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ABSTRACT 

Pseudomonas acidovorans was shown to be d e f i c i e n t in a number 

of enzymes of the salvage pathways of n u c l e i c a c i d metabolism. These 

included u r i d i n e phosphorylase, purine nucleoside phosphorylase, 

c y t i d i n e (deoxycytidine) deaminase, and thymidine phosphorylase. 

The absence of u r i d i n e kinase and deoxycyt id ine kinase was a l s o 

ind ica ted . 

Pyr imidine requ i r ing mutants were iso la ted and pyr imidine sub­

s t i t u t i o n patterns were examined in these auxotrophs. Concentrat ions 

of u r a c i l o f 50 ug/ml and greater had the unusual e f f e c t of i n h i b i t i n g 

the growth of these s t r a i n s , whereas no e f f e c t occurred with the w i l d -

type. An i n h i b i t o r y e f f e c t on the w i ld - type d id r e s u l t , however, when 

deoxyadenosine or adenosine was added at c r i t i c a l concent ra t ions . 

Obl igate thymidine auxotrophs were i so la ted using an adaptat ion 

of the aminopterin technique. These s t r a i n s required very high con­

cent ra t ions of thymidine (250 to 1000 ug/ml) for growth. 

No change in the amount of aspartate transcarbamylase a c t i v i t y 

occurred during growth in the presence or absence of added u r a c i l . 

No i n h i b i t i o n of aspar ta te transcarbamylase a c t i v i t y was evident in 

the presence of var ious n u c l e o t i d e s . 

In fect ion of c e l l s by bacteriophage 0W-14 resu l ted in the apparent 

synthes is of a phage encoded thymidylate synthetase. In a d d i t i o n , an 

a c t i v i t y corresponding to deoxyuridyl ate hydroxymethylase was i n d i c a t e d . 



Thymidine was not a precursor for 5
_
(4-aminobutylaminomethyl) 

u r a c i l but the base was e f f i c i e n t l y l a b e l l e d by rad ioac t ive u r a c i l 

or deoxyur id ine. 

Pool s tudies indicated that the b iosynthes is of the base occurred 

at the nuc leot ide level rather than the macromolecular l e v e l . 
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INTRODUCTION 

The de novo b iosynthes is of the pyr imidine nucleot ide UMP , 

which is the precursor for a l l pyr imidine nucleoside tr iphosphates 

(see Figure 2), is cata lyzed by s i x enzymes encoded fo r in Salmonella  

typhimurium and Escher ich ia c o l i by s i x unlinked genes, pyr A - F. 

The c o l i pathway is diagrammed in Figure 1. This pathway is 

common to a v a r i e t y of organisms (O'Donovan and Neuhard, 1970). 

UMP may a l s o be formed v i a the s o - c a l l e d salvage pathways ( F i g . 2). 

As expected f o r a branched pathway, pyr imidine nuc leot ide b i o ­

synthesis is h igh ly regulated in the e n t e r i c b a c t e r i a . The regula t ion 

is both at the leve l of enzyme a c t i v i t y and s y n t h e s i s . Thus, carbamyl 

phosphate synthetase (CPSase), which is common to pyr imidine and 

a rg in ine b i o s y n t h e s i s , is feedback i n h i b i t e d by UMP. O r n i t h i n e , 

whose b iosynthes is is c o n t r o l l e d by a r g i n i n e , ac t i va tes CPSase and 

Bases are i d e n t i f i e d as f o l l o w s : 
A, adenine; C, c y t o s i n e ; G, guanine; 0, o ro ta te ; U, u r a c i l ; and T, 
thymine. Ribonucleosides are i d e n t i f i e d by p r e f i x i n g the l e t t e r r 
to the above symbols whereas the common 2 ' -deoxyr ibonucleos ides are 
pref ixed by the l e t t e r d . Thus, rA = adenosine and dA = 2 ' -deoxy-
adenosine. The 5 , - m o n o - , d i - , and tr iphosphates of the common 
r ibonucleos ides are represented by the customary abbrev ia t ions 
exempl i f ied by AMP, ADP, and ATP. Deoxyribonucleotides are ab­
breviated as the r ibonucleot ides except that they are preceded by a 
" d " . Thus, dCTP = 2 ' -deoxycy t id ine - 5 ' - t r iphospha te and dTMP = 2 ' -
deoxythymidine-5 '~monophosphate. The rare bases 5~hydroxymethy1 -
cy tos ine and 5-hydroxymethyluraci1 are represented as HMC and HMU 
r e s p e c t i v e l y . The deoxyr ibonucleot ide abbrev ia t ions used a re : 
dHMP, dHDP, dHTP, 5~hydroxymethyldeoxycytidine-5 '-mono, d i - , and 
t r iphosphate and dHMUMP e t c . fo r the 5 '~mono-, d i - , and tr iphosphates 
of 5 -hydroxymethyldeoxyuridine. 
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Figure 1. Pathway of pyr imidine b i o s y n t h e s i s . Genetic symbols for the enzymes involved are under l ined . 
The enzymes shown in parentheses are abbreviated as f o l l o w s : carbamyl phosphate synthetase » 
(CPSase); aspartate transcarbamylase (ATCase); d ihydroorotase (DHOase); d ihydroorota te de­
hydrogenase (DHOdehase); o ro t id ine - 5 1 -phosphate pyrophosphorylase (OMPppase); o r o t i d i n e - 5 1 " 
phosphate decarboxylase (OMPdecase); ur id ine -5 '~phosphate k inase (UMPkinase); u r i d i n e - 5 ' " 
diphosphate kinase (UDP k inase ) ; c y t i d i n e ~ 5 1 - t r i p h o s p h a t e synthetase (CTPSase). 

