘
051ne k1nase (see above) pur1ne auxotrophs 1ack1ng adenos1ne deamln-

4 . . A{

¥
‘ase and pur1ne nucleos1de phosphhrylase are unable to grow on adenb

7;—"
d . «

sine as a sole purlne .source.’ . ‘ - C o &ﬁ l

\] . ‘ .
- - . . . . .
~ Ve G . . . . B am

iﬁ“"Nncléos%de'rfbbhydnoldse (E.C.2.2.3) - & . e

RPN C.2.2, e o -
‘ N - ' v . . | gl - :

t

The énzyme cleaves aden051ne hydrolytlcally to aden1ne (see

54: Urzdzne)

'S.  Deoxyadenosine R

, { - B ) ‘ . " b . o ' ,
i ln mammals, deoXyadenos1nencan be aqabol1zed to dAMP by deoxy—

. = Q \ Bl
cyt1d1ne k1nase (Kren1tsky lt aZ., 1976) ar adennslne klnase (Snyder
e e N\ . *'J S
and Henderson 1973) depend1ng on tissue under 1nve5tlg“t10n Deoxy-
. } . p . W e
aden051ne c&n also be deamlnated tQXdeoxy1nosrne°by adf ine- deamin:

"(see 1._«1%ymzne) Nevertheless, no klnase act1V1ty towards

D JCR : & AN T, @

,ase org less l1kély, cleaved to'adenlne by pu;lne nucle051de«phogphony_n,"‘f

~

w

ﬁlase ' Snyder and Hen_

sues exh1b1t dlfferent prefe" ﬂtes or each of these routes ) (‘

i -

In bacterla deoxyadendginewwas Shown to satiffy the pur1ne

/
.requ1rements of mutants 1ack1ng adenos1ne deamlnase and adenylo-

succ;nate (SAMP) synthetase (Hoffmeyer and Neuhdrd 1971) and to V'QZ'

be an, excellent SOurce<for dR- l P needed for'thymgne utlllzatxon

.

g o . ’ . .
-t ' . - Y . N 2y . N RN
N ; , A e , , PR

_son (1973) Lhowed that the . var?bus fn1mal t1s-
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deoxyaden051ne was detected'ln E .eoli (Kar]st!’m 1970) or S; typhﬁ& K

murzum (Hoffmeyer aﬂ% Neuhard 1971). In Lactoba?zlb v’deoxyadenoslne“
T

1s phosphorylaued by deoxycytldlne kinase (Durhamrand Ives, 1971)

& L -
In insects the only work avallable on thls compound is by Berry
and, F1rshe1n (IQFW) and Freeman et al. (1972) on Cecropza. Injection

14C deoﬂ&aden051ne in pupae resulted 1n labe111n

of

g of both guanlne

l

Debxyadenoglne is rapldly deamxnated by

I
Q ogenates and no klnase act1v1ty was detectable '
,;;.,' hd i .
o )
: oxycytzdtne kznaéq [E.C. 2. 7 1. 74] B
U ' . ‘. . RET N ’ - v
The enzyme from calf qpymus and Lantobaczllztconverts deoxy&ﬂen-
.
ThlS enzyml fonVerts deo§yadJ;%s1ne to. dkMPﬂan.an1mal t1ssues
o g-“.* L .»"‘ : -
TS RPN »&Oh- R
S Y. >

LI f‘;ﬁ Al S ‘ ‘

i ]
» .
' TN - > e .
i “ L - . . : %) - o N -
_V_-iv; Adenoszne dea?;pase [E C. 3 5. 4 4] e L Lo
s e . o b : : FE
" The enzyme deamlnates deoxyadenos;ne to deox*pno&ine,(see h \
. . . Y : e TN e l%
_ ‘ I L : o v S
Adenoszne) S« S ‘ A e
o L o . < | Ve
N .' | i 0
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i 0 1 FE‘W*
;"'Q Thi{'rﬂmyme cleaves deoxyadenosme phosphorolytlcally to adehme &
| 'f"'.:f:“-" . .
R g3 : ‘ . : ST e
a}\d @ 1 P Xsee 4. wldenosme) Y T, f Ll
© . vt Tra sl‘N-"da;;x:yribosyZase [E.C.2.4.2.6] g I .3
S Y
R In Lactoﬁamll'l, deoxyddenosine, in the presence of a nucleI,
h 7 acide b.ase,is conVerted by thlS ehzyme to adenme (see’ 1 %hymnl _
. ‘I K @ : . ‘ ; o k3 ! A
' R ) - |
v Guanine -, - . " e : [
‘.;'1'- f ’ ‘_’ " “ y‘ fu ~J\l.=\' l 2
< Guanme \'h‘s shown to.s 11%£y, ‘the, purme requn:ement of auxb rophs k
. Cw ‘& Ve '.i-r\‘.b R N oY
< | bacterla {’Hoffmeyer and NgiRa ¥ N$~ Johqson et al. (19 6;
‘ : showed §ome,g? mcorporatlom ugh§ne 1ntr< nuc1e1c ac1d o Dros- -
me zg larvae ﬁn the dther haﬁd ﬁo ugmﬁsgn'néorp’ga‘tmn . :
. . 3. N
: ‘ N L
°’ guahlne was detected 1,n n%len&auds of Drosaghzla ceL«},s “an cu Ityre
‘{ -,r . K
. . Al; ,(‘Beck’@r 1974 ‘a and b), ,t_he butterfly W %rasswae &Lafon“t ndj‘ -., j :
< Pcnnet«;ker,‘ 191§) o’rMuscc; domestzca (M111er pre) Cpllms 1973). PR |
h st}' )1.,"’ ‘ ;“ g é : A SN : - r’ - ) S t‘ - “ m"” ‘.(.’c/ “ : .v‘\;".
o L0 In general guanme cancbe converted d1rect1y ;;9 GMP by HGP@ CA LT "8
‘ Wy CoeE
. _ anmal ‘cells or by a- speC1f1c GPRT 1&bacterla (Jochlmsen et aZ., . . .
N o "1 ) . . ", .s:,!,r‘ -‘. Lo -
e 19759 It can also Be a.naboh 0 2 anosm.g or deoxyguanosme by P
St 4 é‘ s | LA L ‘ . - . : .

©

v | !‘ﬂun ucleosxde phosphorylase when (d)R 1 P is ava11ab1é ,Ip

, Ly
Lactobactlh gUam.ne can be converted to deoxyguanosme by the! enz

e . o R ] oY s ,
N i il
trans-N-deoxynbosyla’se.v Guanme 1s also deamnated to xantfime by Yo
) i A , . . : X .> . . ) . ' Iy v - <
guanine deaminase. %, . & . . " L .
r . ' ’ S : . S Lo T
) ‘ r'\ - , <‘ ) - v j
IS . .. » . .: ‘ ‘! \ \.»)
: ' L o T ’ .
g o , N . .
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gy&nzne phosphorzbosyZtransféraee [E.C.2. a. 2.8]
S \ L -
AN :
Guanme| can. be anabolized d1rect1y to GMP by HGPRTg': an1ma1

|!

cells or by a !pec1f1c GPRT in bacteria. The genera? propertles of"

both enzymes are s;mliar (sé‘é 1. Hypoxan}hzne) W1th the exception
G \ P2

of substrate specificty, GPRT co erts: the majo\pty of guanine (90%)

‘ .

. to UMP and only 25- 35% oﬁdwp

Y

guan me and xanthine to their 'esp t1ve r1bot1des (Murray et al.,

' _ 1970) The enzyme seems to be absdnt from Drosophzla cells in cu17

'D

turea (Becker, 1974 a and b) Muaca domestzca (Miller and COllth

1973) and the butterfly Pzems braastcae (Lafont and Pennet1er 197s).

Furthermoxe the d1pterans are naturally re51stant .to 8-azaguan1ne
' "o ) "‘0 B
6- mercaptopurme and other guamne analogues Becker (1974 a and b)

'conflrmed the absence of the enzyme 1n Dmsop%la cell extractsi;
‘ >

\'$< . 2 .
S : ". '

. . V_,v ) . : ) AAREY
S LR

zi.g Purine _nubleesszlde p&%php(yla‘séﬁﬁ{cfdziﬂ.g.1] ’ ' y & o

. ! -t -t
3 w C .- -

oThe 7n vitro. a\nabohc xxple of the enzyme was*ﬁlentmneg above
(seeol Hypoxantht Raivm and’ Seegmller (1973) reported thﬁt '

f,after feedln’é C gvianme to%xboth normal and HGPRT def1c1ent flbl‘O-

. R g ; .

“plasts 21 25% of total rad1oact1v1ty wty loéated in guanosme 1mp11- :
B .

@atmg this enzyme 1h the synthe51s 8f guanosme. s o ’!

l
A

ql tected in exfracts- of Dz-osophzla (Becker 1974b) 'I’hrs functmn seems

to be sent in M, eftzca (M111er and Colhns, 1973) and P bras-

-~ L

.0 P awae&afont and Pennetmr 1975), since guanésme but not guanlne is

‘N

o T Lo

h mcoxporated J)nto the1r nuclelc acids.. LT

' 'A) v ."‘ ’ ‘ . '%"':%{Qi‘» e

69

e__. "HGPRT, c‘dn\ierg’rhyp&anfbine, P =
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iii.  Gugnine deaminase [E.C.3.5.4.3) o .

.-_--‘. ‘:5 . . : . i
y

This enzyme deaminates‘guanine to xanthine; 8-azaguanine is also
a substfete It haﬁ been identifiéd in Drosophzla (Seecof 1961
Morita, 1964 Hodge and Glassman 1967 a and b; Becker, 1974b) and in

mammalian t1ssues,(see Henderson and Paterson, 1973). Josan and

Krishmen (1968) foundVthe'enzyme_actiyity in,rat tissue.is,actively
. regula&ed'by GTP, as‘a stimulant, and a protein inhibitor. The activ-

City! of both the: enzyme and its 1nh1b1tor were shown-to change with ) e

’)
qge after birth of rats (Kubar 1969); The general presence of guan-

.
.» . .y N

‘ﬂqi’ne dea inase 1n animal tissues and its effect1ve compet1t10n w1uh
. e
HGPRT for guanlne may account for the 1neffect1veness of thlS base a} x

a nuc1e1c ac1d precursor Ra;v1o and Seegm111er (1973) showed that»

* 10 26% of totaf rad10act1v1ty prov1ded by 14C guanlne was located 1n
xanthxne in normal fnbroblaiamcells, and tw1ce as much 1n HGPRT defpc- 2

dlent cells Johnsonigdialn t1976) found that 49% of- dletary léCT - ,‘,-u,f

guanmemwas deam1£ﬁed“’inﬁbso‘ﬁ;tla iarvae wlule“ only 11%v~ente B

¢ .‘ ' : “v
. the nucle3§1de pool Hodge and étaﬁsmqg-(1967a) repor%ed that 1A_ i
e extracts of the "Canton- s stra1n “of Drosophzla‘are unable to clez=1m1n~L if A
e Co TG
ate guanlne unless tyrosinase act1v1ty is 1ﬁhib5ted by sod1um die— P T
fhyldlthlocarbamate (Hodge ang:FIassman, 1967b) A numbg; of other ' )
« s ’ . .
4stra1ns:58rry1ng the mutants whtte echznus (w, ec) browg. (bw) and ; ' ..
'.m" . 'y —— \‘. ’ .
N “ma-1 were . shown to-have, reduced amouﬁts ofdguan051ne deamrnase, com— .
P » . ‘
pared w1;h "Pac1f1c" wild- type (Hagge and Glassman 1967b)
i - : ., : L
- ’ = - N : ._-iﬁiﬁﬁf
e : A ; - ;
i L .
* a2 f“f"‘.,q:‘!!-;{}‘-\. A':.q‘. $ragw \,!_% RS m“' "
{ -. - ‘ ' ‘.“ e , i ’ '. . i - "' MY . .'\ o . . .- [
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el ‘ ' . R} N
‘ .10, . Trans-N-deoxyribosylase [E.C.2.4,2.6] . B B
In the prcsence of a deoxyr1bonuc1e051de this enzyme from Lacto- ' g
u“h'g ’ baczllz can convert guanine to deoxyguanOSLne (see 1. ‘Thymine) .
‘3}2, Guanosine o o ;
B - Guanosine can bﬁianabolzzed to GMP: ‘by ‘guanosine k1nase or nucle-
L TR - .
ot 4 ® .
& oside phosphotransferase but the main route of utlllzatlon fggagually r‘.fﬁf
considered to xnvolve cleavage of theaglyc051d1c bond by purine nuc-, dv et
L - ' 4
leoside phosphorylase in most cells or by hydrolagggain some bacterla S N
- to yield guanlne .'} - ".#. L eh ‘ - L o e et
T ‘ ‘-' - P 2y . L ‘. ' . - v 5 N :'f. T ;@ S
3 . , G L«‘K.\v : R {({?w Co N ‘e
-~ t. Guanosine kinase {E.C. nonae?u?”. o e e
> S ,‘% ' o ’9 bl ] n::ﬁ X ‘n:;'~~ ... . _.«’t_- Tt .
, . . - - K v - - - . Ve R P B i
Bk %? Plerrc and Le Page (L§68) and Pleﬁre et aZ (1967) showed that - '-;ﬁﬁﬁa
e ' L T
guan051ne is: conuertedmio GMP. in crude extracts of asc1tes tumor : ‘j e
& ‘:Z;mmenman and Magasan1k (1964) and Hoffmeyer -

& purme‘ auxotrophy \rrlth deflcm ‘

P
.,’s '

1ency in GPRT .or purine nuc1e051de ﬂ%osphorylase resulted in strains .

ad . A
o T

. ‘able to grow on guan051ne Such results were taken as ev1dence fo?

DR,

the presencc of guanoS1ne k1nase. Mutants in guan051ne k1nase were.

]1solated and stud1ed in 8. typhtmurzum (Hoffmeyer and Neuhard 1971) g@é{
| R ST
fand E. colz (Jochlmsen et aZ., 1975) The selectlon and phenotyp1c

o

i

|

1

recogn1t10n of t“ﬂ@f mutang§ were done in a background of pur1pe j ‘ .«.
'nuc1e051de phosphorylase def1c1ency to block thxsemaln route of

guanosine ut111zat10n (see above) The mutants 1n E. coZz are able

e

to phosphorylate both guanosine and ° 1nos1ne. Jocb;msen et aZ (1975)

v . |==

,glso showed that. the synthesas of the enzyme is not 1nf1uehced by

w{‘

-
-q-

« 4 . .’ \ ; ., .. . . . "-I‘

Do e VL -, e [ y T R ’ . o
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[y

are starved. for pur,\mcs, a three fold elevation ln guanosme kinase

0y

,‘\

‘ tracts of %rooophzlq and hlS cell lme was naturally resistant to _ '

-~ : . g
.

R TO R SRR I AOAp g e A i ;\\-.~mt~,a&y,«.ﬂv~'\4'i Rhit
B

“addition 'of nilcl’eosfides to the medium; however, 1f purme auxotrophs

activity is observed, - . o '
. . . ) -:"_.'a -;J\J . ) ' ' . )

] P
. . . . . -y

Becker (l‘97A4'b)' did‘ not detect g'uanovsine kinase activity invex—~

v, )"

thlo‘guanosme On the, .other hany, the reSults of Miller and Collms
(‘1973) "bn'M". domestfca and i“}%‘:"t end Pennet1er (1975) on P. brass-
'Lcae 1nd1cate the Bteir;e of' gua‘r;oi’me kiftase. Both 1nsects incor-
porated guanoSme blit- not guanme 1nt;) thelr..ngclelc ac1ds Furtlmer-

g'

.gmore J,phnsqn%et al (1976) found that ”dlet‘ary guénosype is more effec-

. o )
ti’ve thdn guamne 1ﬁ labelling nuc1e1c ac1ds of Drogophzla lar\rae Lo d
»" . N . s . -‘3_’ P -y R . . . . JERS

N q»,,*_:'» - S T TOR A
,‘M\%L Nucleaszde ph‘oaphotransferase JE .C. 2 ,.l 77] 'l o .
y .o 1,“\ !,7 & ) ’ e “ -
.,\-' [ Pea) ‘“ rﬁ, “ 9 . \J _f;_ . :- B . o .
Ln 1fferen—'t*ce:ll types“‘;h1s %enzyme ~can phosﬁhex;ylate guanosm@
) ; - - ,,”- :, @ N a 3 ~,
“to GMP (Eee 2.7 Thymdtﬂeg; T & DSl e
. : . e . I ‘ﬂ J 4.‘: ..“‘ . . ,"_;;»-' ’ - " . . . . ;
- . “'O f-‘f_,. ; , Y - - ! : L . . _ ‘

Pumne nucleonde phqypharylase [E. C 2 4, 2 1]

,}.,wrw ' ) : . - : 2
thelr respectwe bases (see above 1. ﬁypo:canthme) Purine auxotrophs

of: E.), coZz lackmg th1s-eane grow poorly on guanosme (Jochmsen et
~Z‘nuportance for nucleos1de uf1112at1on by .

aZ., 1975) suggehlng it

bacteria. . Extrac\ts of Drosophzla were found to cleave’ guam)sme ,_v

poorly (Becker 19_74b) L R :

REEToy T ‘Mf oMY "‘"Q'J" s



TR R T A GRS S TR TR €0 S

[
iv.

',-v,'_ S \C";; ,
7 WO &

ks ey
MR
Wt

guanlne (see.4 Urmdzne)

"

8. Deoxyguanosine

Deoxyguanos1ne was shown to sa

et
v

trophs in £, 'OZL (Karlstrom

el

)

1968) .

Nucleoside ribohydrolase.JE.C.${2.£?3]'
. AN .

LN N
[ £
".L '
K

,&"t'

W -
e 7 In bacteria, this_ enzyme cleaves guan051ne hydrolytlcqeﬁ& ‘to

A

R

. ;- , _
q‘ggy purlne requirements of auxo-

However,

i <
thls compound does not

sa$1sfy the guanine requ1rements of pur1neapxotrophshav1ng an addl-

tlonal mutatlon in purlne nuc}e051de phosphorylase

v“

typhtmurzum (Hoffmeyer and Neuhard 1971).

(Karlstrom, 1970)nund S

1”“ o “*

-~

in E, coZzl

This result suggests the absence of deoxyguanos1ne klnase act1V1ty

£

~and that the major route of ut111zat10n is- vza purlne nuc1e051de .

T,

_phosphorylase in these bacterla.

‘ deoxyguanosine st1mulates thymlne 1ncf naéhbn
!, :

QDufham

rfthe‘obserﬁation

into. £, ,colz D

.

éﬁ’id1ng dR-1- P (Kammen 1967) However

The conclu51on is compatlble w1th

é-

and Ives (1971) found.&he deoxycyt1d1ne kinase from LacotachLZZz is.

IS

with the enzyme. from calf thymus (Krenltsky ‘et al., 1§76)

3 capable- of phosphorylatxng deoxy-guanosme o dGMP as 15 the .case

Lactobac-

’ 1ll7 are also ca gb e of cleav1ng deoxygu osine to guanlne, in the
P w

'.

presence of g nuc1e1c ac1d base by trane-N deoxyr1bosy1ase.

‘.

--ln.qgcropta, no- lab?

el

it

’ﬁwas detected in DNA when

4& deoxyguano-

‘sine was injected 1nto pupaep(Freéﬁaﬁ’et aZ., 1972), nor- was k1nas€’

F1rshe1n 1967).
O - oxycyt1d1ne kinase act1v1ty. However, Berry and F1rshe1n (}967) Te- ~e
L A y
> . ported that Cecropnn homogenates deam1nated deoxyguanps1ne to »

ﬁ, detected in homogenates of Cecropta tissue. (Berry

F, J 2.

7/

and

It should be recalled that Cecropza also lacks )e\,

'\, ve -

at

73

&
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'!,10. Xanthoiﬁne

deoxyxanthosine. _ , T
1. Deoxycytidine kinase [E.C.2.7.1.74]

The enzyme converts deoxyguanosine to dGMP in Lactobacilli and

calf thymus (see 8. Deoxycytidine).

, » [ a , ‘ .
1i.. Purine nucleoside'phosphorylaee‘[E.C.2.4.2.1]
. & . . .
This enzyme cleeves deoXyéhggtsiﬁe phosphorolytically to guanine
and dR-1-P. It is the main route for utilization of deoxyguan051ne in
¥ B

S, typhzmu.mum and E. colt smce no kmase act1v1ty is presenéﬁ}?or‘

general characterlstlcs of the enzyme see 1 Hypoxanthzn@

iii. Trans-N-deoxyribosylase [E.C.2.4.3.6]) -

. ) ,.‘ % .
The enzyme cleaves/Aeoxyguanos1ne to guan1ne in. the presence of

‘a mucleic acid basea(see 1. Thymzne). . ,' @.
. o ".;7 ‘ﬂ g e \
9. . Xanthine B : h Lok - o

This base -can probably be converfed.directiy to XMP by HGPRT in B

' animals and GPRT in bacteria. It,caﬁ also be anabolized to‘fantho-

sine by animal pur1ne nucleos;de phosphorylase (see 1. Hﬁboxaﬁthiﬁe-

\

for both react1ons)

(3

No: k1nase activity with xanthos1ne*has been reported Thus, if
{ .
xanthos1ne.1s ut1lized 1t 1s nn1t1a11y éleaved -te xanth1ne by pur1ne4.
LY
nuc1e051de phOSphorylase (see 1, Hypoxanthzne) '

.