ro 
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g1ycera1dehyde-3-P 

F i g . 2. Pyr imidine nuc leot ide in terconvers ions and metabolism of 
pyr imidine bases and nucleosides in Escher ich ia c o l i and 
Salmonella typhimurium. Enzymes are : ( l ) , thymidine phos-
phory lase; (2) , deoxyribomutase; (3), deoxyr iboa ldo lase ; 
(4) , u r i d i n e phosphory1ase; (5), cy tos ine deaminase; (6), 
cy t id ine(deoxycyt id ine)deaminase; (7), thymidvlate synthetase; 
(8), deoxycyt id ine t r iphosphate deaminase; (9) , u r i d i n e - 5 ' -

monophosphate pyrophosphory1ase; (10), u r i d i n e k inase; (11), 
thymidine k inase . 
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antagonizes the e f f e c t of UMP ( P i e r a r d , 1966). In c o l i and £ . 

typhimurium, aspartate transcarbamylase (ATCase) is feedback i n h i b i t e d 

by CTP but ac t i va ted by a purine n u c l e o t i d e , namely ATP. The i n h i b i t i o n 

by CTP is compet i t ive fo r both substrates and is never complete 

(Gerhart and Pardee, 1964). In Pseudomonas, Saccharomyces and 

Neurospora the feedback i n h i b i t o r of ATCase is OTP. One would expect 

the contro l o f CPSase in these organisms to d i f f e r from that of the 

e n t e r i c bac te r ia and indeed i t does (for a review see 01Donovan and 

Neuhard, 1970). 

The ATCases of Baci1 lus subti 1 is and Streptococcus faeca l is are 

not under feedback control (Bethel 1 and Jones, 1969; Neumann and Jones, 

1964). The regula t ion of the supply of a common intermediate to each 

of two b iosyn the t i c pathways in these organisms presents an in te res t ing 

problem. 

Regulat ion at the level of enzyme synthesis was o r i g i n a l l y reported 

fo r IE. col i (Yates and Pardee, 1957). I n i t i a l l y , i t was thought that 

four of the s i x enzymes involved in pyr imidine b iosynthes is were 

l inked on the chromosome. The other two, pyr A and pyr B, were 

known to be well separated from each other and from the group of f o u r . 

However, i t was shown la te r that these four genes, pyr C - F, were 

not l inked (O'Donovan and Neuhard, 1970). Although a l l s i x genes are 

scat tered on the chromosome, the o r i g i n a l observat ion of coordinate 

repression and derepression o f genes pyr C - F remains t rue . Synthesis 

of CPSase and ATCase is a l s o c o n t r o l l e d , but not c o o r d i n a t e l y . In 



5 

other organisms, a v a r i e t y of combinations of s u b s t r a t e i n d u c t i o n , 

end product repression and no apparent r e g u l a t i o n have been observed 

(f o r a review see 0'Donovan and Neuhard, 1970). 

S i g n i f i c a n t changes occur in the n u c l e i c a c i d metabolism of 

Ê . col i and B_. s u b t i 1 i s f o i lowing i n f e c t i o n by c e r t a i n bacteriophages 

(Cohen, 1968; Koerner, 1970; Matthews, 1971). 

The genome of bacteriophage T4 contains some 30 genes known to 

be involved e i t h e r d i r e c t l y or i n d i r e c t l y in v i r a l d e o x y r i b o n u c l e i c 

a c i d (DNA) s y n t h e s i s . Some of them encode f o r enzymes of DNA precursor 

s y n t h e s i s ; f o r example, thymidylate synthetase and r i b o n u c l e o s i d e 

diphosphate reductase. Others encode f o r enzymes of DNA metabolism 

at the macromolecular l e v e l ; f o r example, DNA l i g a s e and 5 -
hydroxy-

methylcytosine g l u c o s y l t r a n s f e r a s e s . 

The probable i n i t i a t i o n point of s t u d i e s on n u c l e i c a c i d metabolism 

of T-even i n f e c t e d c e l l s was the discovery of HMC in T-even phage DNA 

(Wyatt and Cohen, 1952). I n i t i a l l y , the presence of HMC was overlooked 

because p e r c h l o r i c a c i d (PCA) was used to hydrolyze the phage DNA. 

PCA destroys a high percentage of the HMC in DNA, but the reason f o r 

t h i s i s not known. HMC i t s e l f i s q u i t e s t a b l e in PCA. When formic 

a c i d was used f o r h y d r o l y s i s good y i e l d s of a c y t o s i n e - 1 i k e compound 

were obtained which subsequently was shown to be HMC. 

From the i n i t i a l discovery of HMC to the s o l v i n g of i t s b i o ­

synthesis spanned a period of s i x y e a r s . Adequate techniques f o r 

o b t a i n i n g and handling t e t r a h y r o f o l i c a c i d (THFA), the a c t i v e coenzyme 
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In the t rans fe r of one-carbon fragments, were unava i lab le before 1956. 

In s p i t e of t h i s , considerable progress was made in e l u c i d a t i n g the 

route of b iosynthes is of HMC. It was shown that HMC was not synthe­

s ized in the c e l l as the f ree base or nucleoside and that nei ther HMC, 

i t s deoxyr ibonucleoside , nor dHMP were incorporated into phage DNA 

when added to an in fected c e l l c u l t u r e . 

F r i e d k i n and Kornberg (1957) demonstrated the in v i t r o formation 

of l a b e l l e d dTMP from dUMP and rad ioac t ive formaldehyde in the presence 

of THFA. The THFA was ox id i zed to d i h y d r o f o l i c ac id (DHFA) in the 

course of the r e a c t i o n . Flaks and Cohen (1957) found that phage i n ­

fected c e l l s contained a higher leve l o f dTMP synthetase a c t i v i t y than 

uninfected c e l l s , and that i f dCMP was subst i tu ted fo r dUMP the product 

of the react ion was dHMP, which was formed without the ox ida t ion of 

THFA. The new enzyme a c t i v i t y was termed dCMP hydroxymethylase. It 

is only found in in fected c e l l s , appearing 2-3 min a f t e r i n f e c t i o n . 

Its synthesis stops at the time of i n i t i a t i o n of phage DNA s y n t h e s i s . 

If a phage- infected thymine auxotroph is starved for thymine, 

normal phage product ion r e s u l t s , and the phage DNA contains normal 

amounts of T (Barner and Cohen, 1954). Infected c e l l s conta in higher 

l eve ls of dTMP synthetase a c t i v i t y than uninfected c e l l s . Phage 

infected c e l l s were shown to conta in two d i s t i n c t dTMP synthetases, 

one of which was phage-speci f ic (Greenberg et a_l_., 1962). Phage 

s t r a i n s mutated in the dTMP synthetase gene (td) have been iso la ted 

(Simon and Tessman, 1963; Wulf and Metzger, 1963) and are somewhat 
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impaired in development compared to _td_ phage (Matthews, 1965). 

In T-even phage DNAs a l l guanine residues are paired with HMC. 

Therefore , C must be excluded from the phage DNA, and th is is achieved 

by the synthesis of a phage-speci f i c dCTPase (Kornberg et^ aj_., 1959) -

The enzyme is a l s o a c t i v e on duTP, dUDP and dCDP. Thus, a s i n g l e 

enzyme leads to exc lus ion of C from the DNA and at the same time 

generates dCMP, the substra te fo r dCMP hydroxymethylase. 

As might be expected, a phage -spec i f i c deoxynucleoside monophos­

phate kinase appears in infected c e l l s ; i t is a c t i v e not only on dHMP, 

but a l s o on dTMP and dGMP to y i e l d the corresponding diphosphates 

(Kornberg, et_ aj_., 1959). Apparently the host nucleoside diphosphate 

kinase converts dHDP to dHTP. 

The t rans fe r of a one-carbon group in the dTMP synthetase react ion 

with subsequent reduct ion occurs at the expense of THFA. The increased 

dTMP synthetase a c t i v i t y seen in in fected c e l l s is p a r a l l e l e d by a 

twenty- fo ld increase in the level of d ihydro fo la te reductase a c t i v i t y 

(Matthews and Cohen, 1963). The increased a c t i v i t y is not a consequence 

of derepression of the host enzyme. Phage d ihydro fo la te reductase 

mutants (wh mutants) g ive a reduced burst s i z e (Hall e_t a l_ . , 1967), 

which ind icates that the increased dTMP synthetase a c t i v i t y in phage 

infected c e l l s demands an increased rate of THFA regenerat ion . 

A small amount of dHMUMP, the deamination product of dHMP, appears 

during the dCMP hydroxymethylase r e a c t i o n . It is formed by the ac t ion 

of a dCMP deaminase which w i l l deaminate dHMP but to a lesser extent 



than dCMP (Flaks and Cohen, 1959). Phage dCMP deaminase mutants 

(cd_ mutants) give a burst s i z e about one ha l f that of w i ld - type 

(Hall and Tessman, 1966). 

The phage-induced deaminase would be expected to reduce the level 

of dCMP, which is required for the b iosynthes is of dHMP, and ra ise 

the level of dUMP, which is converted to dTMP. However, the enzyme 

is ac t i va ted by dHTP and inh ib i ted by dTTP (Fleming and Bessman, 1965). 
32 

In T2 - in fec ted c e l l s the P incorporated into v i r a l r i b o n u c l e i c 

a c i d (RNA) is subsequently incorporated ex tens ive ly into v i r a l DNA 

(Volkin and Astrachan, 1956). It was not c l e a r whether th is e f f i c i e n t 

reduct ion of r ibonuc leo t ides was cata lyzed by the bac te r ia l system 

and/or a new r ibonuc leo t ide reductase induced by the phage. Even tua l l y , 

the increased reductase a c t i v i t y was shown to be due to a p h a g e - s p e c i f i c 

reductase system (Yeh et^ a l_ . , 1969; Berglund et_ aj_., 1969). Yeh et a l . 

(1969) i so la ted T4 mutants (ca l led nrd) unable to induce the enzyme. 

Although the p h a g e - s p e c i f i c dCMP deaminase appears to be regulated 

by the r e l a t i v e concentrat ions of dHTP and dTTP, i t is not c lea r why 

the enzyme is produced at a l l . Obvious ly , the enzyme converts dCMP 

to dUMP which in turn is a substrate for dTMP synthetase, the level 

of which is a l s o increased by phage i n f e c t i o n . But the leve l of r i b o ­

nucleot ide reductase a c t i v i t y is a l s o increased which w i l l lead to an 

extremely e f f i c i e n t conversion of r ibonuc leot ides to deoxyr ibonucleot ides . 

The host organism obtains an adequate supply of dUMP in the absence 

of dCMP deaminase. It is known now that in E. c o l i (O'Donovan et a l . , 
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1971) and S. typhimurium (Neuhard and Thomassen, 1971) more than 70% 

of the c e l l ' s dUMP is der ived from dCTP by the combined a c t i o n of a 

dCTP deaminase and a dUTPase. The other 20 - 30% is obtained by the 

reduct ion of UDP, e t c . Thus, although the phage dCTPase prevents the 

synthesis of dUMP v i a the dCTP deaminase pathway, the presence of 

dCMP deaminase w i l l compensate fo r th is decrease in dUMP synthes iz ing 

c a p a c i t y . 

Hiraga e_t aj_. (1967) reported that i n f e c t i o n with T2 or T k i n ­

duces a new thymidine k inase . Induction of the a c t i v i t y was seen in an 

E_. c o l i mutant d e f i c i e n t in thymidine k inase , suggesting that the new 

enzyme is a v i r a l gene product . Okazaki and Kornberg (1964) had 

prev ious ly reported that no change in t h i s a c t i v i t y occurs upon T2-

i n f e c t i o n . To date these cont rad ic tory observat ions have not been 

reso lved . 

Four phage genes, namely wh, t d , nrd and cd_ map very c l o s e together 

on the genome of T4. However, the expression of these genes is not 

coordinate (Matthews, 1971). None of them is e s s e n t i a l s ince a 

mutation in any one gene or in a l l would not be l e t h a l . It should be 

noted, however, that phage mutants d e f i c i e n t f o r any one funct ion are 

at a s e l e c t i v e disadvantage as compared to the w i l d - t y p e . A summary 

o f the enzymology of T-even i n f e c t i o n is diagrammed in Figure 3. 