<
.
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"IV. BASE AND NULLLOSIDE ANALOGUES

’ . . . .
. / o epe \.',/.\ S W e TN JO BT S MERINY WA e v, e SRl s T R T e
B N AP LR X ? e

i
. . .a*l“

A. CenéfﬂL , e

The usefulness of toxic"anologues as tools in studying genetics
. 7

_and b1ochemlstry has its orlgln with the 1solat10n of resistant mut-

ants as has been,d1scussed above.‘ Slnce analogues are often metabol-
Q
ized by the same enzymfes and in the same manner as the natural com-

pounds, the 1e510ns resultlng in analogue res1stance are commonly

L -
TN N A S e g

75

quLte SpeleIC. 'These'mutants$aI§o'prove>to be valuoble tools in &%

studylng somatlc cell genet1cs and regulatlon in m1craorgan15ms as

well as the genetlcs of re51stance per se. ey also helped 1n form-

!

ulatlng dlfferent analogue comb1nat1ons for cancer chema!herapy, par-

tlcularry wlth the aim of m1n1mlz1ng the probab111ty of . gegerat1ng

ot

: reslstance in. neoplaj&f cells .
o . - : P : - s “w : o .
Resistance mutan also claridy blochomical relat;gg;hlps
and gene functions thatsfhre not recognizaﬁle‘by,other_meanq,unless
4 . - L I AEad B .t . ] .

genetlcally controlled mod1f1cat1ons are ava1lab1e for example the o

eV1denco for the anabollc funct1on of thym1d1ne phosphorylase was not :

reallzed until thy mu;ants were 1solated as . reS1stant to ant1 foﬁate e

drugs Another example is the sevexal stud1§: ut111zlng FU—resistant
N ) v oL ’ » ¢ e

Amutants, as 1n1t1;ted by Lacroute (1968), ‘to 1nvest1gate the regula-

’ IR
txon of the mult1funct1onal complex harbouf1ng the f1rst two enzyqe\
. . ' : -
in pyrlmrdlne de novo b1osynthe51s 1n various organ1sms (see for

'fexample Den1s Duph11 and Kaplan 1976 .@ukoff and Radford 1976)
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H%‘ . L Td . B :
. :
»
4 . ’ s
- . T .
._}y};kctivation of analogues *
0 - o o "

‘ . ' : L S ' .
The toxicity of base and nucleoside dnalogues is not,aIWays.duez

to compounds per-sa. - in most cases they have to be converted -to nuc-
} N ! . . ) . . ' .
leotides for the expression of toxicity. As-nucleotides they either

inhibit enzymes of nucIeotide metaboliSmfor'-as7nuc1eoside tfibhos-'

phateg become 1ncorporated into nuc1e1c ac1ds cau51ng lethallty via

dlsrupt1on of nucleic ac1d fﬁnctlon

.

- Ko L . :
. Lt . v : A - ) ) . ) . “ - \"_5{’
2. Mechanisms of resistance - : - "

vl 4
Y 2

’ ; lhe llterature on mechanlsms of"analo ue" re51stance is VOIUHIanUS
5

and has been rev1ewed recently by Brockman L974). Only centrail

points will be mentloned here. ST i e
. o R w vtﬂ' |
Ny : : ] . h}&f’r\

vRes1suance to anato e 1s acqu1re-e¢‘

etlcally or both The genetlc for of :es?a
’ : l "4 m\ \““ *.7

by its stab111ty through many generatlons and car .ar1se 1n several *‘

v

ways e - L R : . Cww

o +, S i o S
_ : Smce the toxic form ‘of the base or, nucleondﬁlogue is al- v
- B -t E .y‘

T 7

4
. most always the nucleotlde fbrm a mutatlonﬁin the enzyme respon51ble

&
"‘11

Ybr convert1ng the an "ggue to its- nucleotlde could give rise to re-

N .

s1stance~ Th1s coula occur either by decreased act1vaty of thls en-

g -

.
zype, alteratlon in 1ts subszrate spec1f1c1ty (so that 1t~can react

b

-

~

w1th the natural substrate but not the analogue) or totaI absence of

the enzyme Res1stance can also arise. by lagk of actlve 1ncorpora-. ,

“ tion of the analogue nucleot1de 1n£o the nuclelc ac1d of the cell

'Such a mechanism could occur e1ther by produc1ng an excess of the

. . . .
e R . o .
N . : . : . . . o

LA
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: withln the cell Increased act1v1ty of enzymes degrad1ng the analogue

“B. S—FluoroPZ‘fdeogyuridine' o TR

, Vol
whxch are d1rect1y related ‘to th1s work wxll be ment1oﬂ§d here}”' *\‘»

: 1ts der1vat ves and éauses them to blnd more strongly to enzym‘s ﬂhan

- with guan1nel Furthermore the small sxze of fluor1ne atom causes»thd ;“y*,

<

.

naturahgsubstrate to compete with the analogue.for the enzymg convert-

1ng both to thc nucleotldc lcvel, or by thc fd1lurc ta metabollze the |

analogue nucleotlde to the trrphosphate level , This type of resist-

.ance could be caused by any'type of enzyme mutation mentioned above.

; Mutations in the transportesystem‘would~cause*the inability'of thef

analogue to ga1n entrance to the cell or to the 51te of 1ts actlvatlon

Y

.

or its derxvatlves to non- tox1c forms would also g1ye Tise ‘to re51st-d

L4 . .
.“ . . L3

ance,
A DO PR

N

B . T <.
- e » :
. . , . . . e
: ‘ThlS deoxyurldlne analogue has bee J‘widely Yxsed in cancer chemo-. Y
e _; o

therapy and select1on of dlfferfnt res1stapt mutants Ln varlous ceLl o ']'

types Stud1es on the b1olog1c£l' cﬁﬂhacal and pharmacologlcal

“ > w / o
- : s 5.

9effscts of FUdR are qulte numerous and haVe been dealt w1th in sev-"| . -, ‘#
- \ e R

eral rev1ews most recentfy by He1delberger (1975) Hehce oniy areas l_h

. [
. .

Q- e ‘
. "f«y P

FUdR has the same structure asudeoxyurlgane except for ‘the pres*

ence of a fluor1ne atom at the 5 posxtion 1nstead of the hatural\ \2

hydrogen atom. Thevfluor1ne %tom anreases*the ac1d1ty of FUdR aﬁd , }i\a -
‘. wtﬁ*wéfb';)\(:

- do the normal substrates gnd to react as cytos1ne 1n base~pa1r1ng

,.o, (

r ) S e

Thus FUTP‘becoi?' 1ncorpora;ed 1nto RNAiput not DNA ang\FdUMvalnds :*1 e
to thymldylate synthetase in co etltion with 1ts normal substrate %h*h

1«:’ v . . _': . \‘ | 1w ° .’y} . ‘ ) ./ _. A ; .:‘._ : ./’;- Aol L ]
o '.-ﬂ'_’;" e . Ty ‘~_‘.:, o PR o : -' P N - N ,.’



SR T folflowed by a decrease in. the synthe51s of RNA and protein synthe- RN

dUMP (Heidelberger, 1975).

- #1. Activation of FUdR" B | :

< . o s ' . "
Y RS " . . 1)

e e

SN s G .

FUdR has to be ‘converted to the nucleotide.level to exert' its
L T e . :
principal to‘xic effect ' The conversmn of FUdR into nucleotides is _
» . 7

carrxed dut by the same enzymes catalyzmg the conversion of deoxy- P
durldme, as shown -in F1g 6 For_»detmlsregardmg the characte‘ns—

) . .
tics ofwthese- enzymes, see above (S5... Deoxyuridine) and Henderson

_and Paterson (_1973)_...:',» R

ﬂ’*"‘,_;' 'ij?ﬁkicity‘éf;mdk'»nv ., .jq S U

n.;p o

"‘-.v.' : i . ". K \ 0.0 ,

At low cor?dent?an‘xs (,10 -10 M), the tomnty of FUdR is ?‘~ L

' ma;nlyL exerted by xts nucleotlde FdUMP (Salsznd Se rmg, 1962) | ,\ *
o FdUW spec1f1cally 1nhib1ts the enzyme thymdyl*ate synthe.r.ase thus

- & .
‘prewentmg the conversmn of duMp to- dTMP In’ the absence oﬁ, exogen-

; P - -
- usly supplled thymdme thls_@bltmmprev nts further DNA syn- :

s

in Laatobacz’l Zz \FdUMP 1s covalently bdnded w1th the anzyme (Santl and

>

'Mcnen%y, 1972, Sm,m et az., (1974 Danenberg and He;dexbexger, 1976)

-2
: Kmenc stud1es by Paul and Haglwara (1962) showed tﬁ‘at 1nh1b1t10n

\ . .
\ T E 8" " -~

" {of DNA s>;nthesxs by Iow concentranens of FUdR, in mammahan ceug,

s

sis'.' Thymdme but. not undme overt:omes such th.bltJ.on and syn- .

3

. thesis ‘was recoyerﬁd in the same sequentral order (Paul and Hagmara

\\ ’ o .o L .” ’
,1962 Saliman a.nq Sebrmg, 1962) The eff1c1ency of FUdR as an.ocoo L 7
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inhibitor of 'thymidylate synthetase i reduced, howeyef, by~i. cleav-

age to FU by thymidine phosphorylase. This ijeavage can be aborted by
providing a dR-1-P donor (Yagil and Rosner,- 1971).

. ‘ . A ,
+ At higher‘concentrations FUdR produces other toxic effects ap-

vparently unrelated to. 1nh1b1t1on of DNA synthe51s, 1nc1ud1ng a decrease

‘\I /

_ 1n the pseudourldlne content in t RNA effects on transport and matur- "

-

ai on of mammalhan r1bosoma1 RNA, smaller and less stable r1bosomes in

‘ -

bacter1a; frag1l1ty of bacter1a1 cell walls and %arlous effects on pro-’

K .

teEn synthes1s in dxfferent organlsms (for rcfernntes see Heldelberger
5). Such effects are ma1nly due ‘to the effects of FUdR derivatives |

19

on RNA metabolism, hence, may be averted by.Uracil or uridine but not

withjthymine or thymidine (Bros?man and Anderson, 1963).

In Drosophila Bos et al. (1969) showed that dietary FUdR

(S x 10~ M) was toxic and that lower concentratlons induced morpholog-

ical abberrations in the fly. These effects were - prevented by the'

addition of thymidine. R12k1, Rizki and Douth1t (1972) showed that

e )

d1etary H FU is 1ncorporated mainly 1nto cytoplasmrc RNA In many
3
Systems, 1nclud1ng Droéophtla (Rizki, Douthlt\and Rizki, 1972) FU en-

hances the 1n%9fporat10n of BUdR 1nto DNA as a result of thymldylate
.

synthetase inhibition. Carpenter (1974) demonstrated the in vttro' . C e

inhibition of the Drogophila enzyme by FUdR.

In other 1nsects K11gore and Pa1nter (1962) showed that 14C-FU‘

1n the maternal (d1et is 1ncorporated into the -eggs of M, domestzca o

and that v1ab111ty of the eggs is very low. Hagele (1971) also fbund

 that h1gH’éOncentrat1ons of d1etary FUdR (10 M) caused COﬂStrlCth '

|

\
\
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and partlal breakage in Chtronamus polytene chromosomes espec1ally 1n

areas of late repllcataon

3. FUdR resistant mutants'

types, - The most frequent resistance mutants obtained . are those in-
volved in the ‘activation of. FUdR part1culan4y in thym1d1ne k1nase. Q_
Other re51stant mutants have been 1solated, in d1fferent genetlc back—‘
grounds, in enzymes‘respon51ble for the synthe51s of the’ 5 fluorlnated
'ur1d1ne der1vat1ves*'that is in urac1l phosphor1bo$yltransferase, thyﬁD
m1d1ne phdsphorylase uridine k1nase andluudlnephosphorylase (see

above 4. The pyrzmzdznes) Somewhat d1fferent mechanlsms account for

other mutants reported Thymldylate synthetase mutants w1th altered

4substrate spec1f1c1ty (He1delberger et aZ., 1960) or w1th elevated

enzyme synthe51s (Baskln and Rosenberg, 1975) were rep rted 1n Ehrllch

"asc1tes cells and mouse neuroblastoma respectlvely Mutants in the

~
transport of the analogue were also reported in yeast (Jund and

1Lacroute 1970) ﬁacterla (Bean and Tomasz, 1973&) and in AepergzZZua

: .(Palmer et aZ., 1975). Regulatory mutants in de novo pyr1m1d1ne bio-

7

synthesis were also 1solated as FU-re51stant in d1fferent organlsms

|
(see for example Lacroute 1968 Denis- Duph1l and Kaplan 1976 Markoff
.and Radford 1976) thy” mutants wh1ch lack thym1dylate synthetase

can be 1solated as res1stant to anti- folate drugs It is to be pre- - |

' s\\ed\that they would also .be re51stant to FUdR

e.\\
~. .
L.

. : ‘ | 7



V.. DBJECTIVES

. “ S e

N

The aim of the present work 1n'part is to examlne the growth
responses and tox1c1ty levels for Qrosophtla larvae fed on all com-

'monly occurring pyr1m1d1ne and purine bases nucleo51des and deoxy-

[ T
e ) I

nucleos1des - The reason as stated above, 1s the lack of a syste-

matic study in the 11terature for the response of Droaophtia and dn--

sects as a whole to these compounds. ," P ;
. , @' . _ -
A second, more 1mportant aspect of the work 1s concerned w1th

w

'study1ng the’ phy51olog1cal effects of the deoxyur1d1ne analogue 5-
fluoro 2- -deoxyur1d1ne (FUdR) on pyr1m1d1ne metabollsm in Drosophtla

'The aim is to set up the parameters on wh1ch a FUdR-re51st¥nt mutant

' selectlon scheme could be based \

’
. .'\

The: third port1on of this the51s descr1bes attempts whlch\have :
, .
not yet been entirely sat1sfy;ng, to 1solate and character1ze FUdR

i

resistant mutants -
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MATERIALS AND METHODS . . . =,
", 1. MATERIALS -
" A, Stocks | _ . 1.' - W
' ' o " \ : ' .
7"i Thé dlfferent stocks—;;ed 1ﬁugﬁ;s study are shown 1n Table 3.
. .
B. Chemicals
) Chemicals used in this study ‘and their suﬁplié;s are listéaibelqw:

o3

Sigma'Chéﬁiééls Co' Adenlne Adenos1ne, d- B1ot1n Calc1um

'

: panfothenate Cyt1d1ne Cytos1ne, 5- f1uorourac11 F011c ac1d Guanihe,ﬁ

Guan051ne Deoxyadenos1ne, Deoxycytldlne Deoxyguan051ne Deoxyurldlne,

Hypoxanthlne, Inos1ne N1cot1n1c ac1d (Nlac1n), Pyr1dox1ne HC1 R1bo-i

flav1n, R1bonucle1c ac1d ltype v sodlum salt), Streptomyc1n sulfate,

Thlamlne HC1 (anéurln), UraC11 Uridine Xanthlne Xanth051ne

' Fisher Scientific Co ' Ca1c1um hypochlorlte Magne51um sulfate /‘

li

'(anhydrous), Potass1um phosphate d1b891C (anhydrous) Pot8551um phos—; _f

‘vphate monoba51c (anhydrous) Prop1on1c ac1d Sod1um-b1carbonate "/’f-'

Sodium hydronde, Sodlum phosgpate d1bas1c (an}{ydrous) Sod1um

5

phate monobasic (anhydrons} o “‘ '\A

B ) '\:)A“, . - '

P ICN-Khand K Labbra€6ries inc;:: Ethy1 méthanésulfonéte'(ﬁﬁS).

LR o o . . L - - 7 : .
ICN-Pharmaceutical Inc.: Agar (granqiatgdj;.ﬁrewer's‘xéast;
Sucrose. - - - . b .%}f S /’

N ! . M " N . :" . . - . /
'ICNfNutr{onalﬁii%qhgmicalsmCo; Cholestero} {scw) /Leclth1n (egg)




e

FNC4/xx/y

asp/sus,a13
Cy,lt” spz

. mr bs /bwvz

. ds K

~ bs
w' .

43K

.:xx/y .

fiCe

xx/y

sp'

s

al

> it”

o,

Sp

(I

" backcrossed to Am Or

y
" C(1)RM, " y se su(wa)
w3 bb/y scfl ge8R - "
for 6 gcneratibdé' i
temperature scnsitxve ‘
lethal and female ster-

. ile, isolated from mut-
agenized males in stock.
2. o

"’ N .

e

: sec above ¢ m

:L~strcnoﬁ1eura1 (7-22. 0) .

C Curly (2-6.1)

. a1rsta;ess (270,01)

.
3

"t Speck (2-.07.0)

light (2-55.)

morula (2;106.7)

: "blistered (2-107.3) - -

;. brown-Variegated

. ‘aachsbus (2;0 3

.(2-104.5), also known

as-Plum (Pm)

~;‘ balancer for chromosome 2 '

~ Cal. Tech.

Alberta
. of A.)

1]
Cal. Tech.
i

Cal. Tech.

“University, of

A.’.

o . / ’ "" ' ‘ . ¢ N \ a 85‘
. . L f .
L L -
‘Table 3. Description of Stqcks" .
' N . t o : .\ - .« ) i ) t ,
@ Stock: - Description + Source -
K . K . B r". . 1 /" : . T . E
. o Vo ; \lﬂl : o e a1l ' .
1; Am.Or - wild typc Amherst - Amherst College'- 2
e AT ' _Amherst,-Mass. :
.;,4m_arf/xx/xw .Am_Orm.;-»msee above---ui~~ e e e e f\?jff> Q\\

Lv/Ly st Lvm In(3L) with Lethal - u. so
. ' in each arm o o S
‘ ) ';o-"-: . o _‘.-, » L 9‘;‘?'& e
o 'éy" T Lyra (3-40‘$JT~ ‘\\ ' et T B
R Sb : Stubble (3—58 2) N, i
7. €82-2 SHS/Chromosome I fhﬁ.'of Aﬁh ‘
' racessxve lethal : '
~it e ) Y ) v: ,. a ] | o
“For’ further information on mutants-and aberrations see Liﬁgﬁjéy #

~ and Grell (1968)
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7 ""D?$P¢n$3fies‘WhQIeSa1e~btd.: Peniciilin, -~ « '

h\the company)

A. Preparation of the media .

ile rooms‘  The vials conta1n1ng the med1a (8 cc)

BDH Chemicals:  L.B, Oxoid agar No. 3.,

’,
)

_J.T. Backer Chemicals: Mercaptoacetic acid..

‘ . : . .
. . - - . ? {

o

.Fison‘Scientiffc‘Apperat“s Ltd.: Casein (Fat free, Vitaminefree);
S o S , :

Hoffman LaRoche Ltd. 1Sef}uoro-Z'-deexyuridine (Courtesy &f

oy .' Lo ’ ‘ I , ‘//v‘

~ . ) o . . . . . :
_ - . Co ) : RS B
: . . ‘ . ' .o v . . A

I1. METHODS : |

-
-
'

- Media used 1n ‘this study are descr1bed in Table 4 Sheli vials
\ -
(1 x 4 1n ), caps (Kaputs Bellco Glass' Inc ) and glass beakers (1f

.med1a was to be poured manually) were autoclaved for 20 min. - at 121 C '

on wrapped cycle They were kept 1nka u.v. sterile r00m for 24 hrs. be-’

N

" fore pouring of’the medla When large batches of med1a were prepared,

they wer poured at. 60 C with an automatlc p1pette (Brewer) The

machlne was flushed with 95% ethanol then w1th 80°C ster11e d1$t111ed

nwater rior to use. After ‘use it was flushed by hot wbter f1rst then L

| -/
ethanol. All med1a pouring procedures wegihdone in u.v. ster-.

ere then capped and

s
3 o

Preparatlon of dead yeast - sucrose med1um is fully descrlbed by

.

Nagu1b (1976) Wlth respect to def1ned med1um afﬁ mzneral salts and’

v1tam1ns were used as stock solutlons and kept at 4°C. ‘Cholesterol and

oy

-

g6

' _stored for seVJal to_allow__‘_,cpndens.gt-lon; t‘q ev'aporate-before usage.




lbbdlfled rom Sang (1956)

Addedﬁftcr autoclavmg :

o]

[N

*
. \ " }
TABLE 4. Composition of Media Used
' : (D) .
© Befined Medium'!) o
Agar (Oxoid No. 3) 2.60 g .. Biotin \ 0.016 mg
Casein (Vitamin Free) 5.50 g rolic Acid 0.3 ' mg
‘Sucrose . - 750,00 mg " _ Nalio, '(&f\hydi'o'us)’ 140.00 mg
" Cholestrol , ' 30.00 mg K, PO, (anhydrous) 183.00 mg
Lecithin 400.00 mg K,l1PO, (anhydrous) 189.00 mg
Thiamine .. -0.2. mg MgSOA' (anhydrous)  62. OOy/.mg
Riboflavin ‘0.1 mg Streptomycin "20.00 mg/ ‘°
Nicotinic Acid 1.2 mg. . Penief11in(? ' 25,000  iu
Ca Pantothenate 1.6 mg " Water ' - C To 100 ml
Pyridoxine ©0.25 -mg .
. -
‘ - ‘Dead Yea§t-s crose M dium -
o | -Sucrose Me
‘Brewers Yeast ‘ 12.5 § When Added:
Sucrose ©10.0 g NazHPO : :430.0 " mg
Granulated Agar 2,0 g NaH2P04 270, 0\ ng
Penicittin®® " 25,000 iu. ' :
S{reptomycm i 20,0 g
Propmmc Acul(z) ‘10 ml ,
Water : ) 90. ml .
~ Egg-laying Medlum )
Agar . © . 1S mg Streptomycin #. “ 20 mg
Prop1on1c Ac1d(2) . L0 ml- Penlcxlhn(z) 25,000 iu
Water : 100 " ml
Microbial Testing Medium (YEPD) .
Agar . 1.8 g Péptone ' ' ; 1 g
Yeast extract . - = 1.0. g Dextrose D8,
CWater’ " 100 ml B c
) ~ /
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lecithin were heated in 95% ethanol to dissolve. Distilled water was |

L

"edded gradually, feplacing'the eQaporating alcohol, Ali.ether compon-
ents and purlne and pyr1m1d1ne supplements were added as dry 1ngred1-
ents. FUdR however Was kept a§‘stockysolut10n (10 ZA?: conta1n1ng

2 mg/ml streptdmyc1n, and stored at 4°C. vThe ‘medium was autoclaved;m T

at 121°C on 11qu1d cycle. The'duration of.eutoclaving ranged from

20 mins. for 50 mls to 45 mins. for a litre. S o

Microbial testj g,hediﬁm'wa§\§gppiied by courtesy of Dr. R.C. von

Borstel.’

. T e ..
B. .Maintenance of axenic conditions :»\w

-

CAll experlments in th1s study were carr1ed out under axenlc _con

dit1ons Sterile cultures of the flies used Were 1n1t1311y obta1ned R

.

by saturated calcium hypochlor1te dechor10nat1on as described in de-» \\*\\\

tail by N38U1b (1976) Subsequent_generatlons were ma1nta;ned'on_”"§‘

sterile yeastisucrose medium.  They were kept at 25°C in incubators !
B . ‘v

-wh1ch were kept exc1u51ve1y for s;er11e cultures. fTo'minimize in-
X

3%

fect1on germfree flles Were recultured in u. $.\§ter1le rgoms Qand-

hoods. Suspect'cultures were checked for 1nfect10n'by.$treakrng bnto

microbial testing medium in petri diéhes,“\ f o B

~ C. Larval transfer . . R f ' FC‘: o - e ] %\'

.. . . ' ~ . “ \ .
Approx1mate1y a week before perform%gg larval transfer exper1~_ s\\\

~
Sy w A -
. c

”ment a rol} of alumlnum fail paper and empty half plnt m;lk bottles

»

’,w1th their mouths wrapped in. aluminum fo11 were auﬁpclaved for 45 .

Al

;-

I s e e
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e

v‘minSv at l32°C on-yrapped cycle., Thereafter they were kept in’ a ‘ster-

_which was then capped with a petr1 dlsh’(ls x 60

" tles were kept upside downi dur1 vipositi,“'

vshell vials conta1n1ng the des1red testing med1a. Only larvae Judged

ile u.v. room to dry out before“bexng used Flies (4J§ day€ old) were
S k3 N
fed on fresh yeast sucrose med1um for 48 hrs. prlor to eggy ay1ng
w

5
About 600 f11es'Were then transferred to: each emg\r s%yrtﬁﬁdbottle

I

B e N
sired’ med1um for ovip051tion Ps'r145§wﬁegy '

s AR

7““M&Q alumlnum f011 The bot-’
{% 7
After 24 hrs., the

745
a ed to the bottles

with mask1ng tape and wrappgd wﬁihﬁthe

e.-u_ N
N

f11es were removed and the bgg-laylﬂg medlum was cleared of any dead

flieS'u51ng sterile needles The dlshes were then covered with their

r’

N
‘lids and sealed w1th masklng tape unt11 larvae were to be- transferred

.r

A healthy culture gave approx1mate1y 3500 larvae U51ng sterlle f1ne-

pointed surg1cal scalpels batches of 30 larvae were transferred tb ' .h ;

P

3

to_be a11ve at transfer were used These either- move spontaneously or -

in response to touch w1th the scalpel blade., To m1n1m1ze 1nf¢ct1on a_'

- fresh blade was used for every petr1 dlsh used After exhaustlng a

study: - oo P S N

¢ <

culturé from a petr1\d1sh 1t was streaked to test 1nfect10n Repllcas \\\<\f‘ -
taken from»the sameldlsh were recorded to be d1scarded 1f the dlsh was |
shown to be infected; | A

T

- —p ~

‘ A11 cultures were kept at 25°C except dur1ng handllng, when theyl

were held_at room temperature. PJPar1at10n and.ecloslon (adult-emerf' '

",gencej were recorded and peréehtages were estimated.

: Y

Two types;of'larval«transfer%experiments\were:performed»in this

mm)‘»dhta1n1ng the de-_juﬂmméﬂ:¥¢
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- In th1s type of exper1ment non- nutrient egg lay1nk med1um (Tablej/
. 4) was used Newly hatched Iarvae (0-6 hrs ) were [ransferred to de-

£1ned med1um to wh1ch appropnate cor*entratmns of punnes pyr1m1-
_lh

~ dines -and/or. analogues were_ 1ncorpora;ed SO S S

Ce — o i=ﬂ o T B
ii; Mbdiumlahiftfexperimente SN - Lff | :
S s L . o , ;//
In these'ekperiments nutrlent medlum was used for ov1poszt10n./ﬁ;'
Larvae were allowed to remain feed1ng on these d1shes until subsequent '
;transfer to shell v;als conta1n1ng a new test med1um ' In these experl-
ments success1ve transfers of batches of 30 larvae at dally intervals

were performed unt11 this ceased to be feas1b1e due to pupar1at10n or

\\ death.

\.

N

I o Because of the time length of this type of 1arva1 trahsfer exper-

_ 1ment (s- 10 days) and the huge number of larvagibn each plate, over-

Y

[

‘crowdlng and’ mushlness of the medlum were frequently observed In suchn
‘ e : ,
c1rcumstances, an 1dent1ca1 dlSC of medium from a fresh d1sh was placed

on: top of the med1um 1n the crowded dlSh, such procedure results in theu g\ L
, o , L
ma30r1ty of larvae craw11ng onto the fresh med1um After approX1mate1ya"' L

o 10 15 mins. the fresh med1um dlsc w1th the larvae on 1t was returned - "

to the empty dish, both dlsheS'were sealed W1th masklng tape and re-'

B S —— .

turned to the 1ncubator for further larval fransfer. Repet1t1on of SRR

e

' ¢h1s procedure was performed whenever it was deEmed necessary
. . . 13,‘4 ) :;“‘.f'-;" d ;

°

D.. MutatiOn:Selection _ - LT O B ‘

‘Threéfdjfferent‘protocols were’used:ih the present"study %or the'.i"
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‘gln females (stock

isolation:of FUdR-resistant mut

e

Screen 1: Selection of dominant and_sexli;nked resistant mutants
Mutagénio treatment and firet gemeration cross |

[ 3 - \
1

~Am or' males (24 48 hrs. Oid) were S fed on ethyl methanes fbnate e

[

_,(EMS) as descr1bed by Lew1s and Bacher (1968) The coneentra\}on uSod Was

' X!
9. 6 mM whlch y1e1ds 30 50% sex—11nked recess1ve lethals (Nash unpub-

lxshed) ~/ﬂ§tche§ ef 75 males were treated w1th EMS for 24 hrs in ster—

.

11e half—p1nt m11k bottles as descrlbed by Nagu1b (1976) The males

'y
thereafter were transferred to empty ster11e bottles to dry ‘out for two

\
hours The males were then.etherlzed and used to set up the cultures

o

'for the f1rst generat1on, by matlng batches of 10 males to 20 XX/Y vir-

, Table 3). S .
‘.TheVVirgin females

V1rg1nat1on technxque 1ntroduced orlg1na11y by Wr1ght (1968) In an

i XX/Y stock the paternal X- chromosome 1s passed exclus1ve}y to h15 male,_d‘

offsprlng.‘ By the use .of male parents carry1ng an x-11nked temperature;

S L i

tcmperature (29°C) and hence w1li be v1rgins.
\ ‘ - = ,
After four days on dead yeast sucrose med1um the parents were

Y

' ‘transferred to defined medlum conta1n1ng 10 SM FUdR They were d;s-
- carded after 10 days of egg-laying Later in the course of fhls pro-

“'tocol parents were kept only for four days on def1ned medzum w1ﬁﬁ/// ,

/

10 M FUdR then they were /t/ra’nsferred to fresh defined medaun w1\thm -

P

10 M FUdR supplemented W1th RNA They uere'kept on' the last medlum '

i
. N

o,

ere. collected us1ng the temperature sen51t1ve , A

‘_sen51trve 1etha1 only fi/! female offsprlng surv1ve at. the restrret1vef““
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) for anﬁther four days before be1ng d1scarded All cultures were ma1n-“

/

; taaned at 25‘ C and handllng of flies was done under axenic condit1ons.

"Mon1toring for survxval amOng the offspr1ng on the toxic: med1a Started '
{ : .
. Y 4
14 days after sett1ng the cultures.“ : S L o g
‘. N : ; . D O 1
’ R ' | o

\

- Screen 2: Selectlon for recess1ve-res1stant mutants on . chromosome 2, )

S S i e

Mutagenic treaﬁiéni mzdfimt~gefeéation oraas
Treatment of males (Am ort ) was done exactly as in the prev1ous 3lf"fﬁf';§?
"protocol however fhe concentrat1on of 6. 4 mM EMS was used at flrst- ff’ ' ,
I,th1s was later lowered to 4 6 mM becau5e of the h;gh y1eld (66%) of T
{second chromosomal rece551ve lethals on 6 4 ‘™™ concentratlon. F1ve ‘ \ .
;f‘maleslvere crossed to ten v1rg1n FM/hr females (stock S; Table 3’ in - “.~§h e
: each v1al The v1rg1n females were usually aged for approxzmatefy a ~ f, r
;;:ueek to ensure V1r§1n1ty The week old females have also the advant-{‘
f age of produc1ng offspr1ng at a more predlctable t1me,pafter mat1ng,’: :;;ﬁi ('
‘than do younger femnles. ) .f L KN R
. be “ . . n E :
After a week ‘on dead-yeast sucrose med1um the parents were dxs- . o
carded . | T ¢ RO A
‘ o L e X
v o The aeeond géuerotion‘oﬁoes o | ,é‘ IR e ’Af' R -
. . : ce : . .. e s bl « 7
Male offspring of the genotype Fhv# were selected and mated 1ndi-i< o f
v1dua11x to three vxrgin SMS/Sp (stock 4 Table 3] on yeast-sucrose i‘ {5h“<3"£
‘.med1umr Parents were d1scarded from successful crpsses after seven o |
) ' | - h‘?f“ o
g ‘ - R -
] | , E g {/; S

Rgooe o
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recorded,

From this generation on, the origin and fate of each culture was

The third generation cross

. ‘ _ |
'SMS ‘males and females were separated from ‘the Pm  'progeny and

1
mated (3 males and 5 females) on yeast-sucrose medium. After four days

they were. transferred to def1ned medium conta1n1ng thymlne (5 x 10 M)

and "FUdR. Three concentrations of FUdR were used for this scheme

IO'SM, 1.75 x 10~ M and’ 1.5 x 10 6M The parents were discarded after

4-5 days.

A1l three generations were‘handled under axenic condition and

kept at 25°C except during handiing,when;they‘were kept at room temper-

. ature.

Vo

Screen 3: Selection screen with free reeombination

Mutagenic treatment and firat,generqﬁfon cross
s N Lo

&

- The treatment of males (Am 0r+) was done exectly as was described

in screen 2; however only one EMS concentratlon was used (4.3 mM)

am Or'" 'v1rg1n females were used in this screen,and were aged as des-

cribed in scrern 2, before mating,(lo females and 5 males) on yeast-’

N

sucrose mediur. .The parents were discarded after a week.

7

The second generation cross

Individual male progeny weregmated to three virgin Am 0r+ females

ik

for seven days on yeast-sucrose, med1um before they were d1scarded

y L
<

: Ava1lab1e F1 daughters were 1ncluded amongst the females used in th1s i

"»

93
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o .

”fﬁéneration: “The usc~of'tQése females éllbwed screening for any sex-
linked mutants, which otherwise would have been lost.

of each culture was recorded from this geneér- o

<

~ The origin and fate

L Coe
B

ation on, , ' . FL ' .

N

The third generation cross

Offsbring.of the second geﬁeration CTO0SS weremléft to mate;af ran-
dom and then tfahsferred to fresh yeast—sucrose_me}ium; Such ;;tings
should'incldde,'pn ;verége, a quarter which are betweén two heterozy-*
goies carrying any given Qhéle body mutant induced in thé firs%lgener—‘
ation; tﬁus, one sixteenth of the progény should. be homozygotes‘for the
mutaﬁt. Half of the male progeny of a female cérrying a. sex-linked
mutant would be hemizygbus for the-mut#nt. After‘two'days the,third‘

’generation parents were traﬁ§ferred to defined ﬁedium with thymine

. o 2
(5 x 107°M) and FUdR (1.5 x 10 °M).

ls ’ :

This' selection scheme has the advantage of screening for mutants
on all chromosomes and further allows free recombination, thus afford- . 1 =

ing greater.chance to separate desirable mutants from recessive leth-

ped

als.

E. Establishment of mutant strains : N

.., ~ .

.

Cultures which gave offspring on FUdR media weré first checked for

infection. If they were not infected, a‘rd{ést“for resistance was done
using sibling flies from the cultures grown. on yeast medium and, it the

retest proved positive, a putative mutant culture was established from

the offspring surviving on FUdR medium. Routine retests on defined

e




medium conta1n1ng thymlne (5 x 10”7 M) and FUdR (1 5 x 10 M) ‘were per-

f?rmed every month to check retention of resistance in the mutant

stocks. No definite number of parents was used in these retests (20-30 |

pairs of flies), and they were kept on the test medium for 3-4 days.
After every monthly retest, offspring surviving the toxicity of FUdR
were transferred to dead-yeast sucrose medium and used to malntaln the

strain after being checked for infection.

F. Characterization of the mutants : N : .

In an attempt to define the cause of resistance in-the mutants,
different nutritional tests were,performed (see below),using contin-
-uous growth larval transfer experiments and adult oviposition. In the
X v

latter method, fiVe maies and five females per shell vial'(unless

stated otherwise) were permltted to feed and lay eggs*for two days on

the requ1red test medlum before they were removed. The number of pupae

and eclosed adults was recorded and relatlve percentage surv1val was .
estlmated. D1etary responses of the d1fferent mutant strains and their

w11d type controls to the different supplements were compatred.

-~ !

G. Genetic mapping . ‘ o : x

‘In order to determine the‘chromosomes.which carry the resistance

to FUdR males carrylng the Cy marker on the second chromosome balancer

(SM5) together w1th the dominant v151b1e (and recessive lethal) markers
Ly and Sb on the thrrd chromosome were selected from a.cross between

stocks 4_and'6 (see Table 3)t Three such males (Cy, Ly Sb) were ‘mated

to five virgin mutant females, on’ dead yeast sucrose medium. Hetero-

zygous male progeny carrylng the three ‘dominant markers were back- . -

.
Vv

95
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croseed'to mutant virgin females (3 males and ‘5 females).\ After three
\ -
days on dead~yeast sucrose medium, they were transferred to def1ned

-

- medium conta1n1ng thymlne (5 x 10 M) and FUdAR (1.3 x 10 Mf\for seven
. o5 \
days. ‘;Q/ ‘ N

\
i

Four genotypic classes are expected on-dead-yeast sucrose ;égium:-

A & A LI L 2 # U, LA % \
cy/2 ,3 /3 ; 2 /2 ,Ly Sb/3 ; Cy/2 ,Ly Sb/3 and 2 /u ; 3 /3 (2% and
A *

3 represent second and third chromosomes derived from the mutant
; : .

[ . .
strain).

! : : A
On FUdR containing medium, Cy and wild type flies are expected to

- appear if the resistant mutant is recessi#e and is carried on the third-
chromosome. ‘If\the mutation is on the second chromosome it is expected

that Ly Sh and wi ‘-type phenotypes would surV1ve the FUdR treatment

Appearance of all four or any other comb1nat10n of phenotypes would in-

dicate dominance or interaction between different genes on the two

-chromosomes.

The second chromosome balancer SM5, in this mapping,scheme, was
later replaced by the dominant marker Pm because of the low V1ab111ty
‘of the Cy, Ly Sb males Hnd to’ faC111tate the mapplng of the mutants

1solated in screen 2, wh1ch all carry the Cy marker themselves.
. . ) . " CoL

H. Statistical Treatment

Statistical tests were not pexformed in the present study prima::
. : N - ' . " ’ ’ ‘ /
ily because.of the obvious large dlfferences between-treatments in . //
almost all experiments However the APPENDIX g1ves theoretlcal stand—

. ard dev1at10ns fof a selected series of data’ values at various sample

96
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" sizés used in thisfstudy._ ' - . . -
’ . . C . . . : . . . .
". Differences observed betweeri or within different experiments on.

b -

\&hithevsame medium are almost entirely due to the'fresnness of the medium.
To minimite,értifacts.due to this factor, internal contfols were run
with_eVeryeexperiment\and,”where.aagiVen'experiment-w"»large enoughz
that it could not be accomplished at one time, eacn pS;tieular treat-

¢

. ment'wés generally included each time the experiment:was run. The-

L “_.wpc_v,,gm.‘m,gp.{,.‘\m,ty'w Lipicriaid AR YRR

97

¥

. reader should assume that a g1ven experlment whlch has been run in accord-

ance w1th th1s rule,1s associated w1th 51ngle contrOl (unsupplemented
med1um ‘value for surv1va1 or product1v1ty) D1rect comparisons between

exper1ments should be" made only with reference to the1r internal con-
. \
trols.. ... ’

N

In spite of the wide use of LDSO (dose at whlch a compound kllls
50% of the populatlon exposed to 1t) in pharmacolog1ca1 stud1es thlS

metrlc was not used in the present inyestlgatlon Its ut111ty would

N
.

have been at”1ts greatest in comparing the- mutants w1th their controls.

Unfortunqtely several mutants exhibited non- s1gmeldal dose responses
N

‘curves; the valld1ty of compar1son of LD values depends\ugon s1gm01da1

- .
, responses ' ' S ! . : \\\\\

L

©

divg awm
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- RESULTS AND DISCUSSION ..

1. RESPONSE TO DlETARY PURINES AND PYRIMIDINES ',-

A Results and discussion

“The - ‘Tesponse of Drosophzla to d1etary supplements of nucleic ac1d

n

‘bases and nuc1e051des was studied by performlng cont1nuous growth ex- .

B}

‘ per1ments Amherst (Stock 1, Table 3) wild- type larvae were trans-

ferred to defined med1um conta1n1ng pur1ne or pyr1m1d1ne bases, r1bo—
nucleos1des anddeoxyrlbonucleos1des .at concentratlons rang1ng from
3.16 x 10 -5 to 3.16 x 10 2M Tables 5 and & show the . surv1val and
pupar1at10n on pyr1m1d1ne and purlne rela?yd compounds, respect1ve1y
At the h1ghest concentratlon ﬁsed (3. 16 X 10 M) most compounds Te- '
duced surv1va1 sharply Hypoxanth1ne was the only compound wh1ch
unequivocally produce no change 1n,surv1va1 Cyt051ne, thymlne

thymidine, aden1ne deoxyaden051ne and deoxyguan051ne were completely

lethal - Most pyr1m1d1ne compounds were'tolerated at 10 M W1th only

vcytos1ne and thymidlne cau51ng substantlally reduced v1ab1l1ty (23

and 30% respect1vely) Hypoxanthine, xanthlne and probably guanine

. were the. only purine compounds tolerated at 10 M At lower concen-,

:trat1ons (3 16 x 10~ M and below) no s1gn1f3cant dev1at10n from con-

trols was: observed for larvae grown on pyr1m1d1nes and the1r derlva-

‘t1ves except for a suggestlon that the pyr1m1d1ne r1bos1des and bases

improve surV1va1 at 10 -3 and 3.16 x 10 4M Amongst the purlne related

’

compounds, inosine, aden1ne adenosine and deoxyguanos1ne were quite

toxic at 3. 16 x. 10 3M The1r tox1c effects were st111 ev1dent at the

-3
lower concentratlon or 10 M.

98
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It should be mentloned that some of the compounds tested partic-

t

ularly guanine, guan051ne and thymine, are fa1r1y insoluble and crystal—-

ize in the medium at the hlgher concentratlons used Th1s may prov1de

protectlon to the larvae against their potential effects

N

Puparlatlon data followed survivorship fairly closely in most

" cases, 1nd1cat1ng that the tox1c effects are manifest during the lar-

val stage. However, . in occasional instances the administration of,a

specific dose of a particular compound'results in the lethal phase

occurring a‘:er‘pupariation. This effect,seems to:be compound-
specific- thu;‘ for example, a completely lethal dose (3. 16 x 10” M)
of thym1d1ne gave’ 34% puparlatxon whereas ‘the same concentrat1on of -
ur1d1ne gave less puparlatlon (12%) but 25% of the pupae yielded

adults

Extept for lower tox1c1ty of pyr1m1d1ne as opposed to purine-

s .
related compounds, no clear-cut pattern of tox1c1ty was observed A

base may.he_more or Jess toxic than its r1b051de, r1b051des may be

more or. 1ess tox1c than the corresponding deoxyr1b051des

The results reported by other workers 1nvest1gat1ng growth re-

sponses of Drosophzla to the pyr1m1d1ne And purine compounds utlllzed

in this study are summarlzed in Tables 1 and 2, respectively (see
INTHODUCTION Part II) Only results where the effect of a 51ng1e sup-
plement was studied are 1nc1uded . The apparently 51gn1f1cant toxic -
effects of 9.8 x 10 M uraC11 (Hlnton et. aZ . 1951), 9 5x 10 M
thymlne (Hlnton 1956), 6.6 x- 10 M thym1d1ne (Wolf 1971), 7 2 jL/”
xanthine and probably, 5.8 x 10~ M xanth051ne (H1nton 1956) were not

T Y RS R




' repeatable under the'present conditions, sugéesting that they'are not
obligate responses of the spec1es to these compounds. The present-re-

‘sults showed an approx1mate1y 'similar mortality rate to that found by
Geer (1963) using 2.4 x 10 3Mlnosme Lowered v1ab111ty on 10 2M thy~
m1d1ne (Bos et aZ., 1969) and lethallty on 2 X 10 2M aden1ne (Wllson
1942) and 2 X 10 thym1ne (W1lson, 1944) were effectlvely dupllcated

in the present results desplte the fact thatsthese workers used\a
: . \

yeast-based medrum. \

S1nce the Amherst wild-type . stock g1ves h1gh surv1va1 even in con-
trol experlments, substant1a1 1mprovements in surv1val could not be ex-
: pected In fact, even the ‘maximim potential 1mprovement of less than
50% wh1ch could have occurred in the present experlments was. never
: found and ‘the only cons1stent effect was, as reported above, the 5-15%

1mprovement caused by certa1n pyr1m1d1ne related compoundg!at concen-
3 -

‘trations ‘up to 10 M. The start11ng 1mprovements in growth of "Oregon—u

K" on adenrne guan1ne and cyt1d1ne (Ellis, 1959) woﬁid\srohably in-

d1cate a stra1n dlfference, since hlS technlque resembles the one used
in this’ study A 1e§§ probable alternatlve explanat1on would attr1bute

the difference to the better surv1val observed on’ the controls 1n the )

'

.o

present exper1ments, presumably because of 1mprovements in the ba51c

'!medlum 1ntroduced mainly by Bryant.and Sang (1969)

Burnet and Sang . (1963) stud1ed the effects of’ bases and deoxyrlbo-

nucleosxdes (at 2 88 x 10~ ) in the presence of a pur;ne (7 2 x 10 M)

or a pyr1m1d1ne (1. 44 X 10 M) nucleot1de SlnCe these eXper1ments are!

in effect double supplementat1on stud1es they were not included 1n the .