The T-even phage DNAs are unusual in that HMC is subst i tu ted for 

C. Base s u b s t i t u t i o n s are a l s o found in the DNAs of c e r t a i n B_. subti l i s 

phages: SP8 (Kal len et^ a l_ . , 1962), 0e (Roscoe and Tucker , 1966), and 



F i g . 3« Nucleot ide metabolism in c e l l s in fected by T-even b a c t e r i o ­
phages. S o l i d l i n e s represent host enzymes; broken l i n e s 
represent phage-induced enzymes; s o l i d plus broken l i n e s 
represent enzymes encoded f o r by both. Enzymes a r e : 
(1), dTMP; dHMP; dGMP k inase; (2), dCMP hydroxymethylase; 
(3), dTMP synthetase; (4), dCTPase-dUTPase; (5), dCMP 
deaminase; (6), DNA polymerase; (7), r ibonuc leos ide 
diphosphate reductase; (8), dCTP deaminase. 



SP01 (Okubo et^ aj_., 1964) contain HMU instead of T; t ransducing phages 

PBS1 and PBS2 (a c l e a r plaque mutant of PBS 1) conta in u r a c i l instead 

of T (Takahashi and Marmur, 1963); in SP-15, 5" (4 ' ,5 1 -dihydroxypenty1) 

u r a c i l replaces about ha l f the thymine residues (Brandon et_ a k , 1972). 

Three new enzyme a c t i v i t i e s are found in c e l l s in fected by PBS2: 

a dUMP k inase , a dTMP phosphatase and a dCTP deaminase (Tomita and 

Takahashi , 1969). The dUMP kinase probably phosphorylates dUMP to 

dUDP, which would then be converted to dUTP. The dTMP phosphatase 

would seem respons ib le for the exc lus ion o f T from phage DNA. The 

main route fo r the formation of dUTP f o r DNA synthesis may be the 

deamination of dCTP by the phage -spec i f i c dCTP deaminase. Figure 4-1 

shows the probable pathways of pyr imidine nucleot ide metabolism in 

PBS1 or PBS2 in fected c e l l s . 

The mechanism of replacement of T by HMU has been explored by 

several groups. In c e l l s in fected by three d i f f e r e n t phages, SP8, 

0e, and SP5, the mechanism of synthesis of dHMUMP seemsident ical 

(Matthews, 1971)' A p h a g e - s p e c i f i c dCMP deaminase is induced and th is 

presumably creates a large pool of dUMP which is the substrate for a 

THFA-dependent dUMP hydroxymethylase. The phosphorylat ion of dHMUMP, 

at least to the diphosphate l e v e l , is cata lyzed by a phage-induced 

kinase (Kahan e_t a l_ . , 1964). C e l l s infected with SP8 can incorporate 

the deoxynucleoside, 5 - hydroxymethyldeoxyuridine, but not HMU, into 

phage DNA (Nishihara e_t a_l_., 1969), in contrast with T-even infected 

c e l l s which f a i l to incorporate the deoxynucleoside of HMC into DNA. 
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F i g . 4-1. Nucleot ide metabolism in c e l l s in fected by PBS1 or PBS2. 
Phage-induced enzymes a r e : ( l ) , dCTP deaminase; (2) , dUMP 
k inase; (3), dTMP phosphatase. 
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F i g . 4-2. Pathways of HMU nuc leot ide synthesis and thymine e x c l u s i o n 
fo r var ious B a c i l l u s s u b t i l is bacter iophages. Phage-
induced enzymes a r e : (1), dUMP hydroxymethylase; (2), 
dTTPase; (3), dUTPase; (4), dCMP deaminase; (5), dTMP 
phosphatase. 



Although the three phages synthesize dHMUMP in the same f a s h i o n , 

they d i f f e r in t h e i r mechanisms of T e x c l u s i o n . Phage SP8 and 0e 

induce the synthesis of a s i n g l e enzyme that cleaves dUTP and dTTP 

to the corresponding monophosphates; in a d d i t i o n , phage 0e forms a 

prote in which acts as a s p e c i f i c i n h i b i t o r of dTMP synthetase (Matthews, 

1971). SP5 induces a dTMP phosphatase which c leaves dTMP to dT and 

orthophosphate (Aposhian and Tremblay, 1966). The pathways of HMU 

nucleot ide synthesis and T exc lus ion are summarized in F i g . 4-2. 

Marcus and Newlon (1971) have examined the b i o l o g i c a l s i g n i f i g a n c e 

of the s u b s t i t u t i o n of T with HMU in phage 0e. In fect ion of a thymine 

auxotroph of B_. subti l i s with a mutant of 0e producing a temperature 

s e n s i t i v e dTTPase leads to the formation of phage p a r t i c l e s in which 

up to 20% of the HMU is replaced by T . These p a r t i c l e s are v i a b l e . 

Mutants of phage SP82G, temperature-sensi t ive for dUMP hydroxymethylase 

have recent ly been i so la ted (Pr ice et a l . , 1972). These mutants are 

de fec t ive in DNA synthesis at the r e s t r i c t i v e temperature and thus i t 

appears dUMP hydroxymethylase is an e s s e n t i a l enzyme for phage DNA 

s y n t h e s i s , when dTTPase a c t i v i t y is present . 

Bacteriophage 0W-14 is a group A type (Bradley, 1967) phage which 

lyses some s t r a i n s of Pseudomonas acidovorans (Kropinski and Warren, 
•3 

1970). The DNA of the phage has a buoyant densi ty of 1.666 g / c n r in 

neutral CsCl and a melt ing temperature of 99-3 C in standard s a l i n e -

c i t r a t e , values which correspond to 4.5 and 73 moles % G plus C 

r e s p e c t i v e l y (Kropinski et aj_., 1973). By chemical a n a l y s i s the actual 



base composit ion is 56 moles % G plus C. Such d iscrepanc ies of ten 

resu l t from the presence of an unusual base in the DNA. 