: 11terature-surveyed_1n Tables 1 and 2.. However) if the nUcleotide



103 -

;oo

add1tives are 1gnored their results d1ffer from,those 1n the present

I

X study (at 3. 16 x 10 M) rather 11tt1e, w1th the except;on of aden1ne,

~ which they found to allow normal levels ‘of ‘suyVival in the presence of

CMP, Thus, in general - those s1gn1f1cant eff cts reported by Burnet -

.

and Sang (1963) can be taken .to 1nd1cate the behaviour of the unphos-

vphorylated compouridg, wh1ch they used They were: not as would have

-

seemed p0551ble the outcome of 1nteract1on between the compound and N

a nucleotide..

0

Although developmental rate has been used exten51ve1y in the past

" as an 1nd1cator fbr reSponse to d1etary supplements it has not been

used in the present. study for. two. reasons delays in development are RN

N

often correlated w1th toxic effects thus prOV1d1ng little add1t1onal

1nformat1on Secondly, there is no 1nformat10n on whether mortallty
: Y "
is’ dlstrlbuted randomly over the populat1on with respect to "b1010g1-

\

‘fcal" ge. If 1t is. not var1at1ons in developmental rate measured by

chronolog1cal age at adult emergence could be qu1te decept1ve as est1-

mates of 'real' b1?log1cal development rate. In cases where adult

eclose at t1mes outs1de the npormal range of controls thls poss1b111ty

is: ruled out, and such cases do ex1st although they are assoc1ated ‘
w1th h1gh levels of tox1c1ty Thus larvae grown -on near-toxxc concen-

trations of ur1d1ne deoxyur1d1ne, cyt1d1ne deoxycytldlne guanlne

-and guanos1ne y1eld adults more . than f1ve days later than controls

By compar1son w1th “the 1mprovement 1n development rate caused by

- supplementat1on with RNA leadlng to the eclos1on of adults about 2 3

days ear11er than on unsupplemented med1um the szngle compounds used

in thls study produced relat1ve1y small 1mprovements._*Some are,found

- at lou doses of purine nucleos1des and, poss1b1y, uracil,vthymine-and

- ) e e N .
e : Coe . . : o
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thymidine S;mllar enhancements of development rate have been reported

\

‘by other authors for most of these compounds They have been 1nter-.

) ™ Vo

| ‘preted by Sang (1957) as ev1dence for ut1112at1on of the effect1ve com- -

pound by Drosophtla and, hence, of approprlate salvage pathways ' Sang~

. (1957) and Burnet and Sang (1963) also argued the converse thus they

suggested that guanine, all pyr1m1d1ne bases and r1bosides and all Vo

deoxyrlbonucle051des with the exceptlon of deoxyadenosine are not ut11- ;

1zed for "growth" by Drosophila larvae Thelr conclusxon was based

'Yupon the 1nab1l1ty of these compounds to 1ncrease development rate, a

At

"*“er1ter1on wh1ch clearly cannot be equated automatlcdlly w1th the lack

. of umil1zat1on Conf1

'sors. Put 51mp1y, the effect of a certa1n s

" an effect cannot be. taken '

'experimental.results contrad1

'shown to be’ ut1112ed when the cond1t1o

tion of the utlllzat1on Qf a dletary supple-

R

ment by the1r technque c only be. obtalned if the ava11ab111ty of the

.c0mpound in quest1on 11m1ts dev;lopment rate under the exper1mental
: cond1t1ons employed ' S1nte Drosapht:a is capable of de novo nucleotlde '

‘ b1osynthes1s, ‘this cr1ter1on need not ap y ‘to all nucleot1de precur-

: lement on growth rate
may 1nd1cate utlllzatlon 1f deve10pment rate is 1' reased, but lackfof,

.‘o\\mply the converse <In‘|'dftion' seVeral

their c6nc1u51ons Some Qe pounds LN

' wh1ch do not enhance growth under: ormal condltlons can clearl be o

"are altered For'example,bp

"4thym1d1ne and thymlne were shown to slow de elopment (Sang, 1957

l_‘f}\¥

N Burnet and Sang, 1963), but when a l1m1tat1on \as\\:posed on the de
\

novo dTMP blosynthes1s by ant1metab011tes, the1r utll\zatlon to avert

’such deflcxency was clearly demonstrable (Goldsm;th and\Harnly, 1950

Schultz, l956. F421k1 and“Rlzik;, 1973). Moreover almost all the

compounds_reported'not'toebehutilized by'DroaophiZa'by Sang (1957) -
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and Burnet and Sang (1963) w1th the except:on ‘of cytosme and probably

st A\l

guanme were proved“‘to he utihzed "by Droeophzla by a number oﬂ" authors
18 N Y

| ;using different approacheS\ Enzyme assays (Wagner and M1tche11 1948
Mor1ta,\1964 Hodge and Glassman, 1967b Becker, 1974 aand b; Clynes

‘ 'and Duke, 1975 Nagu1b 1976) tracer stud1es 1n mtact cells and organ- .

'sms (McMaster-Kaye and Taylor, 1959 R1zk1, Douthlt and R12k1 1972';

1.

: Alon‘o, 1973 Sayles et aZ 1973 Be‘\ier 1974a, Cargfhre‘r 1974;

‘ oy Stroman -\1{4 Johnson et aZ., 1976) and somewhat lgvgv d1rect1y, in

LN

studies us:mg auxotrophs (Vyse and Nash 1969; Vyse and Sang, 1970 3 \

T X
Norby, 1970 Falk’ and Nash 1974 a and b; NaguJ.b 1976 Nagui and.

B

N . |
~ \
.
P N

Nash, 1976, v N e o o
Somewhat surpnsmgly, systematlc d1etary te\sts on these compoun

¥

have not been publlshed ‘The rather fragmentary results in 1nsects ¥,

wh1ch have: been stud1ed more exfens:.vely than other anlmals, are dxs—-

cussed below o
“‘ ) ‘ . : ) .

» In other d1p‘terans Brust and Fraenkel (1955) us1ng deflned med1um

- ’, found that d1etary adenme (3.9 x 10 M) guamne (3 4 x 10 M) -and

urac11 (4 7 X i‘q 4!%') ,id not- affect pupanatlo’nt $’1gmf1cant1y but

caused 30, 22 and 25% reductlon, respect1ve1y, in adult ec1051on of

the blow fly Phorma reguta In Paaudoeamophaga affmw, House -

(1964) reported that dletary Inuclelc ac1d bases (at approx:.mately

3.1, x 10 MQ in defmed\{uedium 1ncreased} deyelopmen tme, though not - -

51gn1f1/cant1y, compared w1th controls Thymne was the moSt effective

follbwed by uracll guanme, thosme, hypoxanthme and adenme i
that order ‘ Jldltmn of nucleoudes (at about the same co ratx'ons)'_
)

resulted/m somewhat s1m11ar effects Undrne slowed development most
oy ’ ' S A

)«" .i ' ! l < b - ' »:‘ i._ Co
} . . B . : { °
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followed by guanosine and cytidine; however, adenosine'was shown to. W% .

accelerate developMent,'though not . to the same degree~as'RNA.' Ondthe- 'Ql
‘other hand Brooks (cited by Brust and Fraenkel, 1955) found that'adenJg e

‘ine and uracil enhanced'debelopmental rate'of'house fly, Musca domge-/
tica, larvae. J ' R ' ’ o L

MTh1s d1fference in response to d1etary pur1nes and pyrrmldlnes

' among the var1ous spec1es of D1ptera could arise from the various meth- S
ods used in measuring the response té these compounds | Thus, 1t‘1s 1m; _‘-

portant to have more than one cr1ter1on of the adequacy of d1etary sup-
plements The d1fferenees; between or within spec1es, may also be de-"

: rlyed from ecolog:cal adaptations of these species. Such adaptatlons
!

~ would seem more 11ke1y to occur among non- essent1al d1etary requ1re-

ments (nuclelc acids, . sugars non- essent1a1 amlno acids etc ) th&n’
qow
among essent1a1 nutr1ents (vitamins, sterols amino ac1ds),‘as‘sug-

\

gested by Burnet‘and Sang t1963): Thus, the difference in responseQ

between Droaaphzla (see Sang, 1957) and Phormia (Brust and Fraenkel

]

ST .1955) could 1nd1cate quant1tat1ve d1ffbrences in the ab111ty of the
twodrpxeransto synthe51ze RNA precursors wh1ch codld be attr1buted to
the nature in the1r diets, for, wh1le Drosophila normally feeds on

: /-

! . oy
d1et rich 1n RNA (yeast) Phormea does not. T ' - o ' 3§§
e _ AR o D , . &

In other insects, Hogan (1972) reported that dietary aden1ne
(7 4 x 10 M) or- guanine (6 6 x 10 MD in def1ned .medium did not show\
any pronounced toxicity or alteratlon in the development t1me of e
- Tribolium cas tanewn but they prevented deve10pmenta1 delays cdused - by _ |

the addition of azaguan1ne "On.the other hand, the pyr1m1d1nes uracil
4

' (8.9 x 10 M) and thymlne (8. 7 X 10 M) were shown to accelerate lar-

- val development
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Blaustein and Schneiderman (1960) reported that in giant silk-

moths, Samia byr*rza and CaZZosamza promethea, .the injection of d1a-

‘Al)'
paysing pupae prlor t01n1tlatlonof adult development with cytosine,

Y]
' cytidine' thymlne thym;dlne, urac1l, ur1d1ne, adenine and xanthine

at doses up to 5 or 10 mg/g live wt., had no‘visible.effects on the
pupae 0T on/development of ddults A number of purlnes proved to be
toxic: xanthosine (3.0 mg) hypoxanth1ne (1.3 mg), guanine (1.3 mg),
;deno;;ne (1.3 mg) and guanosine’ (O 38 mg) prevented development of ,
‘adt.-..s‘ prolongmg pupal life (18 days for controls) and causing death

}ar:noslne causec the earllest death (28 days), followed by hypoxanthlne

and gua3051ne (37 davs) then adenos1ne (40 days) and guanine (64 days) "

w
r : N

. B. "Mechanisms of toxicity
t + 4 ~

3

The d1fference< in -the toxic, concentratlons for the compounds re-

) ported here and elsehhere ‘in the 11terature suggest that, in many in- .

/ .
stanees the mechan1sm leadlng to death is compound spec1f1c Deter-

‘.

mln%tron of the mechanlsm of tox1c1ty for eachftompound would be rather
dlf‘lcult wlthout further careful experimentation. In sp1te of the
'-large number of 1nstances of hork déscribing toxicity and morphologlcal
-abberatlons attributable to purlnes and pyr1m1d1nes very few attempts
have been made’ to elueldate the mechanisms by which such effects were
generated and almost none is conc1u51ve (Henderson personal commumica-
tlo?) In the present 1nstances the theoretical’ poss1b111t1es are
r;ther diverse.  Since very Ligh concentrationS'hav@ been used, one

v , e .
canno: rule out arbdtrary interaetions, unrelated to the blological

.
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roles of the compounds themselves, or more géneral problems, such as-

osmotic shock. Nonetheless, the most 11ke1y targets would be ex- -

pected to be found. among the processes in which purlnes and pyr1m1-

;dlnes are normally 1nvolved

Some of these latter mechanisms might"be essentially coincidental:

For example a compound might be - tox1c 1f it reacts with another com-

pound involved in more than one blosynthet1c process; it mlght thereby ‘

“redute the concentration of the second compound and, curta1l act1v1ty/

i
in some othér metabolic pathway to 'sub-vital level.

[3

Other means for productlon of toxic effects m1ght be extensions

of normal regulatory processes. -A metabol1te could feedback inhibit

de novo blosynthe51s of an essent1aI compound yet not -furnish the .
cell with its requirement for that compound. Biosynthetic pathways
are also subject?to genetic;repression,'so‘that toxicity could be gen-
erated uia'repression; in a manner analogous tolthat suggested for

feedback inhibition.,

When capac1ty for de. novo biosynthesis is 11m1ted hyper-

™

1nduct10n of catabolic enzymes by high concentratlon of an exogenous

) substrate could cause serious dralnage of essential. metabol1tes

Similarly, competition for the active site on enzymes’rela“=d to the

uptake for essential compounds, could be critical.

. One last mechanlsm again regulatory in nature, has been studled

.

extens1ve1y in relation to the effect of thymidine in partlcular It

has been proposed that th1s compound produces an 1nblance in. DNA

108
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precursor pools, The. experimental basis for the proposal merits fur-

ther discussion.

De novo biosynthesis of deoxynucleotides, in general, proceeds via

the reduction of the corresponding riboside diphosphate by the enzyme
rlbonucleotlde reductase [E.C. 1.17.4.1]. The intimate relationship

between DNA synthe51s and the activjty of rlbonucleotlde reductase is i
%
indicated by the finding that one of the enzyme s two subunits (Bl) is-

coded'for,by_dna'F, one of‘eight genes required'for DNA synthesis‘in

- F. ecoli; the other subunit (82) is coded for, by another gene, nrd B,
close to dng: F (see Kit, 1976).
)m
The activity and substrate»snecificity of ribonucleotide reduc-
. {’ . ‘
tase was shown to be deteirmined and regulated in a complex manner by

Q

the available ATP, dATP, dGTP and dTTP. Increase in the pool of any

one of ‘these ‘nucléotides was found-- to haveeahdetr1mental effect on the

enzymatlclreduct;on of nucleotides and hence DNA synthe51s The de-

- tails of these stud1es are too exten51ve ‘to be dlscussed here They
have been reviewed by Henderson and Paterson (1973), Reichard: (D973)
and Lowe (1975) recently However, the pertinent information re-
quired for the presene'aiscqssion can be summerized as follows:

,excess dTTP was shown .to inhibit the reduction of both uraeil and
cyt051ne nucleotides and st1mulate that of guan1ne nucleotldes, dGTP
stlmulates .the reductlon of adenlne nucleotldes but inhibits the re-
duction-of guanine and cytosine.nucleotides. At low concentrations
dAT?~stimulate$ the reductien of both pyrimidine nueleotides, but’ at
high concentrations it inhihits the'reduction:ot all'fpur kinds‘of

. :
nucleotides. ATP stimulates the reduction of the two pyrimidine:

109



nucleotides. ' . . .

»

The effect of deoxyriboﬁucieotides on the enzyme ribonucleotide
reductase is presumed to be a majqr-éause of toxicity exerféd ﬁy high‘
;oncentrations of adenine, gugnine and thymjne dgquribqsides:” Klenow
(1962), Morris et ai. (1963);‘Bjurse11 and Reichard (1973) and Lowe
(1975)Vhave demonstrated'§hat ﬁhese compounds; after phosphorylation
to. the nucleosidé.triphdspafe,level, cause depletion Qf one .or more of _
the nucleofide'ﬁreéursors needéd for the continuation of DNA gynthesis.

These nutritional results miﬁié;the'effects reported for the corrpspobd-

iﬁg deoxyribotides Qsihg in vitro systems, as revieyed by Reicﬁard

(1973). Furthermore'thejtoxicityﬁaf these deoxyribosides ;as.found‘to

be rg;ersed upon the additionléf’othér deoxyribosides as precursors

for the depleted ﬁuc!eotides (Klenow, 1962; Morris and Fischer; Morris

et al., 1963; Whittle, 1966; Bjursell and Reicha}d,_1973; Lowe, 197S5).

Thus the toxicity of thymidine; deoxyadenosine and deoxyguanosine ob-

served in the present study could be ifniterpreted—in this-manner.

' : Ao = :
The toxicity by deoxyuridine and low survival caused by deoxy-

cytidine could be explained in the same manner, if it is assumed
that, as.in other organisms, both areveffective;précursors for thymi- -
dine. In fact,thé,otder of toxicity.(CdR < UdR < TdR) follows ;he}f‘

same order as synthesis (dCMP ->'dUMP -+ dTMP) .

High éoncentrﬁtions‘of thyﬁi&ine have been :epérted to have
otﬁer potehtiélly deleterious;effects. Thymidine tBresniék, 1962) .
and dTTE (Gerhaftiand Schachman,,lQGSj we;e shown to feedback inhibit
the enﬁyﬁe aspartate transcgrbamylaseltE.C: 2.1.3.2) and hence de novo

1



_many cell types (for detalls see Henderson 1972). Johnson et al.

pyrimidine hiosynthesis Slnce pyr1m1d1ne requlremehts of Drosophtla
auxotrophs cannot be satlsfled by thymidine (el Koun1 and Nash, unpub-

lished results), it can be assumed that, if such inhibition of de novo

pyr1m1d1ne synthe51s by thym1d1ne or dTTP occurs in Drogophila, it

would result in the tox1c effect observed 1n the present study

Feedback inhibition may also exp1a1n the effects of guanosine and
guan1ne in the present study. "It has been demonstrated that both’ these
compoUnds,'like other purines. 1nh1b1t de novo purine blosynthe51s in’
(1976) have shown that neither guan051ne nor guanlne is a good precur-
sor of adenlne nucleot1des ,in Droaophtlal Thus 1nh1b1t10n of de novo
purlne blosynthe51s could account for the1r observed tox1c1ty The
d1fferent1a1 toxicity of guan051ne could result from the fact that 1t
‘is. marglnally less eff1C1ent as- an adenlne nucleotlde precursor than

guanine {Johnsoug personal communlcatlon).. On the other hand guanine

is rather less soluble than guan051ne and may 51mp1y be less avallable

‘as a result, It is- also not1ceab1y less eff1c1ent1y converted to

nucleotides, but is rather catabolized . The same argument m1ght apply

to explaln the dlfference 1n tox1c1ty of xanth1ne and xanth051ne, al—

~

though no 1nformat1on is ava11ab1e on the1r utlllzatlon as purine.

,nuc1e051de precursors in Droeophtla.‘

-~ .
R

Although adenosine, adenine and inosine, like other purines,=in-'

hibit de novo blosynthe51s, the1r tox1c1ty would seem to invoive d1f-

‘ferent\mechanlsms than that suggested above. Adenosine, adenine and

N

1n051ne were. shown to be 1ncorporated 1nto nucleic ac1ds of Drosophtla

(MacMaster Kaye and Taylor 1959 Becker, 1974 a'and b; Johnson et al.,

‘111
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1976). Furtherhore Johnson et aZ (1976) showed that 14C aden051ne
Q

and 14 C -inosine are 1ncorporated equally well 1nto both adenlne and

DA guanlne nucleotldes 1nd1cat1ng the ab111ty of Droeophzla to convert

. adenine compounds and inosine to guanlne nucleotldes Hence the deple-
tion of pur1nes via 1nh1b1t1on of de novo blosynthe51s by adenlne com-

pounds or 1nos1nevcannot be dssumed to be ‘the cause of tox1c1ty How-

ever, blocklng de novo purine blosynthe51s would prevent. effectlve nit-

rogenous excretlon, since Drosophzla is ur1cote11c, and m;ght prove

' lethal. S - ‘\

Feedback 1nh1b1t10n of de novo pyr1m1d1ne b1osynthe51s by CTP and

UTP whlch has been observed in. other organ1sms, cannot be held respon-

,‘ 4

s1b1e for the lethallty caused by the high doses of cyt1d1ne or urldlne\\
&ch compounds were' shown to satlsfy the requ1rements of: pyr1m1d1ne auxo-

trophs in Drosophzla (Norby, 1970 Falk and Nash 1974 a and b)

The mechan1sm for the tox1c1ty exerted by these compounds and

_indeed, by’ purlne compounds as well, could involve restrlction of

”

PRPP blosynthes1s PRPP is requ1red for both purlne and pyr1m1d1ne

de novo blosynthe51s and, at the same t1me 1s essent1a1 in several

other metabollo pathways,

Several authors have 1nd1cated that adenlne guanlne, cyt051ne
and urac11 rlbonucleotldes 1nh1b1t the. synthe51s of PRPP in many cell
types (for references see Henderson, 1972) Hence aden051ne and

_ adenlne, after belng anabollzed to nucleotldes could lead to the in-
h1b1t10n of pyr1m1d1ne dé novo blosynthes1s and eventually to death

by pyr1m1d1ne starvatlon This contentlon could be supported by the



113

) jfindings of Hershfield et aql. (1976) and Ullman et al. (1976) that such
effects . by adenosine in mammalian cells can be re11eved by add1t10n of
ur1d1ne In the same manner 1t can be suggested that the toxic effects
of cytldlne and ur1d1ne are due to 1nh1b1t10n of PRPP synthe51s by
the1r nucleotldes and subsequently the 1nh1b1t10n of purlne biosynthe-
sis. o .

' ! P .