The DNA contains f i v e bases; about ha l f the thymine residues are 

replaced with the f i f t h base. The base was p u r i f i e d from hydroch lor ic 

a c i d hydrolysates o f bacteriophage 0W-14 DNA and shown by chemica l , 

chromatographic and spectra l analyses to be 5 " ( k - a m \ n o b u t y l a m i n o m e t h y l ) 

u r a c i l (Kropinski et^ aj_., 1973) • It was given the t r i v i a l name 

N-thymi n y l p u t r e s c i n e . 

The route of b iosynthes is of the base became an immediate, 

i n t r i g u i n g ques t ion , coupled with whatever changes in nuc le ic a c i d 

metabolism accompany i t s s y n t h e s i s . In order to examine a problem 

of t h i s nature, i t was f i r s t necessary to gain some understanding of 

the n u c l e i c a c i d metabolism of the host bacterium. 



MATERIALS AND METHODS 

I. Organisms. 

The b a c t e r i a l s t r a i n s employed are l i s t e d in Table I. In g e n e r a l , 

stock c u l t u r e s were maintained at 4 C on standard minimal base s lants 

supplemented with 0.5% yeast ext ract (Stanier et a]_., 1966) and were 

t rans fe r red every two months. S lants for the maintenance o f thymidine 

auxotrophs of Pseudomonas acidovorans were supplemented with 1 mg 

thymidine/ml and 15 ug tr imethoprim/ml . Phage 0W-14 stocks were 

stored at 4 C over chloroform. 

I I. Med?a. 

Yeast tryptone broth (YT) contained 1% yeast ex t ract ( D i f c o ) , 0.5% 

tryptone ( D i f c o ) , 0.5% NaCl and 0A% D-mannitol . D i lu te mannitol broth 

(DMB) contained 0.1% t ryptone, 0.05% yeast e x t r a c t , and 0.2% D-mannitol. 

Minimal medium (M29), a m o d i f i c a t i o n of 007 medium (C lark , 1968) contained 

(g /1) : K H 2 P 0 v 3-0; Na^PO^, 6.0; ( N H ^ S O ^ , 2.0; M g C l 2 , 0.4; F e C l ^ H j O , 

0.0008; C a C l 2 , 0.017; and s u c c i n i c a c i d , 2.0. For s o l i d minimal medium 

6.8 g disodium succinate-6H20 was subst i tu ted fo r s u c c i n i c a c i d . The 
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medium (TCS medium) used f o r preparing P l a b e l l e d bacteriophage was a 

modi f ica t ion of the TCG medium descr ibed by Kozinski and Szybalski (1959) 

and contained (g /1 ) : t r is(hydroxymethyl)aminomethane(Tris) , 12.1; KC1, 

5.0; N a 2 S 0 v 0.0227; F e C l ^ H ^ , 0.0008; C a C l 2 > 0.017; K H ^ O ^ , 0.0174; 

disodium succinate*6H 90, 6.8; Casamino ac ids (vitamin f r e e , D i f c o ) , 0.5. 



Table I. Bacter ia l s t ra ins used in th is study 

Bacterium S t ra in Derived Phenotype Source 
from 

Pseudomonas acidovorans 2 9 protot rophic R.Y. Stanier 

3L 2 9 ob l iga te thymidine requi rer t h i s study 

3L/FU 3L ob l iga te thymidine r e q u i r e r ; t h i s study 
res is tan t to 5 _ f luorourac i1 

U.j 2 9 pyr imidine requ i rer t h i s study 

2 9 pyrimidine requ i rer t h i s study 

Salmonella typhimurium L T - 2 prototrophic G.A. 0'Donovan 
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The pH was adjusted to 7.0 with HCl . S o l i d media were prepared by the 

a d d i t i o n of 15 g agar/1. 

III. Growth of b a c t e r i a . 

A l l c u l t u r e s were grown at 30 C unless stated otherwise . L iqu id 

cu l tu res were incubated in a Metabolyte G-77 shaker water bath (New 

Brunswick S c i e n t i f i c C o . , New Brunswick, N .J . ) set at 250 revo lu t ions 

per min (rpm). Ce l l dens i ty was determined with a Klett-Summerson 

co lor imeter (Klet t Manufacturing C o . , New York) equipped with a No. Sh 

f i l t e r . K le t t un i ts were converted to c e l l numbers or o p t i c a l densi ty 

uni ts by reference to a standard curve . 

IV. T i t r a t i o n of phage. 

Plaque forming un i ts (pfu)/ml of l ysa te were determined by the agar 

layer technique (Adams, 1959) using YT medium. The top and bottom layers 

contained 0.65 and 1.5% agar r e s p e c t i v e l y . 

V. Preparat ion of high t i t e r l y s a t e s . 

The host bacterium was grown in 250 ml of YT in 2 l i t e r Erlenmeyer 

f l a s k s on a New Brunswick G-25 Gyrorotary Shaker set at 250 rpm. At a 
o 

c e l l dens i ty of 3 x 10 / m l , phage were added at a m u l t i p l i c i t y o f 

i n f e c t i o n (moi) of 0.1. Incubation was continued u n t i l l y s i s was 

complete. T i t e r s of 10
11 pfu/ml were rou t ine ly obta ined. 
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VI. P u r i f i c a t i o n of phage. 

Deoxyribonuclease 1 (DNase) was added to g ive a f i n a l concentrat ion 

of 1 ug/ml of lysate and d i g e s t i o n was c a r r i e d out for 1 hr at 30 C. 

The lysa te was freed of any remaining whole c e l l s and debr is by c e n t r i -

fugat ion at 10,000 x £ for 20 min. A l l c e n t r i f u g a t i o n s were at k C. 

The supernatant was removed and cent r i fuged at 17,000 x £ f o r 2 h r . 

The p e l l e t e d mater ia l was resuspended in DMB to one tenth of the o r i g i n a l 

volume and cent r i fuged fo r 20 min at 10,000 x £ . The phage suspension 

was c a r e f u l l y removed and stored over chloroform at k C; the p e l l e t 

was d i s c a r d e d . 

VII . Condit ioned medium. 

Condit ioned medium was prepared by growing the parent s t r a i n to a 

8 

c e l l densi ty of 2 - k x 10 /ml in M29, then rap id ly c e n t r i f u g i n g out the 

major i ty of c e l l s . The supernatant was decanted and s t e r i l i z e d by f i l ­

t r a t i o n through a 0.22 ym M i l l i p o r e membrane. The c o l l e c t e d f i l t r a t e was 

used as condi t ioned medium. 

VII I . U t i l i z a t i o n of compounds as carbon or nitrogen source. 

( i ) Carbon source. P la t ing medium cons is ted o f M29 basal s a l t s 

s o l i d i f i e d with 15 g/1 lonagar No. 2 (Oxoid). C e l l s were washed with 

10 mM potassium phosphate buf fer (pH 7-0) and approximately 5 x 10^ 

bacter ia were spread on each p l a t e . The tes t compound (about 1 mg) 

was added to the center of the p la te with a flamed s p a t u l a . The p la tes 



were examined fo r growth d a i l y . A compound was considered to be non­

u t i l i z a b l e i f growth had not occurred wi th in e ight days. 

( i i ) Nitrogen source. The preparat ion of p l a t i n g medium and 

tes t ing of compounds was as descr ibed f o r carbon source except that MgSO 

was subst i tu ted f o r M g C ^ . (NHj^SO^ deleted and disodium succinate 

added as carbon source . 

IX. Analogue s e n s i t i v i t y and pyr imidine s u b s t i t u t i o n pa t te rns . 

6 

Minimal p la tes were seeded with 5 x 10 c e l l s and about 1 mg of 

a p a r t i c u l a r analogue was then added to the center of a p la te with a 

flamed s p a t u l a . Examinations for a zone of growth i n h i b i t i o n were 

made wi th in 2k h r . Competit ion s tudies between a p a r t i c u l a r analogue 

and i t s b i o l o g i c a l counterpart were done in M29 at known concentrat ions 

of analogue and compet i tor . Pyrimidine s u b s t i t u t i o n patterns were 

examined by spreading 5 x 10^ washed c e l l s of a pyr imidine requ i r ing 

s t r a i n on minimal p la tes and then adding the test compound (about 1 mg) 

to the center of the p l a t e . A compound was considered not to s a t i s f y 

the pyr imidine requirement i f growth had not occurred wi th in eight days. 

X. Mutant i s o l a t i o n . 

( i ) Spontaneous mutants, (a) . Thymidine auxotrophic (dT ) s t r a i n s 

were i so la ted as f o l l o w s . A c u l t u r e of the parent s t r a i n was grown to 
o 

5 x 10 c e l l s / m l in M29 and 0.1 ml of c u l t u r e was spread on each of a 

s e r i e s of minimal medium p la tes conta in ing the fo l lowing add i t ions (g/1) 
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amine-pterin (APN), 0.6; tr imethoprim (TMBP), 0.015; thymidine, 2.0. 

Further 0.1 ml samples were spread on p la tes of the same medium wi th ­

out APN. A f te r incubat ion , co lon ies were screened f o r thymidine 

auxotrophy. (b) . Analogue r e s i s t a n t mutants were se lec ted in the 

fo l lowing manner. A c u l t u r e of the s t r a i n in which the mutation was 

8 

d e s i r e d , was grown to 5 x 10 c e l l s / m l and 0.1 ml samples spread on 

p la tes of minimal medium conta in ing any necessary supplements. Approx i ­

mately 1 mg of the analogue was added to the center of the p la te with 

a flamed s p a t u l a . Colonies occurr ing wi th in the zone of growth i n h i b i ­

t ion were screened fo r the des i red t r a i t s . 

( i i ) Mutagenesis with ethane methane sulphonate (EMS), 

(a) . Pyr imidine requi r ing mutants were iso la ted from the parent s t r a i n 

a f t e r treatment with EMS as descr ibed by Hayashi et. aj_. (1964). The 
8 

parent s t r a i n was grown to k x 10 c e l l s / m l in 10 ml o f M 2 9 , then 

harvested by c e n t r i f u g a t i o n at room temperature, resuspended in 10 ml 

of 200 rmM T r i s - c h l o r i d e (T r is -HCl ) buf fer (pH 7-5), and recen t r i fuged . 

The c e l l p e l l e t was resuspended in 2 ml of the T r i s - H C l b u f f e r . EMS 

(0.06 ml) was d i s s o l v e d in 2 ml of the same buf fer and added to the 2 ml 

of washed c e l l s . The suspension ( in a t i g h t l y sealed f l ask ) was ag­

i ta ted (100 rpm) on a shaking water bath at 30 C fo r 2 h r . A l i q u o t s 

(0.1 ml) were t rans fer red to a s e r i e s of test tubes conta in ing 2 ml of 

M 2 9 with added u r a c i l (25 Ug/ml) and the tubes incubated u n t i l the 

cu l tu res reached s a t u r a t i o n . D i l u t i o n s were made and 0.1 ml volumes 

spread fo r ind iv idua l co lon ies on minimal p la tes supplemented with 0.5 Ug 



u r a c i l / m l . Any small co lon ies developing a f t e r incubation were tested 

fo r pyr imidine auxotrophy. (b) . H i s t i d i n e auxotrophs were se lec ted 

from a c u l t u r e of s t r a i n 3L mutagenized as descr ibed for pyr imidine 

mutants except that thymidine ( f ina l concentrat ion 250 yg/ml) was 

added to the T r i s - H C l buf fer and medium. H i s t i d i n e was added to the 

medium at 50 ug /ml . A f t e r growth to s a t u r a t i o n , 0.05 ml samples from 

each o f f i v e c u l t u r e tubes were t rans fe r red to one f l a s k conta in ing 

20 ml of supplemented medium and incubated u n t i l a c e l l densi ty of 
g 

1 x 10 /ml was reached. The c e l l s were c o l l e c t e d by c e n t r i f u g a t i o n , 

resuspended in M29 condi t ioned medium without added thymidine or h i s t i ­

dine and incubated for 6 hr . D i lu t ions were made and 0.1 ml samples 

spread fo r i so la ted co lon ies on supplemented minimal p l a t e s . Resul t ing 

co lon ies were r e p l i c a t e d to the same medium and to medium without h i s t i ­

d ine . Indicated co lon ies were fur ther screened with regard to h i s t i d i n e 

requ i rement. 