Cqmpetltlon for PRPP between the dlfferent pathways could also be /

deleterlous particularly when exogenous bases are supplled.‘\ Von

Euler et aZ. (1963) found that\dietary orotate caused increase in ura- o
L

cil nucleotide synthe51s in rat 11ver the effect being reversed by

the. add1t1on of aden1ne The converse Was reported by Schultz (1956)
‘who found d1etary orotate to reverse the growth 1nh1b1tory effects of
adenine on Drosophzla larvae. Compet1t1on for PRPP was also démon-
strated by Keiley ;t al. (1970) between orotate phosophorlbosyltrans-

\ ferase [E C. 2. 4. 2. 10] in pyr1m1d1ne b1osynthe51s and PRPP— 3?1do-

Vt transferase [E.C. 2.4.2. 14] in - pur1ne blosynthe51s in skin f;broblasts
"The addltlon of orotate reduced de novo pur1ne blosynthe51s, as. meas-A‘:
- ured by the';ncorporation‘of 4C g1yc1ne ‘and reduced the concentra—d-~ """"""
,tion of PRPP by .15 to 43%. On the other hand, wh11e Hershflefd et aZ

(1976) showed that h1gh concentratlon ‘of adenine. reduced 1ntrace11u1ar o
concentratlon of PRPP and pyr1m1d1ne nucleotldes in human lymphoblasts,

these effects were not re11eved by the addltlon of ur1d1ne. They con-

cluded that the tox1c1ty of adenlne ‘was not due solely to pyr1m1d1ne

starvat1on ¢

Several studles (see Henderson 1972) have 1nd1cated that adenlne

/

reduces the 1ntrace11ular concentrat1on of tetrahydrofolate QTHFA) and

L.

e



thianine coenzymes. The exact enzymatic bases of such effects have not

yet been described.

s

The 11m1ted capac1ty of Drosophtla for de novo nucleotide biosyn—
the51s, and espec1a11y for purines,. is demonstrated -by the marked im-.
provement in growth rate produced by the addition of RNA, adenine and

aden051ne to defined medium (Schultz et al., 1946 Villee and Bissell,

1
\

1948; Sang, 1956 and 1957). Such limitations could be accentuated by
the 1nduction of catabolic pathways _ It has been shown,by several
workers most recently Albrechtsen et al. (1976), that in E, coZt the
catabolic enzyme purine nuc1e051de phosphorylase is induced by cyti-
dine. If such -a situation ex1s¢s in Droeophzla it would- prOV1de an-
_other explanation for the toxic1ty of cytidine

Cytosine was shown not to‘be utilized by Droaophila to satisfy
@ S

the requirement of pyrimidine auxotrophs (Norby, 1970) Utilization i:

of thymine also seems to be limited (see below) ~ Hence ‘the reason for

the complete lethality of these compounds is obscure when seen in the .

framework of normal _dietary utilization {

"~ An interesting observation . hot directly related to mechanisms of
toxicity, may have an 1nterest1ng evolutionary consequence 1s foundh
in the marked high sen51t1vr$y of Drosophzla to purine compounds.» ;
Naguib and Nash (}976) reported that purine requiring mutants have
higher requ1rements for purines than pyrimidine auxotrophs have for .
pyrimidine supplements.,.This suggests that purines may enter the
cells less ea511y than pyrimidine compounds, a 51tuation which may
well have arisen as protection against the\tox1c effects of purines.

N

It 1s by no means 1nconce1vab1e that, in terms of 1ntrace11u1ar

‘.. c -
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concentration, their effects may be even more severe than these results ,
suggest, relat1ve to those of pyrimidine compounds

II. 5-FLUORO-2“-DEOXYURIDINE

"A. Sensitivity to FUdR

The effect of FUdR on the development of Drosophtla was studied

- 7 "

'using larval transfer experlments.van all experlments w11d type
Amherst iarvae were used. Contlnuous growth exper1ments were per-
'formed to study the effect of different concentratio ~f FUdR on
larval development Young larvae (0 6 hr. old) were trans >rred from

. egg- 1ay1ng medlum to/deflned medlum alone or w1th the ,additivn of -

/ 3 .
"FUdR at concentrations ranglng from*lO ~8 to 10 3M Table 7 shows the |

rates of puparlatlon and eclosion in this experlment Puparlat1on and
ec1051on rates of larvae transferred to media contalnlng 10 M FUdR

. or less were not affected s1gn1f1cant1y At the hlgher concentraﬁlon ‘
: ]

of 10 M FUdR substant1a1 reduction, in pupar1at1on is observed and
{ -

occasional adults eclose Ne1ther\adults nor pupae are~observed at. the :

e

FUdR concentratlon of 10 M or higher.

Larval mortallty showed a series of FUdR concentrat1on effects

'ranglng from larval ‘growth. end1ng in death wlthout puparlatlon (10 6M

I

FUdR), through prolonged larval life w1thout growth (10” M ﬁUdR) to
1mmed1ate killing of young larvae (10 4M FUdR)' The demonstrat1on
that no 51ng1e syndrome kills. larvae . fed on FUdR but that the time
and state of death _are dependent -on the concentrat1on of FUdR suga

gestSIthat the effect of the analogue is cummulatlve over a long-

-



116

om>uaH 0 3o sedrrdax ¢ wo ardues e :oaa:

paseq ST UNIEP YoBI ‘UOTSOTI3 03 TeATAINS zoﬁmn wvmosu:ohmm ut :zo:m ST :oaumahmasm 03 Hm>a>h=m

L(3) ® - @ (ssh - (s88) (89) (€8) . B
0 0 S0 v z8 59 . 8L o VN
(0) (zo) = - @® (s8) “(98) - _(s8)  (s8) - .~ surpuaq’
0 L0 oL LL LL .8t 8L . pue. suTpTUAYL
(0) - (0 ) " s w e |
0 o o - 6l 7 - 08 A 9 . eutprap
() (0) - (6L) oL S (82) N GT)) SR
0 0 RN 7 ol r/ 2 . oL 8L suTpTWAY]
(0) - (o) (6g) w8 (08) - (¥8) S .
0 0 0 . 4 ’r_ - 8L B 69 T 8L o o SUON
g-0t p-00 g0t o-oL ST g 0 (Wg-0T X §)
. 4PN JO UOTIBIJUSDUO) JeJO - T POpPPV S3apTsoafony
¥Pnd Sututejuon wunypow vo:ﬁMoo uo - L :
= uMoI9 om>umq umwcoE< uotietiednq o3 pue uorsoisg o3 ~m>~>u=m owmu:ouhoa *l 9tqel

x -

3



117

period of larval life and, perhaps, pupal life too. To test this sug-

.‘gestion two medium shift experiments were performed.

In the first experiment eggs were-deposited on defined media con- e

taining different'concentrationsiof FUdR. The range'of'FUdR'concentra-
.tion chosen for this experiment was that at.which no eclosdon.was
observed in the previous continuousgrowth experiment (1'0_S to lb- M.
Larvée were transferred at da11y 1ntervals to dead yeast- sucrose med-

. ium, Table '8 show< ;he pd%arlatlon and eclosion rates in thls experi-
ment, Although only living larvae were transferred very few larvae 14
were able to pupate or eclose after be1ng fed on- FUdR for ‘two days;

.t

~—~—-“—-~__thus\1t appears that the majority. of larvae have susta1ned 1rrepar Ie
’ damage w1th1n 48 hrs. of‘hatch1ng and feed1ng on FUdR. It is probable
that the damage caused by FUdR occurs ‘even ear11er, because- the larvae

‘used in thlS experlment were der1ved from a 24 hr. egg laying per1od
S~
Thus, 'some of the larvae‘transferred’after 48 hrs, were, in fact, a

little more than one ~day old, ' The approx1mate1y 50% surv1va1 of the

Tarvde transferred after 24 hrs, supports the suggestlon, if 1t is

‘assumed that embryos take the . average 20 hrs. to hatch and that the
egg laying rhythm was constant dur1ng the 24 hr. collectlon perlod

rthen the larvae used as "one-day old" were; in fact 4 to 28 hrs. oid;:
Hence an average 1arva would seem to susta1n lethal damage w1th1n 16

‘hours after hatchxng

In the second medium Shlft experiment,: eggs were depos1ted on
deflned med1um w1thout FUdR. ‘Larvae were transferred at daily inter-

“vals to defined med1um containing FUdR at concentrations ranging from

» 10-§ to 10 3M Puparla£1on ,and eclosion rates ‘are shown in Table 9.

.
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At all FUdR concentratidns, age of larvae at transfer seems to influ-

ence their sensitivity tg the analogue Pupariation and eCLOSion

;. .

rates are higher for older larvae. This re51stance of older larvae

decllneimth hlgher concentratmns of' FUdR The most. important re-.

sult of this exper1ment however, is that the' lethal concentratxons of

- FUdR are stjll capable of producing thelr tox1c effects even when the

,Se main

-~

B Modification of FUdR sensitivity T~

transfer is performed after 1rreparable damage was shown -to ‘have been

sustatned in the prev1ous medium Shlft exper1ment (Table 8) High

',,lethaldosesof FUdR are: st111 capable of exertlng their effects on late

third 1nstar larvae preventing them from completlng development to
adults. The letha11ty in this particular: experlment however, seems to
l& pupal and 1s -dependent on the age of larvae at transfer and
the concentrat1on of FUdR _ The increased res1stance to a spec1f1c con-

centratlon of FUdR w1th the advance of age correlates well w1th the

ey

120

pattern of 1ncrease in the total amount of thymldylate synthetase actzvity

réported in develop1ng Droaophzla larvae (Carpenter 1973} . Neverthe-.

less the p0551b111ty that such res1stance is due to° shorter exposure to

\
the analogue cannot be ruled out. ?

~

It Is generally assumed’ that low concentratlons of FUdR mainly

* . cause 1nh1b1t10n of DNA synthe51s vta the effect upon dTMP blosynthe—

sis. The tox1c effects of hlgher concentrations 1ncludé effects-on

RNA metabol1sm {for references see: INTRODUdTIaN Part IV B 2) How-

ever no 1nformat10n is available as to whether the effects on RNA may

-assume an overr1d1ng role in a s1tuat10n where an organlsm undergoes a

' major part of 1ts development in the presence offihe analogues

TR S

a
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It has been reported that the effects of iUdR on DNA synthesis arc
'relleved By thym1d1ne and that on RNA metabolism can be allev1ated by
' uridine (for referenceSvsee‘Brockman and Anderson, 1963). \Therefore
larval'transfer experiments were berformed to exanine, s;stematically,
.the effects of differenttsupplements on the development of Drosophila

larvae in the presence of various concentrations of FUdR.
, S
| .

I. The effects of thymidine and uridine

«?

The effects of thymidine and uridine as potential protective
agents against‘FUdR were studied to characterize the effects of dif-

ferent concentratlons of FUdR on RNA and DNA metabollsm 5 x 10_3M

thymidine or ur1d1ne was used to ensure maximum survival as demon-
strated in dose response experlments (see Table 5). RNA, which

accdrdlng to. Sang (1956) 1mproves growth rate and hence,’ r0551bly,

general health of the larvae was also used for comparlson

¢

lable 7 shows the results of continuous growth experlments used

to‘tes “these compounds , Add1t1on of RNA (0, 4%) to the medium
sl1ght y improves ec1051on and puparlatlon at 10 6M FUdRQ The effects “
‘of. ur1d1ne were generally similar to those of RNA, although ur1d1ne |
‘Eontalnnng cultures produced less flies but more. pupae at 10 6M FUdR.
In contrast, thym1d1ne allows _essentially normal levels of eclos1on

' and puparlatlon even at ten-fold higher. concentratlon of FUdR (107 M)

,’The addltlonqof uridine and thymlglne together did not improve adult
surv1val compared ;1th thymidine alone, although it did lead to occa- 4
sional pﬁparfation at 10- M'FUdR. This seems to be_ a real effect,

which has 4 more striking manlfestlon in medium shift-experiments

[



'ever is observed w1th 51m11ar add1t10n at

122

(see below). \
: r

As was shown above, transfer of larvae between d1fferent media can

be expecfed t- provide a sensitive method for 1nvest1gat10n of temporal

aspects of insect nutrltlon and phy51ology, whlchxcannot be studied dur-
ing Jeyelopment on a single medium. This method was used to ascertain
theitemporal distribution of sensitivity to FUdR (see above). It was
also applied to the response to FUdR in the presence of thymidine, uri~

dine and RNA. '

in the firet medium shift experiment, eggs were,deposited on de-
fined medium. containing FUdR and thymidine and/or uridine. RNA was al—
so used for comparison Larvae were then transferred at da11y inter-
vals” to. yeast- sucrose medlum The concentrat1ons of FUdR used were
those at Wthh no eclosion was observed in the éontlnuous growth exper-
iments in the absence of thym1d1ne Puparlatlon and ec1051on rates are
shown in Table 10. The presence of ur1d1ne or RNA does not change the

pattern of mortality found w1thout e1ther additive (see Table 8). The

addition of thymidine (or thymldlne and ur1d1ne) results in normal eclo—

sion throughout the experlment at 10 sM F as would be expected from

). No improvement, how-

O-SM FUdR, ‘The addition of

the contlnuousgrowth experiments (see Tabie

thymidine alone at 10 4M,FUdR allows a low level of eclosion even .

‘ ]
amongst larvae transferred after 7 days. More strikingly, ‘the further -

/ : ,
add1t10n of uridine under these conditions leads to n al syrvival up

to the seventh day 7 a small proportlon of larvae can still give rise

to adults, _after beyng maintained for 9 days on the FUdR medium,

Pupariation in general, is more common than eclosion, but shows

/
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similar concentrdtion dependence.

In the seeond medium shift expetiment larvae were transferred»from
defined medium to‘defined‘medinm eonteining FUdRiin the presence of
thymldlne Table 11 shows the ec1051on and puparlatlon percentages in
-th1s experlment Compared to results in the absence of thymldlne_

‘(Table 9); these results shew that late stages (as well es early stages)
- of 'larval development are sensitive to thynidine protection at 10-4M'FUdR.

Hence it could be concluded that the blockage of DNA synthe51s by FUdR

occurs at all stages of larval life.

'

The 1nconsequent1al effects of thymldlne on FUdR at 10 3M 1nd1cate
that a secondary effect of FUdR other than on |DNA- synthe51s is cruc— //

ial at<th15-concentrat10n;

' Results 51m11ar to those shown above have been used as ev1denee :
that the primary cause of FUdR 1nh1b1t10n of bacter1a1 or animal cell
-growth ts due to the inhibition of the enzyme thymidylate'synthetése
(Cohen et al. .1958"Pau1 and Hagiwara 1962; Salzman and Sebr1ng,_1962)
'Thls mode of actlon of the analogue has been confirmed enzymologlcally :

by several authors mpst recently by Santi e% al. (1974),in bacteria and

by Conrad and Ruddle (1972) in Chinese hamster cells.

-

The present resuits can be. interpreted in;the same manner; FUdR
fed at a concentration ranging from 10" to 1075M produces an inhibi-
.tion_of thymidytate'synthetaee snfficient to kill larvae'expOSed toiit
'thfoughout their life. Th1s suggestlon is supported by. the f1nd1ng
that the addltlon of thymldlne to the dlet re11eves the effects of the

enzyme 1nh1b1t10n on DNA synthe51s and larvae become tolerant to FUdR

1
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.'sion is furthen’supported by the f1nd1ngs of Carpenter (1974) :Shewﬁ'

enzymes from mouse asc1tes cells Thls correspondence between in
3 :

the larva neither concentrates nor detox1f1es FUdR.,

126

at'both these concentrations (lOd and 10~ M) Moreqver the medium

Ashlft experlments demonstrate that the lethal effects of FUdR are

spread over a long perlod of larval development as would be expected”

if they were the result of 1nh1b1t10n of DNA synthes1s This conclu-

demonstrateS'ti}tmmax1mum 1nh1b1t10n of Drosophila thymldylate synthe-

tase occurs at TUdR concentrations ranglng from 10 -4 to 10 5M The

~ same result was obta1ned by Hartman and Heldelberger (1961) u51ng

K
Y

vitro 1nh1b1t10n exper1ments and the present studies is rather aston-

v

ishing. It suggests that neither the ceII membrane nor the alimentary

tract provides an effect1ve barr1er to the passage of FUdR and that

The letha11ty of hlgher FUdR concentrat1ons (10 -4 to lO-SM) seems,

‘ to occur through a thymldlne 1nsen51t1ve mechanlsm The f1nd1ng that

the add1t10n of ur1d1ne in the presence of thymidine and 10 4M FUdR '

©.overy substantlally 1mproves 1arva1 tolerance to the analogue suggests.

that RNA metabollsm is poss1b1y 1nvolved The effect on RNA synthes1s

by dlfferent fluorlnated der1vat1ves of FUdR has been demonstrated by

several workers (for references see He1delberger 1975) ' , \

The cleavage of FUdR to FU by thym1d1ne phosphorylase (Yag11 and
Rosner 1971) is the first step in the conver51on of FUdR to derlva—
t1ves whlch affect RNA met&bollsm “Thus to further 1nvest1gate the
effects of FUdR on RNA metabolism the effects of FU en larval develop-

ment was studled ‘ o K ' o
. »
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2. The effects of 5-fluorouracil L

i

 To characterlze the effects of dlfferent concentrations of FU a.
~cont1nuous growth experiment was performed Add1t1on of thymidlne or
uridine as .potential protectlve agents was also studied ~The results
are.shown in Table 12. "FU at 104 M causes complete lethallty, which,

‘as 1n the case of equimolar FUdR (Table 7), cannot be re11eved by the
add1t10n of thymldlne (5 x 10 M) ' This f1nd1ng supports the ear11er )
conclusion that lethallty/at 10 4M FUdR is- due to the effects of its

derlvatlves on aspects of metabolism other than dT™MP synthe51s

.

'The suggestion that the tox1c1ty of FU at h1gh concentratlon
klO M) is related to RNA métabolism.is not osten51b1y supported by
the negatlve results obta1ned 1n the presence of ur1d1ne (5 x 10 M)
However, it was observed that _the lethallty pattern at 10 4M FU d1f—
fers accordlng\tn\the presence or absence of ur1d1ne _ Ur1d1ne causes
the larvae to grow and surv1vevfor ?5 days before dy1ng without pupa-
1rlat10n, in contrast to the 1mmediate death observed in the absence of
‘uridine. This observat1on is analogous to that found in the presence
of thym1d1ne and ur1d1ne at 10 4M FUdR where h1gh rates of puparlatlon
' but not adult ec1051on were observed Th1s is espeC1a11y S0 con51der— o e
‘1ng that the effectlve concentratlon of FU in the present experlment
has to have been somewhat hlgher than 1n the FUdR experiment where
. Some FUdR has to have,been phosphorylated to produce FdUMP, Thus it
is net unreasonable to suggest that 1etha11ty produced by hlgher con-
centratlons of FU includes effects on RNA metabolism. , The 1neff1c1ency, : i

',of ur1d1ne alone in counteractlng such 1etha11ty could also be ex-

pPlained in part by the find1ng of Carpenter (1974) that feed1ng larvae
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on. 5.75 f’iO‘SM FU for 6 hrs. resulted in 59% inhibition of‘thymidylatev
d}nthftase © This also suggests that wh11e studying FU effects on RNA )
metabo\\sm it may well be adv1sab1e to utilize thym1d1ne so as to coun-
teract p0551b1e effects on DNA metabolism "Furthermore, Bardar et al.
(1973) “and Wilkrnso\\and Pitot (1973) demonstrated that even- ur1d1ne
cannot re11eve the effects of short exposure to FUR (4 x 10 sM or

above) on ribosomal RNA. Thus some aspects of tox1C1ty concerned with

RNA metabolism are permanent and cannot be. mod1f1ed by ur1d1ne

.
-5

3. The effect of different concentrations of thymidine - - ‘

' The above results demonstrate that thymidine ot 5 x 10_;M is un-
able to reiieve'the effects of 10*4.to JOHSM FUdR. | One possible ex-
planatlon is that thymidine at th1s part1cular concentration (5 x lO"SM)

is quant1tat1ve1y not sufficient to counteract the effect of such high
doses of FUdR or FU on thymidylate synthetase. Hence, incressc. thymi-
dine, concentrat1ons mlght be requ1red to relieve the deieter s effects
of h1gh doses of FUdR on DNA synthes1s. The d1ff1cu1ty in testing such a

/ suggest1on Lsthe f1nd1ng that hlgher concentrat1ons of thymidine are
also toxrc (see Table S) However, there is a poss1b111ty that the two .
\tox1c effects m1ghtoprove antagonistic, resu}tlng in 1mproved surv1va1
at hlgher doses of both nuc1e051des‘kogether than is found when each is
adm1n1stered separately - Table 13 shows the results when larvae were

" grown on- deflned med1um cont81n1ng FUdR at’ concentratlons ranging from

10 2M to 10 3M and thymidine at concentrat1ons from S X 107 M to -

5 x 10 ZM. Low concentrat1on of thym1d1ne (5 x 107 M) 51gn1f1cant1y
improves ec1051on at low concentration of Fudr (10~ M). Eclosion is

improved even more by increasing the'thymidine concentration until it

129
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- reaches a maximum4(at 5 x 10'4M thymidine). A similar pattern is ob- .

’served at 10~ M FUdR but eclosion requires a ten fold greater thyml--

dine concentrat1on (S x 10 4M),'and maximum eclosion is reached at

5 x 10 3M thymldlne Pupar1at10n follows ;the same pattern as’ ec1051on
However these results -are negatlve w1th respect to the quest1on at
hand, very high concentratlons of thym1d1ne do not relleve the tOXlC-

-2
ity of. hlgh doses of FUdR (10 , 107 M) Indeed, surv1va1 at 10 M ‘

thym1d1ne and 10 5M FUdR is marglnally less than when either compound

is used at similar concentration, but- w1th”the concentration of the

other somewhat reduced,

Similar results were obtained by Morr1s and Fischer (1963) in.

murine mast cell neoplasm. Thymidine below 10 5M relieved the inhib-

itory effects, caused by 10 7M FUdR on cell reproductlon Higher con-

.centratlons of thymldine however, inhibited ce11 d1v1s1on even in the

absence of FUdR.

-

-

Some of the. experlments just descrlbed were repeated in the pres-‘

ence of RNA (0 4 mg/ml). -The results are shown in Table. 14 The sub-
_ stant1a1 merovements in pupariation in the presence of 10° M FUdR and |
5 X 10 . thymldlne mimic the results'found with 5 x 10 M thymidine and.
uridine (see Table ?).n RNA is not effeCtiye‘in generating pupariation

fin the presence of 10'4M FUdR and 5 x 10' thymidine, although 1n the

-3

presence of thymidine (5 x 10 M and 5 x 10~ M), larval life is 51gn1f-g

icantly extended .by the addition of RNA at 10~ M FUdR Both observa-

!

tions tend to relnforce the notlon that at higher FUdR concentratlons

. death is caused by 1ntervent10n of FUdR in RNA metabol1sm

131 .
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RNA does relieve the toxic effect of 5 x IO-ZM'thymidine to the
\
extent of 1ncreaSing pupariation but this effect does not appear to

depend upon the presence of FUdR other than as an overriding toxic

agent.
4. The effects of deoxycytidine

" The toxicities of'high concentrations of FUdR and thymidine, as

shown above, are not mutually exc1u51ve, however, the p0551b111ty

st111 exists fOr examining the 1nteraction between the two compounds'
- at high concentrations if the tox1c1ty of high concentrations of

' thymidine could ‘be neutralized

The 1ncre351ng level of dTTP resulting from high thymidine con-

/
“centrations (BJursell and Reichard 1973) causes 1nh1bitory effects

gon‘thymidine kinase, dCMP\deaminase (in animals) or dCTR deaminase

| (in bacteria) and ribonucleotide,reductase‘(see3C1eever, 1967 ‘and -

O'Donovan.and Neuherd 1970) _The inhibition of thevreductase is.

v

thesis of dCTP. Deficiency 1n,dCTP'resu1ts 1n-thev1nab111ty of the -'

" cell to waintain DNA synthesis (Morris et az' 1963; Bujersell and

,r"

‘Reichard, 1973), probably causing permanent_damage to chromosomes

(Yang et aZ., 1966) and reducing cell surv1va1 (Kim et aZ., 1965)

even when thymidine 1s removed ~'High levels of dTTP also inhibit

!

aspartate carbamyltransferase, in bacteria and consequently, de

novo pyrimidine biosynthe51s (Gerhart and Schachman, 1965)..