( i i i ) Screening of mutant c o l o n i e s . Potent ia l mutant c lones were 

treated as f o l l o w s . The co lon ies were picked and p u r i f i e d on minimal 

p la tes (plus any appropr ia te supplement), and then tested fo r the de­

s i r e d c h a r a c t e r i s t i c s . Auxotrophy was tested simply by s t reak ing c e l l s 

from the test colony on minimal medium p l a t e s , with and without the 

test requirement and looking fo r the growth of i so la ted c o l o n i e s . 

Analogue res is tance was s i m i l a r i l y t e s t e d . A l l mutants were screened 

fo r phage J0W-14 s e n s i t i v i t y by spreading a lawn of the mutant on YT 

medium and streaking a sample of phage lysa te across the p l a t e . 
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XI. I so la t ion of DNA. 

(i) Ex t rac t ion of DNA from uninfected and phage- infected c e l l s . 

The DNA was i so la ted by the sodium dodecyl sulphate (SDS)-Pronase-

phenol method (Kozinski and L i n , 1965). The c h i l l e d bacter ia were 

harvested by c e n t r i f u g a t i o n at 4 C fo r 10 min at 10,000 x g_, washed 

once with 10 mM Tr is-HCl /150 mM NaCl/15 mM ethylenediamine t e t r a a c e t i c 
o 

ac id (EDTA), pH 7-6 (TNE buffer) and resuspended to 3 - 6 x 10 c e l l s / 

ml in TNE b u f f e r . The suspension was lysed by the a d d i t i o n of SDS to a 

f i n a l concentra t ion of 0.5% fo l lowed by incubation at kO C f o r 15 min. 

An equal volume of 150 mM NaCl/15 mM t r isodium c i t r a t e , pH 7.0 (SSC, 

standard s a l i n e c i t r a t e ) was then added. Pronase ( s e l f - d i g e s t e d f o r 

30 min at 37 C) was added to a f i n a l concentrat ion of 1 mg/ml and d i g ­

es t ion c a r r i e d out fo r 6 hr at 37 C. The lysate was c h i l l e d and ext ract 

ed with an equal volume of water-saturated phenol at room temperature 

by revolv ing in a tube at kO - 60 rpm at an angle fo r 1 h r . The mixture 

was then cent r i fuged and the aqueous layer removed. Residual phenol in 

the aqueous phase was extracted by gent le washing (3x) with e ther . Two 

volumes of i c e - c o l d 35% ethanol were added and the nuc le ic a c i d pre­

c i p i t a t e s c o l l e c t e d on a g lass rod and d isso lved in 0.1 x SSC/1 nM EDTA. 

Heat t reated (80 C f o r 10 min) r ibonuclease (RNase) was added to a 

f i n a l concentra t ion of 50 yg/ml and d iges t ion c a r r i e d out at 37 C fo r 

1 h r . DNA was then p r e c i p i t a t e d from s o l u t i o n as descr ibed above, 

washed (3x) with 70% ethanol and red isso lved in a minimal volume of 

0.1 x SSC or i f the DNA was to be hydro lyzed , i t was washed in acetone, 
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dr ied and t ransfer red to a g lass ampoule a f t e r the t h i r d ethanol wash. 

( i i ) Ex t rac t ion of DNA from phage. The phage lysa te was t reated 

as descr ibed fo r p u r i f i c a t i o n of phage from high t i t e r l y s a t e s , f o l ­

lowed by another high speed c e n t r i f u g a t i o n to again p e l l e t the phage 

p a r t i c l e s . The p e l l e t was resuspended in TNE buf fer and the DNA 

extracted by d i r e c t a d d i t i o n of water-saturated phenol . A f t e r ro ta ­

t i o n , the aqueous phase was removed, ether washed, and the DNA s o l u t i o n 

d ia lyzed (2x) against 0.1 x SSC (k ml DNA s o l u t i o n / l i t e r of 0.1 x SSC) 

at k C a to ta l of 2k h r . For hydro lys is the DNA was p r e c i p i t a t e d , 

washed, and dr ied as descr ibed above. 

XI I. Hydro lys is of DNA. 

A 0.2 ml volume of 6N HCl was added to the g lass ampoule c o n t a i n ­

ing the DNA sample. The ampoule was sealed under reduced pressure and 

the DNA hydrolyzed f o r 90 min at 100 C. The hydrolyzed sample was 

evaporated ( in vacuo over NaOH) to dryness and the residue d i s s o l v e d 

in 0.1 N HCl f o r chromatography. 

XII I . Measurement of r a d i o a c t i v i t y . 

( i ) Chromatographed hydrolysates of i so la ted DNA. Chromatograms 

of DNA hydrolysates were cut in s e c t i o n s , each s e c t i o n t ransfer red to 

a s c i n t i l l a t i o n v i a l and the r a d i o a c t i v i t y per sec t ion determined. 

( i i ) Chromatograms of enzyme r e a c t i o n s . These were t reated as 

descr ibed f o r DNA hydro lysa tes . 

( i i i ) I n t r a c e l l u l a r a c i d so lub le m a t e r i a l . At s p e c i f i c time 



i n t e r v a l s , 3 ml samples of cu l tu re were removed and f i l t e r e d r a p i d l y 

on a 0.45 Um M i l l i p o r e membrane; the membrane was washed twice with 5 ml 

of 0.01 x YT, then t rans fer red immediately to 5 ml o f 0.5 N HCl con­

tained in 250 ml beaker on i c e . A f t e r 1 hr , the supernatant was 

removed, f i l t e r e d through a 0.45 Um M i l l i p o r e membrane and the f i l ­

t r a te evaporated to dryness . The residue was d isso lved in 0.2 ml 

6N HCl and hydro lys is and chromatography c a r r i e d out as descr ibed for 

DNA. 