Morris and Fischer (1963), Morris et al. (1963), Whittle (1966)

jnnd Bujersell and Reichard (1973) were ‘able to feverSe‘the toxicity

. .
. o . .
. ¥y . ' agets ot
~. Lo . P SIENPI L R I R T
Y A ‘,»J.u.-:m_;ykr._';,\n,\;g_w;e@;_ug‘:;w_m:o,Mw.-‘.,,;:,v,,-,vz,.., e e e e " .
S

i
i

. apparently of crucial 1mportance since it 1nh1b1ts the fu€3her syn- :

»
ot
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of high concentration of thymidine in mammalian cells by -the addition
of deoxycytidine. Deoxycytidine can'be utilized by'the kinases to pro-

duce dCTP‘(see Fig. 1), thus by-passing the dCTP deficiency.‘ ;

If it were p0551b1e to re11eve the thym1d1ne tox1c1ty 1n Droaophtla
: by the addltlon of - deoxycytidlne, the still open questlon of whether
the effects of FUdR at high concentrations can be reversed by thymidine
| could be examined. To 1nvest1gate this prop031t1on larvae were trans- 7 s
ferred to deflned medium contaln1ng FUdR (10 - -7 to 10° M) and a lethal’® b

dose of thym1d1ne (2 5 x 10 M) 1n the presence or absence of deoxycytl- N

dine- (S x 10° M) " The results are shown in Table 15. Deoxycyt1d1ne

N A

falls to amellorate the effect of h1gh doses of thymldlne Thus these

" results provide no reason to modlfy the or1g1na1 hypothe51s that the ' .

\ .

tox1c1ty of high doses of FUdR 1nvolves effects on RNA synthes1s On

-

the other hand they do not add any add1t10nal support for it,

o

Unexpectedly; however, deoxycyt1d1ne markedly 1mproves pup;rlatlon'
and ec1051on in the presence of. 10 6M FUdR. To further 1nvestlgate
this 1nterest1ng result character1zat10n of the effect of deoxycytldrne .
! on FUdR tox1c1ty'was carried out* The effects of d1fferent concentra-
- t1ons of deoxycytldlne in the presence or absence of FUdR are shown in
'Table 16. Deoxycytldlne at 5 x 10 SM does not have any s1gn1f1cant
effects on surv1vorsh1p or puparlatlon However at 5 x 10. 4M deoxycy-
t1d1ne—marked1y 1mproves pupar1at1on ‘and eclos1on at 10 6M FUdR con-
f1rm1ng the or1g1na1 results. Add1t1onal 1ncrease in deoxycyt1d1ne
concentrat1on (5 b 4 10 M) proves to be even mor% potent resulting in

larvae surviving 10 M FﬂdR Thls 1mpnovement however, is less than, ‘ 0.

that reported in the presepce of equimolar concentratlons of thymldine

- . o
! o Ty kS
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(see *able 13).“ | . : . ' )

In general the utilization of deoxycyt1d1ne as a thymldlne precur-
sor is con51dered to occur vig deamination of either. deoxycyt1d1ne per
8e or of its phosphoryleted derlvatlves (dCMP in higher organlsms and
dCTP in bacterla) to produce deoxyur1d1ne, or the approprlate nucleo-
tide, whlch is then’ converted to dTMP by thymidylate synthetase, the
~enzyme inhibited by FUdR (see Fig. 1). The question ariseé therefore

o

as to:why deoxycytidine is at all effective as .an antidote.

At ieaSt three classes of eXplenation of the effect are possible:
First, <since thymidylate synthetase of Drosophila is reported to be
1nh1b1ted competitively by FdUMP (Carpenter 1974), deoxycytidine may
<prov1de an 1ncreased pool of dUMP allowing successful competltlon for
thymldylate synthetase, secondly,deoxycytrdlne may indirectly allevi-
ate the 1nh1b1t1on of thymidylate-synthetase by detorificetlon of FUdR
or excludlng it from the cell; the th1rd poss1b111ty is that deoxycyti-
d1ne itself is converted to thymlne nucleotides by séme alternate path-

way not 1nvolv1ng thymidylate synthetase.

S

5. The effects of deoxyuridine - -

If deoxycytidine counteracts Fhe tox1c1ty of FUdR by prov1d1ng

- B

excess dUMP then it mlght be predlcted that the add1t10n of deoxyurl-

dine under the same conditions would itself prove to be an antidote.

To test this possrb111ty, larvae were transferred to defined media | .

conta1n1ng FUdR (10 to 10 ND and deoxyur1d1ne (S x 10 3M) fe -

results are shown in Table 17, Deoxyuridine produces a markedly

lesser effect than deoxycytldlne at 10 6M FUdR" and no effect at all

137
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at IO-SM FUdR. The flndlng that the eff1c1ency with which the three

pyrimidine deoxyribosides counteract FUdR tox1c1ty (thymldlne > deoxy-
cyt1d1ne > deoxyurldlne) follows a different order from the usually
accepted synthetlc pathway connectlng their nucleotldes (dCMP - & dUMP
-+ dTMP) 1s curious.” It can .be argued that the pattern and efflclency
of ut111zat10n of deoxyurldlne as a precursor for dUMP. has not yet been
tested in DrosophLZa, however it has been dembnstrated that its ana-
logue, FUdR, is effectively cdnverted‘at a much lower concentration
(5000 fold less) as Judged by its effect on thymldylate synthetase

(see Carpenter 1974) and upon survivorship (see Table 7); the same

| eniymé, thynidine kinase, is presumed to mediate both dUMP and FdUMP

production,-

It is p0551b1e that deoxycyt1d1ne may detox1fy FUdR by- cau51ng

its cleavage to FU. It has been demonstrated in bacteria that deoxyr1bo-

N4

) nuc1e051des effect1ve1y induce thym1d1ne phosphorylase, the enzyme re-

‘ spon51b1e for the clea;age of FUdR to FU (see INTRODUCTION PartlII A
-2 Ltt) In this case one would predict that deoxyur1d1ne should exert
51m11ar detoxlfy1ng effects. ‘The results in Table 17 do not seem to
support this contention, However, ‘it could be argued that since no

nuc1e051de phospho%ylase is known for deoxycyt1d1ne d1rect1y 1t would

remain effective longer than deoxyur1d1ne as a phosphorylase 1nducer,
|

and, at the same tlme, serve less effect1ve1y as a source of dR-1-P,

dR-1-P is also, of course, a product of cleavage of FUdR by thym1d1ne B

phosphorylase, a reactlpn which would therefore be expected to.be Te-

versed or inhibited by the accumulation of 'dR-1-P.

a



There is really n0'estimate of the relative degree to which the
‘antagonlstlc effects of phosphorylase induction and phosphorylase -
actlvlty mlght alter the rate of detoxification of FUdR in this system
Furthermore, since deoxycytidine is probahly deaminated to produce deo-
;‘_'xyuridine, the difference-between the. effects of the-two compounds is

‘ presumably only a matter of degrge. Thls dlfference may be reflected
in the relat1ve1y greater capac1ty of deoxycytldlne to -overcome FUdR
© toxicity, However,Yagll and Rosner {1971) demonstrated that deoxycyti-
dine and deoxyurldlne, among other nuc1e051des,substant1a11y inhibit
the in vivo cleavage of H 6- FUdR to 3H—6-FU in bacteria, (around 50%
of the counts remalned in FUdR as opposed to 2.4% in controls). This
-inhibition of FUdR' cleavage was further-demonstrated in mutants lacking‘
thymldlne klnase Although FUdR in these mutants is not converted di-
vrectly to FdUMP, it st111 exerts toxic effects viag its cleavage prod-

‘uct, FU -This toxicity was reduced equally well by the addltlon of

y

either deoxycyt1d1ne or deoxyuridine. Therefore both compounds are
equally effectlve in enhancing the stab111ty and, in their thymldlne
klnase mutants, reduc1ng tox1c1ty of FUdR. If a similar 51tuation
applies in the fru1t fly, the prlmary capac1ty of either compound to
relieve the effect of- FUdR is clearly not a functlon of detox1f1ca-

tion,
s

A third possibility_is that deoxycytidine is,converted to'dTMP

3 w1thout the involvement of thymidylate synthetase (see Fig. 7) A
pathway for such a conversion has been suggested to exist in E, coZz
by Forster and- Halldorf (cited by O'Donovan and Neuhard, 1970) They

c1a1med that dCTP can be converted to-dTTP by sequential act1on of a



.Figure 7._iInterconversion“of‘the.pyrimidine deoxynucleo-

sides. Established reactions are shown with solid

lines, postulated reactions with broken lines.

(a) In bacteria. (b) In higher .organisms. The
postulated méthylatibn-deaminatidn reaction could
occur at any level of phosphorylation.

b

T



CH, _ NH
R — SCH,—dCTP-----.. -/..'
dcrp-’—j\——.—dtrrr
4 - NH‘ 4 i
duDP o |
1y | CH’
b>dUMPE———p N,
NH, . ‘  bleck .
—»UdR
N\ ,
NH,

" 142



143
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methylating enzyme and a deaminase as follows: : .
dCTP + 5, 10, methylene THFA -~ 5-methyl-dCTP +/DHFA

S-methyl-dCTP + H)0 + dTTP + N, \ \

The methylating enzyme is reported to be'separable from thymidy-

late‘synthetase on DEAE cellulose It was not reported, however,

\

whether’ the 5-methyl-dCTP deaminase is the same as dCTP deamlnase

‘Moreover the thy~ phenotype was descrlbed by Forster and Halldorf as a

double mutant lacking both dCTP methylatlon enzyme and thymidylate syn-
thetase act1v1t1es Two types of revertants ‘were also described, one
containing activity for thymidylate synthetase but ‘none for dCTP methy- T 7oy

lation and the second showing the reverse combination.

Although this report provides a convenient explanation for the .
present results with deoxycytidine, it should be remembered that no

definitive evidence for the dCTP methylation enzyme has béen published

" except in thesis form v . 3 .

¥ . It would be d1ff1cu1t to test thlS hypothesis by nutritional means
in Droeophtla. Feedlng flies on 5- methyl deoxycyt1d1ne in the presence

of FUdR could provide ev1dence for 1ts deam1nat10n to thym1d1ne, a re-

: act1on whlch appears to be effectlve in counteracting FUdR tox1c1ty in -

bacter1a (Cohen and Barner, 1957)\and amethopterin inhibition in mam-

‘malian celi culture (Hakala and Taylor, 1959), but w111 not prove that

;Droaophzla is capable of methylatlng deoxycyt1d1ne or 1ts phosophory-

lated derlvatlves : -
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"The utilization of antifolate drugs would theoretically‘inhibitA
‘the methyletion of oxtosine compolinds and.result in death"uhich might
~be avoided by the addition of thymldlne or S-methyl deoxycytldlne but
not by deoxyuridine or deoxycytldlne The d1ff1cu1ty 1n testlng this
.p0551b111ty would probably arlse from the involvement of folate in
other metabollc pathways and the obligate requirement of Drosophila
for folate (Sang, 1956). Khan and Alderson (1968) demonstrated that
folate def1c1ency cannot be corrected if larvae are fed on folate-free
def1ned medlum with amlnopterln for more than 48 hrs., even 1f the lar- .
vae are subsequently transferred to ‘'defined med1um containing folate

'and RNA. ]
\\

INevertheless mgniiulation of medium shift erperiLeuts under these
eonditions, but with provision of a utilizable purine soupce‘(suggested
by the results Qf,Morris,end Fischer, 1963) could prove very valuable
in exploring the p0551b111ty of methylat1on of deoxycytidine or its
_phosphorylated der1vat1ves by Drosophtla Clearly the most satisfac-
tory test would.lnvolve the demonstration of the‘methylation reaction

in conditions under which thymldylate synthetase activity was demon-

strably absent and/or the ‘amination of thymine, thym1d1ne and thymidy-

late were ruled out : Such a demonstratlon would presumably, involve %Qjﬁ

an 1sotop1ca11y labelled methyl group on the methyl donor
6. The_effect of thymine'

The effectlveness of thymlne in modify1ng FUdR tox1c1ty was 1n-
vestlgated in contlnuous growth experlments Thymlne has the potentlal

' to act as a dTTP source given appropriate blologlcal cond1t10ns (see,

@ . . ) ' S
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INTRODUCTION Part III A 1). LafVée were transferred to defined medium
containing.FUdR at concentrations ranging from 10'7‘to 10—4M. The

effect of different concentrations of thyminebis shown in Table 18.

Only high concentration of/th?mine (10_2M) shows é gignificant effect

on the tox1c1ty of FUdR at 10 6M since 43% of larvae eclosed compared to.i’
none in the absence of thymine. The effect of 10 zM thymine is also
demonstrated at 10 SM FUdR, for although no adults eclose, 51gn1ficant

pupariation is observed. SimlfSr results were.repoTted by Goldsmith

SRR ; only 8.3 x 10 3M thymine qr above were ab%g/to mod-

':‘dfy:fﬂ; ‘. ' )of amlnopterln on adult Drosophzla These re-

isvoﬁvibﬁglyr¥%ss 9ff1crent than thymldlne in th1s respect (see Table
713). Similar conclu51ons were derlved from comparatlve stud1es on the
1ncorporat10n of thymine and thym1d1ne into DNA of plpnts (Zilberstein
et al., 1973b), ‘Novikoff hepatoma cells (Goodman, 1974), and,siik moth

Pupae (Selman and Kafatos, 1974),

o
v N
~a

7. The effect qf.deoxyadenbsine

The. 1neff1c1ency of. thymine Utlllz#tlon in Drosophzla could bek

" due to,the 11m1ted ava1lab111ty of dR-1-P, required for reverse phos- '
phorolysis of thymane .This 11m1tat10n ;; dR 1-P was shown to be over-
come in bacteria (Kammen 1967; Munch- Petersen, 1967; Budman and Pardee,
1967; Yagll and Rosner 1970;- Dale and Greenberg, 1972) and Novikoff

| hepatoma cells (Goodman 1974) by the add1t1on of a dR-1-P donor. The

\‘nost~eific1ent donors were the purlne deoxyr1bonuc1eosides (Kammen,

1 67)



. . . ) . 5

4
.

: , - . deAIR] 0f 30 seoridex L 30 mnututw ® uodn
‘Paseq ST uniep. yoeg "UoTSOTI3 P31 [BATAINS MoT2q sasayjuaxed ut umoys wﬁvcoﬂuaﬁuamsnouﬁm>w>u=m

(0) S @ (e S () (s8) o,
0 . 0o - . ) Lo L . 1€ 4 )
(0) | (0) . (ss) / w L e) -
0 | 0 Sovo . S 18 4 R - c-0T X
(o) o - (s€)  (68) - (p8) L o
N L0 . v o - o 9L . . LL 0T xg -
‘ ; ’ L T . - T T
(0) (0) _ (£5) S €73 (08) :
0 w o | 8°0 CsL : SL g-0T X §
MO " (0) N (X)) | (68) * (¥8) .
0 0 : 0 L . 9L - auoy
0T w0t N S R - supAyr yo v
14 , L _ . UOT3IBIIUIIUOY
dPNd 3o uotr3lesjuaduo) letop . , S - IB10K
o ¥PNd BUTUTEIUOY wnipey pautzag uo umoly aeAxe] Suowy Luorierredng o3 pue
, uotsorag o3 TBATAING 38®v3uad1dy uo autwAyt jo SUOT3IBIIUIIUO) 1USI333TQ JO S3ID9333 ‘g1 21qelL



e 147

If this were the situation in Droaophild it'might be possible to
enhance the effect of thymlne on FUdR tox1c1ty'by the’ add1t1on of a
dR-1-P source ~To test thls'suggestlon larvae were'transferred to de-
fined medium conta1n1ng thymine (10 M) and FUdR (10% to 10-4Ml The |

T effect of deoxyaden051ne was- studled at-a concentratlon of 5 x 107%M

"
il v
.e

- : . to avord its own toxicity exerted at, h1gher c;ifentrat1ons (see Table

6). The results are shown in’ Table . 19 The pfesence of deoxyadeno- '

k451ne 51gn1f1cant1y enhances the effectlveness of thymine 1n counter-

, .
.the tox1C1ty of 10 SM FUdR. However even w1th th1s 1mprovement
@
the effect of thymlne is. still less than that observed when thymxdrne"‘

- S was used At 10 6M FUdR, however, deoxyaden051ne reduces surv1vorsh1p

-6

.

%nd pupar1at10n Although "this . tox1c1ty of deoxyaden051ne at 10™°M

'-’t +

FQdR is less pronounced in the’ absence of thymine, nevertheless it is

ACcompan1ed by very. mich earller death of the larvae than obserVed 1n,,

controls This 1nteract10n between deoxyadenosrne and” FUdR c6uid be’

due to. the effect of the former onahreventlng the cleaVagevof FUdR- to

FU thus enhanC1ng 1ts toxicity,. S1mxlar results were ‘reported by

Yagxl and- Rosner (1971) in bacterla The add1t1on of deoxyadenos1ne

3

prevented in vtvo cleavage of 3H 6~FUdR to H-6- FU It also prevented

the death cauded by FU, resulting from the cleavage of FUdR, “in mutants

® def1c1ent in. thym1d1ne klnase.

Yoo -

“ The above results probably 1nd1cate that, in Drosophtla, as’in
other organlsms ~the 1neff1c1ency of thymlne 1s "due. to’ the limited
ava11ab111ty oﬁ dR- l P and suggest the adequacy of deoxyaden051ne as
.a, dR~1 P donor under the. present experimental conditions. Th1s sug- "~

gestlonA can: be re1nforced by. the observatlon that deoxyadenos1ne
N } )

a" B
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T

probably enhances_FUdR toxicity. T

N :

II1I. ISOLATION OF MUTANTS
. . 1,’
-~

The mutation selectioq.screens used in this study are based on the

assumption that all progeny of mutagenized flies will die when eXposed
. D " ‘ ' Y ‘

A to lethal doses of FUdR with the. exception of those which have acquired’
J L ‘ : e S L.
\ " resistance to theranalogue, Such individuals’could either be defective
s* ; !
in enzymes 1nvolved 1n the . metabolxsm of FUdR or are mutants wh1ch

~

cause changes in substrate speC1f1city~or.ratelof activity-of thymidy-

‘ //' . ‘late synthetase, thug cohferring resistance to FUdR. Mutants deficient
’ . - : . S ,
) ~in thymidylate synthetase are assumed to be lethals' unless a thymidv-

late squrce is. provided during selection. It has been’observedgain;bac—

@ teria, that thy‘ mutants are more efficient in the utilization of thy-

v 0 [N
- . - . 3

. mine than thy stralns even if the latter were grown 1n the presence df

"dR-1-P source. “The efflélency is suggeé&bd to be -due ?&Athe Increased . ﬁ% ;
= . .q.rl.'
1ntrace11ular cnncentratlon of dR-1-P found jin these mutant stralns as o

I

a result ‘of catabol1sm of accumulated deoxynucleotlde precursorsﬁgf j4,'
[ i .oér ‘4{

dTTP," 'whose synthe51s has been blocked by the mutat1on (see Beachaﬁ and
~ w :-f."‘

Pr1tchard 1971 Uerkv1tz et aZ., 1933) ‘If such a s1tuat10n ex1sts in .

-

/ A

.‘Droaophzla 1t would fac1latate ‘the distlnctlon between thy and thy

. strains grown on thymlng in the presence of FUdR. ,'24' A' N L
: . L e R . !,_ : )
w ' . ) e . :,,é‘l . h I" .

ddtherbtypes of mutants can .also dbe obtalned gnr example mutants

il . ,,‘

.1

-1nrthe enzyme(s) or system(s) respon51b1e for the Uptake of FUdR by the

/

Lyl Acell could also pzpduce res1stance to the apﬂfbgde., O S
R EEE S I P : .
M : S | . E
' A o o \ ° T ' ;‘7‘ : SE L
< . r}j , v - . ‘}.‘ . R '
- IR ® : : : Co
{ « '-.’:'x i 1. Y W
’ 1" - ’ ’ ~ );f\_
. —_—



Three basic selection screens were adopted in the present study:
The first was an attempt’to isolate 'dominant or sexglinked resistance
1 mutants (screen 1, Table 20). The Tationale~is that, since XX/Y fe- -
, : -
males were used. in this screen and the progeny are tested for re51st— ~

ance in the f1rst generat1on surv1v1ng -male progeny could carry

e1ther domlnant or recessive X-linked resistance fdutants.. Both male

e ' and female survivors -could also carry domlnant res: stance mutants “on
A L LT ,_~
j”{ , the autosdmes f o v o : N

PR -
3 - ' I Lo

PR &*"J"ﬁ . ¥

KTthéug?{awtotal of 17 200 males &Sre ‘mutagenized, no resistant

T »offspikhg were obtagned (see Table. - 20) ThlS fallure could have sev-
.~ .

;rf e _;.f%ral*tauses* xhe FUdR- concentratlons used m1ght have been too high or

. .l c)"7 ',4.:'~‘ - , .
et sqre other element in the conditions under which the selectlon were
cgrr1ed out may have been 1nappropriate. Alternatively, it might be

i 5
@ that ne1ther domxnant nor sex llnked recess1ve FUdR re51stant mutants
S
~can exist. In retrospect, the 71rst p0551b111ty seems to be the most
) : . L /.‘ E : : -
. appropriate, since mutants wer7ﬂisolated when FUdR concentrat¥®n was
\(d . . . . . - . *

Iowered (see Table 20). -
S ‘. / . . .

ot ‘Upon the f. lure of screén l to produce resistant mutants 1t was

o ‘ 1' dec1ded to broaden the spect of the selection screen to 1nclude al— -
"_ L 1) the search for autosqmal rece551ve're51stance mu{ants It was also
R deC1ded to replace RNA 1n tVL test medium with thym1ne, to provide the
p0551b111ty for select1ng thym1dynate synthetgse def1c1ent mutants as
R has been done successfully/ln bacter1a us1ng ant1 folate drugs (sed

?

O'Donovan aQ%eﬁeuhard 1970) _ ' | . ,
.. o NS . | ' l -

ol +
ﬂ‘, PR v

! Isolatxon of recess1ve mutants requ1res the generat1on of homo-

zygotes, so ‘that the. rece551ve phenotype can be observed. In

,

L . . /f. . . . ‘ N ke
. - . PR

! ‘;‘ - éx V R +
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Drosophtla, "balancer" chromosomes are generally used to achieve homo-

zygosity. Practlcally, thls méthod can only be applled to one autosome

-at-a time; Naguib (1976), in her-search for nucleoside auxotrophs ap-
plied the balancer method to both’the large autosomes, the second and
the. third, simultaneously and encountered numerous problems . However
when she focused on the second chromosome alone the method was success-

ful (see Screen 2 and also Naguib, 1976).

Th1s technlque has some shor;comlngs It 11m1ts the searcﬂ for

FUdR recess1ve resistant mutants marnly to the second chromosome ahd
. .

dlscards recessive mutants, when comb1ned with recessiVe letha}s on: the

. b r «c ..,‘ K
n) -~ . ’ [
second chromosome. However numerous avallable stralns wﬁhde . 8s by- -
'd
¢, e

products of Naguib's exper1ments, were convenlent as naté%;pa o uhlch‘ .

“' »}}‘ LG Aol

to test potentlal condltlons for 1solat1ng reqpss1ve FUgR re sUstsps.
. \ ‘ . .3;

N

‘4\«

mutants .

s

The early results from Screeh 2, however, ere not p051t1ve Con-
sequently FUdR concentrat1on was reduced (see a le 20). EMS concen—
tratlon was also Jowered from 9 6 mM to 6. 4 mM to reduce the 67% homo-
| zygous recessive lethals observed by Naguib (1976) This concentratlon
was further lowered to 4.3 mM when it was real1zed that this concentra-
tlon st111 produces 66% recessive lethals The last‘concenttation

lowered the rece551ve Iethallty to 50%.

a N
Leaeld
i

Under the new cond1t10ns nine apparent mutants were 1solated in

-

screen 2. A11 were balanCed lethal stra1ns carrylng ‘the SMS chromosome
and a presumdbly induced second chgomosoge rece551ve lethal These re-
sults suggest that recessiv1ty was not necessarlly the problem caus1ng

Lv

;\_.

v
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the failure of screen 1 to yield resistant mutants, but more probably

the high FUdR concentrations used were the cause.

‘
e

It is possibie to test all hypotheses by the usé of screen 3.
.Th1s scheme h&s a. number of adVantages over screen 2. -Since only FUdR
re51stant mutants can survive in the presence of FUdR, then if the
mutants are recessive, onIy homozygotes will surv1ve, thus the use of
FUdR can replace balancer chromosomes in generating homozygous recess-
ive re51stant mutants. . In add1t1on the free: recomblnatlon in screen 3

&y

‘has the advantage of allow1ng the separatlon of recessive lethals from

re51stance mutants. Othei™ }

for mutants on all the chromosomes in the genome and hence’ would prob-

" ably give greater chance in y1edd1ng resistance mutants. There is no "~ .-,

a priori bias aga1nst dominants.

’

' ’ ' Ll
Any mutant with select1ve dlsadantage does have a f1n1te chance

\

of being lost part1cu1ar1y if it is a d0m1nant effect The effects
of this c1rcumstance are m1n1m1zed by testing stocks as rap1d1y as-is
compatible with generation of homozygdtes; Perhaps, the main disad-

vantage of screen 3 is that it is not as genetically definedﬁsé screen s
: -

‘2. Such diaadvantage'might be qnite serious, as haS‘been learned rec-
ently from the genetic 1nstab111ty of almost all the mutants isolated

;_1 o 1n this study Thus, to ach1eve fu11 advantage of screen 3 in y1e1d- .

R S 1ng stable res1stance mutants, -a prov151on should be made for the im-

T-S’i; med1ate locatlon and stab111zat1on of the’ newly isolated mutani% by

.
s .. b
A~3f* '-Ieans of gpnetlc crosses.‘*Unfbrtunately such a provision was not made

N

1n the pr%weﬁ;? Stndy since the 1nstab111ty of the mutants was not rec- .

N4 ._,
h_ihx ogﬂized‘unt11 the in ‘the cﬁﬁrse of the 1nvest1gation.
o A LR | .
. e o ; &
. ' 4, t!'-‘( "&' B
LT R i
¢ ', v 23 .

4:’ -
o A5 Lo
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Table 20 summarires the cquitions and the results of the differ-
ent selection screens applied .ih $his study."As‘mentioned above, mut-

.ants were isolated only at low FUdR concentration-(1.5 x 10_6M), thus

- it appears to be the main factor in the failure of screen 1 andi®Barly %

trials with screen 2,

RV

The failure of the various screens to produce FUdR resistance mut-
' ants at higher doses of the analogue has precedent in the literature.
Freed and Mezger-Freed (1973) reported that, in hap101d frog cells,

' one-step re51stance to the thymidine analogue, BUdR (whrch causes mis-
‘coding by incorporation into'DNA, after being phosphorylated initially

by'thymidine’kinase),can~on1y be obtained to 5 x 10"°M or less BUdR.
Higher levels of re51stance can be obtained by a subsequent 1ncrease
. .
" in the concentration of the analogue (10” M) Thus it seems that the

>

lower resistance is an obligate requirement to obtain'higher resistance.

154

It is 1nterest1ng to note however that the re51stance was found to be :

- . 3

of different nature in “the twoges. At low concentration the mtatmn

was assoqiated w1th 1mpa1rment the tranSport system while at higher
' 'w

concentration the mutation was . due to an additional defic1ency id thy-

‘.J
Lot
5

midine kinase.-

[} - ” s .
‘- : ' . ’
Def1c1ency in transport systems does ﬂOt appear to- be a mandatory

1ntermed1ate stage in obtainrng highly analogue re51stant mutants 1n

other cell types. Orkin and Littlefield (1971) have demonstrated the

',1nab111ty to produce mutants highly resistant. to aminOpterin by a ia;"h

srngle step in cultured Chinese hamster cells, but reported that

neither the highly nor the slightly re51stant mutants 1solated were
T ¥ T A
deficrent with regard to their uptake of the analogue. ' / o

L4 ] »

i

~
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'IV. NUTRITIONAL CHARACTERIZATION OF THE MUTANTS

To characterize the resistant mutants and to explore differences

.

in the resistance phenotype‘ their response to increasd® FUdR concen-

tratlon was tested in the presence or absence of e1ther thymlne or thy-

'

m1d1ne

A. 'Dose response in the absence of thymine

o
1

",

f Slnce all mutants were 1solated on thymine conta1n1ng medium,
the1r response to the removal of th1s base was studied to test. the
'poss1b111ty that they were defectlve in the enzyme thym1dy1ate synthe-

'tase In this case 1t is assumed that such a mutant would be unable to
S

surv1ve the absence of thymlne

Iy

'9

Y. In1t1ally, newly ha;ched larvae from five, gutant stralhs from

vy
B

screen 2 were traniﬁgﬁred to thymlne free deflned med1um conta1n1ng
dlfferent concentratlons of FUdR Am Or (stra1n 1, Table® 3) was
used as a control; however because of the dlfference 1n the genetlc
background between this strain and the mutants selected 1n screen 2, -

‘another straln c92- 2, 1solated by Naguib (1976), was also introduced'

1 as a control; This latter stra1n contains a recessive lethal 11ke all

the re51stant mutants from ‘screen 2 and having been obtalned without

select1on from the same screen would also be expected to have a s1milay

”

genet1c background T . o ‘ g
' - < A ‘

Table 21 shows the results of this laryal transfer experlment

~

y

Removal of thymlne has no clear effect on surv1va1 to eclosion of any

stra1ns tested »?hus it can be;assumed that none‘of these«strains

; o _ . . %
: . . .
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Al

is deficient in thymidylate synthetase.

The five mutant strains tested are clearly mpre resistant to FUdR
than either 4m Or' or €92-2. At 1.08 x 10 6M FUdR between 12% and 26%
of the mutant larvae reached adulthood compared to 2% for Am Or' and
none for (92- 2:‘ Larvae of the four mutant strains; 328, 519, 2923 and

3317 eclosed at two FUdR concentrations (1.31 X 10—6 and 1.58 x 10 MD

_where no survival was observed for either Am Or or C92~ 2 S;raln 328

showed the greatest resistance among the mutants. The overall resist-

“

ance, nontheless, is relatively low.

Strain (C92-2 showed similar sensitivity to FUdR as wild type ‘

o I ' :
Am Or' if not more; hence it seemed adequate for use as a ‘control for

o

screen 2 mutants.

XA
Some dose response curves (F1g 8) for the mutants are 51gm01dal°,
(328), but others are 1 s so (15). In stra1n 15 resistance appears
to be a functlon of a sub- populatlon consistlng of about 50% of the |
larvae. The dose Tesponse curve of 328 also 1nd1cates the probable :
exlstence of highly re51stant rare "segregants" in thls strain. Such
pattern of behav1our nece551tates the use of response to seve&gﬁ FUdR
dose§'when estlmatlng aﬁd comparlng re51stance of ‘the different mutant

stra1ns R

In spite of the more accurate measurements obtalned by larval
transfer experlments ‘in est1mat1ng the response to varlety of d1etary

supplements, it #s time- consumlng Thus the adult ov1posxt1bn method

(see MATERIALS AND METHODS) was adopted to speed up the characterxza-»

tion of the 14 mutants. ‘. C : ' - :

-~
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Figure 8. Relationship between the perceﬁtage relative

surv1va1 of C92-2, 15 and 328 mutant larvae on

\

deflned medlum and the concentratlon of FUdR.

.

Data is normallsed to surv1vorsh1p of the indi-

vidual strains in the absence of FUdR. L€

an

o

P
-
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Tables 22 and 23 show the relative productivity of mutants iso-
lated in screen 2 andl3 respectlvely, on defined medlum contaxnlng
dlfferent concentratlons of FUdR in the absence of thymlne Produc-

‘ _'tivltyifor all strains, both‘mutants and controls, is_in”the rangeoof
. _/,*5;8-11.0 progenY/femald[day (p/f/d) (average = 8.4) for the stocks
, .
'Qr _beéring the‘reoessivé lethals (screen 2, Table 22) and from 6.4-15.8 .
- p/f/d (avenage =;lltl) for the ostensibly‘honozygous stochi:(screen 3,
" Table 23). The fact that all p}oduce substantiel numbeis‘of offspring
1nd1cates that none is of the conventxonal ‘thy~ phenotype All mutsnts
except one tolerate 7.34 x lO M FUdR sllghtly bettcr than controls

The most striking mutant 1solated, AS?, produced 56 t1mes as many off-

spring as the control’ITable 23) while the rest'of the mutants  gave

offspfing 2 to 15 times greater than their controls (see Tables 22 and

23). The difference" becomes more obvxous at 1.08 x 10~ M FUdR A37 -~
is almost 200 times as productlve as the control (see Tahle 22). The
‘rest of the mutants eliher exh1b1t similar or somewhat higher resxst-

. ’ ’

ance than controls

r “
A

The comparatively minor differences'observed betueen-these results
and those obtained by larval transfer eiperiments;(c.f. Tables 21 and
'22) indicates the adequacy of adult oviposition for quicﬂ characteriza-

tion of the mutants.

- 0ccas1ona1 adults frﬂm control strains survxving on. high

E . ‘FUdR doses almost always prove sterile- ‘even when subsequently trans-

| ferred to dead yeast medium, whereas mutant flies are xenerally fer-,
.txle. Although thxs has not been used extensively, it could be ap—
.rplied so s to_clean up thel?edult oyipositlon" assay further, since -

gtvf
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) the "escaper" flles are rather mqre common us1ng this- method than in. 7
K w £ . ' & ) . Lo "‘u,";', L
- ' ' larval transfer experlments e , X . ‘ o v$f~y“
u N . - . N ' ‘ ) .
.. ) . E . l_,N . t R '
<. o B Dose response in the presence of thymine S o T

’ E >. .~ a ) . | - ] ' rs‘ :

S1nce all mutants were selected ;n the presence of thymlne”“cdm L

‘ v TRy

i 'par1son of the1r response .to 1ncrease¢ ﬂoses of FUdR would probably 8e
N v g

N\ ,expected to nge maximal dlscr1m1nat10n between the mutants and the

KR
i “ ,

e ;__controls The relative product1v1ty of mutant %ﬂles on- defmed medQ\
o Cium coﬁt81n1ng thymlne (5.x 107 M) and - d1fferen c

oncentrations of A

‘:~FUdR is shown in Tables 24 ‘and 25, . R :_ ' '.' i

D . - o
e X Lo - ey . - .:,‘ R
. . - . ; \.e

=

- Under these cond1t1ons A37 was, once again, dtstlngulshed among a
. g ’ ’ : ~«'¢'.‘ o

o : .' the mutants by 1ts h1gh leve} of resistance, Atﬂl.OB.k-IO- M and .

W r 58 X 10 M FUdR 1t showed.%O and . 20afold reSpert;vely,,lncreased 5
o " N -

‘ re51stance over the contﬁbl (see Table 23) The rest of the mUtants A
S TR 1 *}J e o .

&, CT exh1b1ted dlfferent ranges of rgglstdnce accordlng thelr genetic o
P, . ! .
= . . J . [ 7 . :

& )
é;orlgln. Mutants from screen 3, w1th the except1on

B

}3?, shoWed resist-le

.

A f/ R ancé\rang1ng almost 3 thG tlmes greater ﬁhan that observ;d fpr con-“* ?' T
3 \ . '.D . . W A em . _J" s ._

trols at’ I. 08 x 0% 'R 290 b§1ng the most resigtant among thlS T Lo

"‘ & | 'groupe \'.‘ - N l B
| ‘: .' I ?/

AR TL Mutants 1solated in screen 2 (J

able 24) .fre less re51staﬁt than

-
., .

/ .
those of screen 3 1Tab1e 25) when compared to thelr control C92 2 at

oo oo '4>ml 08 x 10 6M FUdR or hlgher. 09232 1s, it seems res1stant to FUdR ‘in o e v“

‘o \
A (:'(

the presence of thymine but non 1n its absence. It should,be remem-

> . - bered that C92-2 stock was, not the standard by whzch the mutants were

@

* Rad

selected originally and it must be assumed that 1ts r051stance is an

e .

1nconven1ent chance happen1ng \tertainly, several thousands of less e

P}
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. ' ’ ‘ - bed - ) *
N - " resistant strains were discarded in the course of scr 2; CQ‘%Z was
' R 1’ . . .o

not among thgm. Differences between the resistanc§'3f7092-2 and the B

mutant strains exceﬁf 58, .can be bettenldenonstrated at 7.34 x‘10'7M

FUdR. The resistance factor ranges from approximately 1.1 for 3317 to

o 2 4 for 53. All strains,.j{'if -

& o e o T N
C. Dose response in the presenceé of thymidine _ : ' o

v 7

. . 4 .
o e 4 . : : . s ‘ . ) ‘
: i + ~ Resistance which is generated by 11m1tat10n of access of FUdR' to

* T the cell rather than by- spec1f1c means wh1ch C1rcumvent its effest on .

thymldylate blosyntheﬁls, should exh1b1t 1tse1f 1nbthe presence of thy- |
7
m1d1ne., Re51stance generated by rdpxd conggrs1on of EUdR to FU, in ) “§ﬁﬁ

ae <§Qntrast should lower the effevé‘t,wg%ss of thymldme as. antldote rwg

‘ ﬁence the: effects of F%dR in the présence of thym1d1ne were Sted. ¢ “ ) ;

.“ ‘ Tables 26 and 27 show the relat;;ebprodupt1v1t¥ of muta;t females on - . -
'».»”i" . de£1ned medlum conta1n1n£;d1fferent concentrat1onf of FUdR 1n the pres-;h;-_\ “
'?- w0 ‘ence of t,hymdme (s x 10 MJ I e L

’

ﬂ . : PR . . ' . ce h
%rg ‘ ] - 5 L S e T
4

w-ﬂ
““~, Thym1d1ne seems to accentuate tﬁz d1fference 1n res1stance between
¥, “ .
} the mutants 1solated 1n screens 2" and 3 W1th the exception of stgpins

o

17 and- 53 only marg1nal d1fferences are observed between the control

ke -

- N

- ql‘y' (C92-2) and the mutants 1solated in screen 2 at 1. 77 x 107 M FUdR, (see

o : Teb1:;26). In’ th1s‘casc, the same is true if compar1son is made wrth
N ‘ . . . ’ . *
R N v Am 0¥, Onvthe other hand at the sahme cencentratlon, mutants 1solated
ToA . » .
N ’ ;%ngcreen ? were 3.2 to 5.7 fold more' resiStant. than the contrdl (see '
e - M 7 Lo d d
st T ble 27 " These diff nces were still evident at 3. 16‘& 10 dR ,

S

‘-“{

* Incfact, at 1.77°%107°M FUdR mutants’ of screeh 3. along with 17 fronf
N ' S A < ‘ e T

v
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143?; HOWever, the d1fference .between these strains and A37 was evi--

Ascreen 2 were comparable in resxstance to t/é/h1gh1y resistant straln

a”

-5

' ;dent at the hlgher concentratlons of 3. 16 x 10 °M FUdR §

.
o ©

: trat1ons. o .

e )
- ) . ,-\.

Thus, 1n “the presence ‘of thym1d1ne the mutants can be grouped.ln

three mé%or classes by compar1ng the1r relatlve product1v1ty at two con-

. »
centratlona of FUdR THe f1rst group would 1nc1ude the hlghly resxst-

ant A37 A moderatdlypr§s1siant glass would 1nc1ude strain 17 from
’ 3."'.“.

¥
‘screen 2 mutants and the rest of the mutan&s from screen 3. The rest

o

.

o~

of the mutants . yould farﬂ 1ngp a class of ugrgxnal resistance, with
: e |

¥ o) N
- R 2 '3

J}“straln 53 perhnps fa111ng be;ween gﬂg,last fyo classes of re51stanqe.

p W R T

g Flg 9 111u§‘trates such class’lflcat.xon L “'".v. - a:t RPN '

L Y _:l‘rdw f;_,,, - ‘\;‘ . he Xw S, , . Al ;.
'," ‘:‘- ',';J' Y ‘ 2 ’ ! ‘ ' ’ ' o
Desn1tg theefact‘that;437 15 st1P1 the mosf clearly resnstant

&g

\I‘ﬁ) -

;mutanﬁ&‘zt is™ #elwtlveLy Iuss str1k1n3¢on thymldxne than 1n the g;her K

tests “Thré coqlé be”Qun tou1ts reduced i%erage product1v1ty (3 9, pfd)

"gon thﬁ%3d1neu(w1thout FUdR) "as compared nlth the control (Am Or s 12 2

TN

-pfd) or 1ts own behav1orfupaer dszerent nutr;onal cond1t1ons, 6. 4 pfd,

u

YRS

on defined med;uln alone and 7.7 pfd on thmne, (see Tab?& 23 and 25).

The suspicion that th1s straan is siﬁ51tive to,thym1d1n3~has been

:partly conf1rmed by pre11m1nary exper1ments at hlgher thymldxne concen-

L

]

. A37Ldiffers from the rest'of'the nutants in:so<far as it is'appar-

.9

ently a more stable mutant straln hav1ng consxstently’retalned 1ts

. f . ‘.
re51stanqe, in the absenCe of the analogue. The rest of the mutants

-
are 1335 stable and requlre per10d1ca1 reselection to retain thoir re-_

'sxstance. Slmilars1nstab111t1es have been reported for mutants ;n

- . . S A

m—— .o

I
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1975) and several drug resist 1n bacterla (Rosset, personal com-

munlcation) The phenomenon is also widely observed among temperature

‘,sensrtive mutants in Droaophtla._ Instability in the FUdR resistant

Vot

stocks could arise from natural selection of modifiers in the strains

<

or because the mutant genotypes have not become flxed as well as from

’

the more conventmnal explanatrons, such as back mutat1on or unequal ~

. cr0551ng over between dupllcatlons. _ o - ,62' S

The overall low relative r‘esistancecof the mutants is compat1b1e

' w1th the selectlon screen applied. , Howe er, more hlgnly resistant

-~

. Freed and Mezger-Fr :

mutants could have been 1solated by the screen, but were not, Nor did
9 SRR
more str1ngent screens produce posit1ve results, so that rt seems

11ke1y that h;ghl'&esmtant ‘, ts- a.'re"rare Two-step hagh level

re51stance remam e Ork,m‘ and L1ttleﬂ¢ﬂ, 1971

- ;9_73). R S

1

~ Low level resistance - of Droaophtla mutants to analogues was’ also

. reported by Duke and Glassman (1968) for Fu,- by Sherald and Wright

-

(1974) - for methyl dopa and Arkmg and Vlach. (1976) for Juvenxle,hor.-,

:mone analogues No 1nsta.nce§ oi“?er?’ MMevels of ana’logue registance '

¢ S : _

have yet been reported from Droeophtla. , T S }~' Cel
) y . - e« ' ~ ‘ 1 .

{* r' : . .

V. GBNBTIC cmcmmznxou OF THE wrms S R
~ : { S L - 7 - I

i | None%f the lutent strains isole‘ted delonstrat\e\d\tartﬁnsiy high

lev ls of l'-UdR resistance 'I'he resolution and ‘ease of genetic analysis

- , . ;i
4 . ) . .7 . : o S R =y : Sor
. . . : - . See
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of resistance is clearly depexden} upon the level of resistance.” In

* ¢ i
consequence only prelimlnary genetlc characterlzation of somesof the. .

Rd

mutants isolated ‘in this investigatlon ‘has been carried out; some of ¢

the results are reported below, ' . ‘ ?‘h

.A. Complementation Studies o

4 - Strains isolated ¥n screen. 2 carry‘ieceséivd lethals with re-

- gard to the second chromosome,_so that all flxes have Curly (Cy) wings.
..I‘ ‘ \ & C’
RATERS Crosses -between the dlfferent stra1ns ind1cate that in every case re-

cessive‘lethal genes are non—allelgc,.sincs‘all'poss1b1e crosses pro-

B

\ : . , o9 : " _ .
duced offspring with normal (non-Curly) wings when grown”on yeast-suc-

-rose medium, i
. An assocxat;om between recess '
U be quitd puzzhng o consideration
that the recessf*}e lethals accounted fo;-
ey . tested, it is possxble that the associatmn arose by chance. N.ever-'
1 - . ‘. Y

“’kheless, it seemed possible that recesmve let"' s do thenselves. con-.

fer dominant reswtance as heterotygotes. »IIV" "uch were the case there :

- R
' = °

"must be several genes on the second cﬁ‘omosone capable of generat-» °“ -
. N :
‘ :’mg res1stanc”utttlons of t}us k1nd Houever, grow,i’ng the sane

N '

-crosses on defmed nedmn with FUdR (see below) indzcat.es that thxs is

) - not a correct 1ntexpretatldn. 'j ‘ '_ : o con *p>

\ -

T~ . . - ’

‘QCIPI‘OC&I crosses between mtant strains (teken pairvlis*e) '

‘,« ny

(rovm on defined lediul contun )g FUdR (1 5 x10° N) e.nd thy,n‘lne
(s x 10” M), ylelded no viable offspring ‘I‘his result suuests thrdq

-

things. The -xtants m not doninent. they are not sex-linked :ndx . .

- - .
L. . 1.

N - o Y

i

Aot , -
’ At B . . . . .-

o~
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P

.fivn-ai.ly,' they are not allelic.
First genefstion crosses of sc\i'ee.h 3 mutgnts in the mapping ex- -

periments, when grown-on FUdR-containing medium, also fail to produce .

offspring. further reinforcing the "contlusi_on that the uutlant;s are .

" neither dominant nor sex-linked. . - .
e r domin nor sex-linke , : _ | .

“B. .Mapping studies - e _ I ’ ~

Attempts to map resi‘stance were focused priiarily on miattnts from

_screen 3, because of thexr stronger expression of resistance u\d their IR
- . l"‘ R , 4' .‘
‘\~apparent genenc sxntplxc:bty 'l‘he mitial atieupts were made with AS? A e

and 890 as representatxves of the group.’ Virgin femal'bs fron a lnutant

‘ -

strain were nated to lultiply hete“aygous Cy/8 Ly .%/3 u),e/s ;(8*

and 3 1dent1fy autosomes ftbn the sue mutant strains) Sililnr ‘ ‘_7 N

Ty
e S

crosses were later repeated with heterozysous uIes carryiﬁg Pm in« “/’l

5 .
stead af C‘y since C‘y, Ly Sb has l.ou viabié}ty a-nd it wls elso hoped to :

‘ Rap mutants fron screen 2, where Cy was already prejens Strq{n 148‘

1

n" and 2990 ‘from screer:‘s as well as strain 519 as ‘ rgp“,,nt“i“‘ 1 ’:

of uutants fro;nrscreen 2§ ,,ex"e used in tﬂs npping schene. 'l‘he‘re- {g;; =

sults are shown in Table 28. A - R ! 7“‘\'-:":' ’ i :
‘ ) SN ‘. ‘@ o ‘A':u . j\

437 dnta are not'shovm in Table 28 because‘ 'fertiiity pm

Lo

arose durmg t};e crossing procedure. S e PR A,

c -

, el " R "'\f' R B .,

The results fron the l-‘2 suggest that 890 as well ss 1?3 sre prob— T
ably third chronosone lutations while 146 is probably locsted on the B

second chroﬂ:so-e.v P S s a L

4
* |
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second chromosome, no homozygous second chromosome could be obtatn

i

Since mutants from screen 2 all carry rece551ve lethals on the \ '

1n th‘is mappmg pro&)col Also because of the lethality of* the Pm/C_y,'

only four progeny classes are expected iﬁ) thlS cross, Cy/2 ;3 /3

Ly Sb/3 Wa . 3 /3 and Pm/z ,vs' Eaual distributlon of ;

chromosome ¥ Appearance of Cy or Pm offsprrng ohly would 1nd1cate
2

recessiveness of the mutatmn and that it is on the thde chromosome

Thef,e‘sults in Table 28° suggest that 519 is. recesswe and’ is iocé’t

on ti ‘&nd chromosome, how*ever, it seems&‘;b that thQ SMSZ. cT:romosome

3 .. .
»
pa@e or gene(s) on it enhap?e the expressmn of ,resistance Thi

1 .

contentmn could also he supported by crosses between 2.90 and =Cy, Ly

e, . . -»'

.= - Sbh. -In both cases homozygous third chromosome flies are in exc"ﬁss

T - a { S T
. )

" the presence of SM5,’ U Y

(14
/

° ; pooomn

o to the\ factors generating reslstance, by e:q ens;on it- is nbt unrea

8b1e to. suggest thai pr‘ecxse‘ genetic locahizations wﬂl eventullly
LS T

postible Nonetheless, Glassman and Duke (1968) encoumte d diffi

—

ties in- extendipg mapping of FU-re;istance ‘!;".actors bel N he level

Rt definitlve genetic deseription of the mutan; strain . because ca

7

R . g A ' . " n ] ) I ‘ .v..“
,‘ﬁ DI ;!, ‘Q ‘!‘. . » ‘T PR ‘h.

A et SSGROE T VIR

Qo
ed
7 :
Cy/2 ]
the °
ed R
A"A }Ql'
\m ' o :,;*_.-
\'vh. 73‘ «"

&
'I'hus 1t seems probable that chromosomat 1ocatic§ns' cqn be ass:.gned &

son- o
be
cul- ;

of
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factors responsible for the more resistant members of the population,

but would not describe the factors responsible ‘for the innprentvpopué

lation variability. Clearly, a proper description of the genetic coms
, o

position of a strain of that kind willvrequire considerable refinement

of genetic techniques.

v
P
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™~ GENERAL CONCLUSIONS

.

The present investigation is the f1rst systematic attempt to

_utlllze nutrltlonal manlpulatlon together w1th genetic analysis to

study the effect of a nucleoside analogue, in this case 5-fluoro-2--
deoxyuridine, upon development of a hiéher eukarvote.w The ultimate

‘aim was to explore the p0551b111ty of screenlng for 'resistant mutants

’
for use in studylng gene function and regulatlon in the fru1t fly.

. e . ’ ' .
This study establishes beyond doubt’ the potential sensitivity of

i

, nutritional man1p\}at10n as a tool in analyzing the effects of com-

pounds upon whole mu1t1ce11ular organisms, The responses observed.
r 4

~

are exceed1ngly close to those found using %fll cultures and even : .
correspond reasonably well with results obtained from stud1es on, cell
extracts. The poss1b111ty that compounds are changed by 1ncorpora-
tion into a complex nutrient medium does not, in this study, appear‘

toﬁbe of great s1gn1f1cance nor does it appear that the whole organ-

ism itself.modifies the eSSential,action\of the analogue.
. 3 i

Not only does the effect of FUdR itself correspond with that re-
ported in bacter1a and vertebrate cells in culture, but so do its
B
interactions with several pyr1m1d1ne-containing-compounds. This de~
tailed corresltmdence suggests that the somewhat unexpected effects

of deoxycytidinehcan be interpreted as properties of nucleotide metab-

ol1sm in the fii'and not as an outcome of the unusual techn1que by

whlch they were dlscovered Similarly, effects of the natural pyrlmi—

d1ne or purine bases or nucleosides, which have not been observed in-

178
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other systems, can be interpreted #s aspects of the fl&'s:metgbolism.

N

In contrast to thegstudies of nutritional manipulation; the gen-

etic analysis of FUdR resistance was much less successful. No resist-

5

ant mutantélwere~isolated”atAthe-higher FUdR concentrations ‘used and -

none of those 1solated at low dose (1 5 x 10° M) exh1b1ted a high level
of resxstance. It has been argued that such h1gh1y re51stant mutatlons

could not arise in their animal cells without a “pr19; modlflcatlon" in

- cellular metabolism (Freed and Mézger-Freed, 1975). These authors sug-

gest the modification is probably a low level hereditary resistance,

-~ ’ . : .
but do not rule out the possibility that it is a transmissible change
of metabolic state unaccompanied by gene mutation, since they use a

&

cell culture system.

It is entirely possible . .that two-step selection is a requirement

to obtain mutations resistant to high doses of the analogue, as is the

€

case in vertebrate cells in culture. It has to be mentioned, however,

that F2 crosses"between some strains obtained in this study (437, 146,

.

290 2923 and 3317) d1d not segregate 1nd1v1duals with str1k1ng1y

‘

‘hrgher re51stance than their parents ~ These crosses were not carried

out w1th extreme r1gour (for example, onlyione FU&R dbse wds used); so'
that 1t is ent1re1y p0551b1e that double mutants whlch are highly re-
sistant_gould be produced even from already available materials. How-
ever, if the "metabolic state" hypothésis‘were proven correct, then .

two step selection would not work unless the shift in "state" were

\\fransmlss1b1e through germ lines, which seems unlikely.

. - !
~ . . . ;
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) Three main categories of mechanisms have been reported for re-

"sistance to FUdR. The first category is related to deficiencies or -

alterations in: the énzmes involved in the activation of FUdR -or its

180

dg:ivgtiyqs, the most frequent enzyﬁe being thymidine kinase.. The™ .

second category i§ reiatég directly-to de novo dJMé biosynthesis ‘and
mutants of this kind are shawn tb'result ffo; either elevafﬁgn in thé’
synthesis of the enzyme thymidylate'synthetdse o;'alte;ationg in it;i |
substratéaspecificify in such a manner that the enzyme has preferenté
for the natural substrate (dUMP) over its fluorinatéd,analbgﬁe (FdAUMP) .
“In addit{;n, it is postulated that thymidylate'syntkgtase-negative mut -
ants migﬁf also be FUdR fesistantiin ihe presehce of tﬂyming, by anal-

ogy with the demonstrated anti-folate drug reSistance'of such mutants

in bacteria. Thg third category, which is qdite common, invéivgs modi-.

X VU o ’ . L
-ficgtions in the trdhqurt system so that FUdR cannot gain entry to the

cell.

“ None of the mutgﬁt.strains isolated in this stﬁdy seems to lack
thymidine kinase, since all responded to the presence of thymidine to

overcome FUdR toxicity. These results are rather strange in‘view of

® 1a

the high frequency of occurrence of such mutations im cell culture and

" bacteria._ In addition,. Drosophila is'capable of pyrimidine de novo

biosynthesis and, hence, it might be expectédlthat the absence of a
‘salvage enzyme would not affect its’¢iabilit}.- However, if‘coubﬁ be

_argued that the de novo bioSynthetic capability of Drosophiia,is

, o : : ,
limited or that it occurs in excess in specific tissues in the body .

of the fly and is transported to other tissues which synthesize less

-

than their full requirements. In*iﬁgse‘caiysé,th salvage enzymes

~



gferent tzssues of the fly 1n the nucleos!de form ~If thym1d1ne, raéner'

then thymldlne'klnase would be essentlal

m1ght be of v1ta1 1mportance either 1n recycling or in. cellJtell

transfer of pyrlmidines.. The transportation‘hndel is of some interest.

-~

It is generally assumed that pyrim1dines are transported among the dif- -

than ur1d1ne, 1s the obligate precursdr for dTMP in’ rec1p1ent tlssues, N

\ . ' °
.

. / :
Support, for the proposition that some tissues are specialized for

.pyrimidine biosynthesis'is found in mosaic studies of Falk (personal

.larvae 1s local1zed pr1mar11y in the fat botdy.

.

communjcation) whiéh suggest that pyr1m1d1ne blosynthes1s in Drosophila

On the other hand, FUdR itself couldiimpose.critical limitationej
on de novo pyr1m1d1ne blosynthes1s ig the presence of a thym1d1ne kin-.

)

ase mutant even if ;&1 tissues have sufficient capaC1ty for de novo

blosynthes1s FUdR is converted to FdUMP by thym1d1ne kinase, - but a

proportion of it is cleaved to FU by thym1d1ne phosphorylase. In the

absence of thymidine kinase, extra FU should be produéed. ‘FU in turn

[
7.

can be converted to FUTP, a known feedback inhibitor of de novo pyrimi- .

.

dine biosynthe§15 [see, for example, Lecroute, 1968). if.ﬁfoaophila )

is sensitive to such feedback inhibition by FUTﬁ, the loss of tninidine

. . . . i o .o s 7
kinase by mutation would accentuate the effects of FUdR, via FUTP, on .
de novo pyrimidine biosynthesis and possioly cause death rather than o
resistance. L ‘ 1o .

It has been suggested that 1maglna1 dlSCS of Droeophtla are rela- |

t1ve1y 1solated from exogghous pyr1m1d1ne sources and depend upon endo-.v

Lgenous blosynthes1s for hormal development dur1ng the 18 hrs.‘followinl“‘



.

fN

-

1

<

. both pathways are functronal.

.

L3 o B : s
' . . . .
N -

pupar1at1on (Falk, submitted for pub11cet10n see also Falk and Nash,

1974b) The perlod mlght be a cr1t1ca1 target t1me for the actlon of

FUdR in a thym1d1ne kinase hutant evqﬁ if the larva could survxve

u51ng maternal pxrlmadlnes £Or -some . t1me whlch is at least h p0551b11— -

ity. Thus klnase mutants~wou1d dze as puparia.  There is a ‘certain
( ’
amount of ev1den2e supporting th1s’poss1b111ty, uridine does 1mprove

surV1va1 of  larvae grown in the presence of FUdR and thym1d1ne (see-

Table 7) until. pupaslat1on but not to the 1mag1na1 stage

o . . . . . ' ° .
r ‘l

When both- hypotheses are cons1dered the 1nh1b1t1on of de novo

b1osynthes1s seens to be qﬁ%g 11ke1y the case. The synthe51s .13 dTMP
” ‘ .
-generally proceeds vta two pathways' it can either be: synthq51zdd

from dUMP by thymldylate synthetase or,from thym1d1ne by thyp1d1pe

klnase The sugfested model explaining thl absence Jof thym1d1ne kin-

w

ase negative mutants Uecause the enzyme‘per ae is requlred even in

7 o

the absence oﬁ»FUdR, 1mp11es that only one reute vta thymldine k1n-

,.ase, is aVallable to the fly.: The models in Wthh endogenous de novo

\

b1osynthes1s is affected in the presence of FUdR app11es gxen when . -

K
P o .
<, ) : - . P
. .. . . .

The deta11ed vers1onnpf the second model, in whlch thymldlﬁe k1n- v”%

ase négat1ve mutants become FUdR sen51t1ve as pupae, suggests that

y. -3 1 N By

selectlon for mutants deficient'in thym1d1ne klnase m1ght be perﬁorned
by the use .of medium shift experlments. Potent1al mutants hav1ng prd-r

longed survival on.FUdR could be transferred to rich nutr1ent med1um .

to maxlmlze nutrition and dilute FUdR. Thls procedure m1ght overhome .

the suggested inhibition Jof the de novo pyr1m1d1ne blosynthes1s durrgg

the crltical period after pupar1at1on. This screen. would of course,

<«

¥
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. alsofidenfify otber‘:esistant'mutonts. It apparently will not pick up
_ . ' oy . ’ .
~ auxotrophic mutants (Vyse, personal communication), although it might

* .

y

be expected to do so. C
~ v ’ )

s

',”The_bresentdresults*also elimineie-the.pbssibility.that‘ﬁnydoﬁh..

/
.

. o |~
 the mutants exhibits total absencgiof thymidylatb_synthethf;, since
: . e \ .. .
all strains grow in the absence of a d source, Likewise, a total
' . . [ : . T
loss of enzyme sensitivity i?deUMP is ruled out, beéeuif'gll»mutant‘
4 ’ - . 3 ‘
~ strains responded positively to thymidine in the presence of FUdR.
These fesults could be dFe to the rarity of such mutanttypes,
the number of strains tested having been fhirly low. Thymidylate

'synthetase mutants might also have been selected as ‘auxotrophs, but.

y :
- .none has been found, perhaps £0r~the same reason.
L ' ’ . i

It could also be argued that-th precise physiological require-
B . . * ." ( . .
. ments for the selection of this type of mutant are not met in the

present study. The simplest approach. to the production and assess-

)
' v v
. i

. ment of synthetase negativé mutants would pnobabiy be to Yocate thé

-

gene for, thymldylate synthetase genetlcally, before searching for the
mutants, 31nce the synthetase assay is fairly well established, as is
'. the aneup101d method for genevlocal1zat1on The same methodology
could be-employed for thymidine k1nase however the enzymolog1cal
methods for th?;:h1ne kinase assay in Drosophzla are much less devel-

oped than those for thymldylate synghetase

- ' . : L
. . .

‘Elevation in activity of thymidylate synthetase is another pos-

oooR

N sibility for explaining FUdR resistance. In such mutants the ‘intra-

.. cellular concenyfation of dTMP could be eleveted and this might

183
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render them‘hypersensitive to exogenous -sources of dTMP.

Strain A37 showed a relat1ve1y h1gher level ‘of resistance when

compared w1th the other stra1ns Its product1V1ty on thymrd1ne- or

thymine- conta1n1ng med1a is less than that observed on deflned medium

alone, even in the absence of FUdR. Pre11m1nary results us1ng higher
-~

doses of thym1d1ne seem ‘to confirm th1s observat1on Thus a plau51b1e

eXplanatlon for resistance in this mutant is that it has elevated

activity for thymldylate synthetase.

v

Ancther possible mechanism for resistance to-FUdR revolves around

/ the uptake of the analogue. This mechanism of resistance boul&*account

for all or any of the mutants 1solated in this study However Jn con-

trast to mutants which spec;fically overcome dTMP def1c1en§ies, trans-

port mutanta.might be expected to show resistance even in the presence
of thymidine On this basis, the mutants isolated can be_divided into
two groups: those which exh1b1t resistance (compared with wild- type)
on thym1e1ne, wh1ch are more likely to be transport mutants (all mut-
ants from screen.s and 17 and 53 from screen 2); and the r%st, which
lose their resistance‘on thYaidine."This latter éropp (and-poesibiy

some or all from the first group) could be explained as leaky mutants

i the synthetase or k1nase genes, or as a sl1ght elevat1on of synthetase

, act1v1ty, although perhaps the most’ sat1sfactory conc1u51on about the

- S

mutants 1s that their phenotypes are 1nsuff1c1ent1y str1k1ng to warrant N

R

. definitive hypotheses. ' 7

i
y

The various suggested neohanisﬁs.could be tested further nutri-

4»tiona11y. - For example, resistance and sensitivity-to‘high doses of

] .~
A



o . S - 185
d1etary thymidine mlght correlate with transport defects and W1th ele—
vated synthetase act1v1ty, respgsgively‘_ Nonetheless in vivo tracer

stud1es or in vztro enzyme assays would prohably be the bestﬁ.pproach
™ /

\to characterlzatlon of the mutants. Hougver, the d1sapp01nt1y low
levels ofresistance found in.the mutants . caut1on/agarnst undue opti-
> . , , ) ' ~
mism in their biochemical anhalysis.
1

.

\\\ In summary, although ‘numerous d1ff1cu1t1es are encodﬂ‘ered in
seléction of FUdR resistant mutants- in Droaophtla the system m1ght
. be improved by the 1ntroduct1on of some‘mod1f1cat1ons .among them med-

- R )
ium shift experiments, two—stcp'selection .and more refined genetic

v~

M 'manlpulat1oh of the re51stant strains (as suggested in RESULTS AND DIS- :
\ N
CU&SION part III) Alternat1ve1y, the "whole problem could be 1nverted
v

mutants affectlng part1cu1ar enzymes be1ng sought first ‘and then

tested for resistance. o. ;'“.;v ' > o
Clearly tests of these mod1f1cat1ons have to be performed before

a f1nal Judgement on\the adequacy of analogue res1stance as a-genetic.

and b1ochem1ca1--.tool- for the study of Dmsophtla. nucleotide metabolismy¥ 4
can be made. . . .
- ' ’ - . . - . H - 1 . ‘ .
‘From a practical *point of view, the system is an analogue of a . ’

"whole" human being and therefore probably involves factors pertinent
2

ta adtua] drug treatments; which'are-not simulated directlyoinctissue L

! ‘. . i - ) .~ ) ) ’ ' . : Y ’
culture. It is reassuring to know that many of the responses of whole -
. - . . . - + -

fruit-flies imitate the responses of tissue culture ceils. However,

/ .-

the d1ff1cu1ty in generat1ng re51stant‘mutants probably 111ustrates the .
%

degree to which i whole drganism must be conce1ved of as more than the ~
< L . .
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sum of its component parts and this proposition in itself is.worth
o ’ b . .th .’J,-_,‘\
BN | N

SN

further study.
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Nig

~ Theoretical Standard Deviations(l) Associated with
‘Selected Data Values at Minimum Sample Sizes

Shown in the Text , w

No. of - Corresé\gg;§§i> ' , Data Value (%)(2) ' :
Replicas Sample 1 5 10 25 50
2 60 - 1.2 2.8 3.9 5.6 - 6.4
3 908, o 2.3 3.2 4.6 5.3
6 w0 o 1.6 2.2 - 3.2 3.7
7 210 0.7 1.5 21 3.0 3.4
8 240 0.6 1.4 1.9 - 2.8 3.2
9 270 0.6 = 1.3 1.8 2.6. 3.0%
0 300 - - 0.6 1.3 1.7 - 2.5 2.9
a3 390 o 1.1 1.5 2.2 25
17 510 . 0.4 0.9 1.3 1.9 2.2

)

lP.‘l ’ ’
lEstimated as n x 100, where p is frequency derlved from data
value, q = 1-p and n is the sample size, . :
\‘l
2Standard deviations for data values above 50% ire symmetrical
with those below 50%. o =

Kl
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