( iv) Ac id inso lub le m a t e r i a l , (a) . T r i c h l o r o a c e t i c a c i d (TCA) 

p r e c i p i t a t e s were c o l l e c t e d on 0.45 Um M i l l i p o r e membranes, washed 

(3x) with i c e - c o l d 5% TCA, dr ied and counted. When necessary, RNA 

was e l iminated from the TCA inso lub le material as f o l l o w s . A f t e r the 

add i t ion of TCA, the p r e c i p i t a t e was c o l l e c t e d by c e n t r i f u g a t i o n at 4 C 

fo r 20 min at 10,000 x g_, resuspended in 0.3 N K0H and incubated at 

37 C for 24 hr . The so lu t ions were c h i l l e d and neut ra l i zed with 6N HC l . 

Then, an equal volume of i c e - c o l d 10% TCA was added to each s o l u t i o n . 

A f te r 2 hr on i c e , the RNA-free p r e c i p i t a t e was e i t h e r c o l l e c t e d on 

a 0.45 ym M i l l i p o r e membrane and t reated as descr ibed fo r ac id s o l u b l e 

mater ial or extracted with 1 N HCl as f o l l o w s . The p r e c i p i t a t e was 

c o l l e c t e d by c e n t r i f u g a t i o n , resuspended in 1 N HCl and placed at 90 C 

for 25 min and then placed on ice fo r 2 hr . The p r e c i p i t a t e was c o l ­

lected on a 0.45 Um M i l l i p o r e membrane and the f i l t r a t e was treated 

as descr ibed f o r a c i d so lub le m a t e r i a l , (b) . The method of Kleppe 

a]_. (1971) was adapted for the measurement of incorporat ion of thymi­

d ine . Samples were taken from cu l tu res at i n t e r v a l s and spotted on 
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Whatman 3 MM f i l t e r paper d i s c s (2.4 cm in diameter) . The d i s c s were 

immediately immersed in 5% TCA in an ice bath. A f t e r 3 hr the d i s c s 

were washed (3x) with 250 ml i c e - c o l d 5% TCA, once with a mixture of 

a l c o h o l - e t h e r (1:1) and f i n a l l y with e ther . A f te r d r y i n g , the d i s c s 

were placed in s c i n t i l l a t i o n v i a l s f o r measurement o f r a d i o a c t i v i t y . 

XIV. Counting r a d i o a c t i v i t y . 

A f t e r t rans fe r of the samples to s c i n t i l l a t i o n v i a l s , 5 ml of 

s c i n t i l l a t i o n f l u i d ( L i q u i f l u o r , New England Nuclear) was added (except 

in the case of the t r i t i u m re lease assay) and the r a d i o a c t i v i t y measured 

with an lsocap/300 l i q u i d s c i n t i l l a t i o n spectrometer (Nuclear Chicago 

C o r p . , Des P l a i n e s , 111.) . 

XV. Preparat ion of b a c t e r i a l e x t r a c t s . 

8 

Cultures were grown to a dens i ty of approximately 3 x 10 c e l l s / m l , 

cent r i fuged for 5 min at 10,000 x £ and resuspended to one ha l f of the 

o r i g i n a l volume in 40 mM potassium phosphate b u f f e r , pH 7-0. The c e l l 

suspension was recentr i fuged and the p e l l e t resuspended in s u f f i c i e n t 

i c e - c o l d 40 mM potassium phosphate/1 rraM d i t h i o t h r e i t o l b u f f e r , pH 7.0 

to give about 1 0 1 0 c e l l s / m l . The c e l l s were d isrupted by treatment 

with a Bronwil l son ic o s c i l l a t o r (Bronwil l S c i e n t i f i c , Rochester , N.Y.) 

at a s e t t i n g of 70 f o r a to ta l of 60 sec (4 x 15 sec bursts with a 30 

sec coo l ing per iod between each b u r s t ) . The ext ract was cent r i fuged 

at 39,000 x £ fo r 1 hr at 4 C , the supernatant removed, d ia lyzed against 

400 volumes of resuspension buf fer fo r 24 hr at 4 C and then used for 

enzyme assays . 



XVI. Prote in determinat ion. 

Prote in was determined by the method of Lowry et_ aj_. (1951) using 

bovine serum albumin as standard. 

XVII. Enzyme a s s a y s . 

A l l enzyme assays were c a r r i e d out at 28 C. Changes in absorbance 

were measured with a Unicam SP. 800 B spectrophotometer (Unicam Instru­

ments L t d . , Cambridge, England) except fo r the c o l o r i m e t r i c measurements 

in the aspar ta te transcarbamylase assay where a Beckman Model DU 

(Beckman Instruments Inc . , F u l l e r t o n , C a l i f . ) was employed. Extracts 

of S_. typhimur ium LT-2 were used as p o s i t i v e c o n t r o l s for t es t ing assay 

mixtures. A l l ex t rac ts were assayed f o r fumarase before use and only 

p o s i t i v e ex t rac ts were used for the other a s s a y s . 

( i ) Thymidylate synthetase. The enzyme was measured in three 

d i f f e r e n t ways. (a) . Spectrophotometr ica l ly (Wahba and F r i e d k i n , 1962). 

Two cuvettes each contained the f o l l o w i n g : 25 umoles T r i s - H C l b u f f e r , 

pH 7.4; 50 umoles mercaptoethanol; 12.5 umoles M g C ^ ; 10 umoles formalde­

hyde; 0.5 umole EDTA; 0.1 umole THFA; ex t ract and water to g ive a 

f i n a l volume of 0.9 ml . To s ta r t the r e a c t i o n , 0.05 Umole dUMP (0.1 ml 

o f a 0.5 mM. so lu t ion) was added to one cuvette and the increase in ab­

sorbance at 3^0 nm was fol lowed against the blank cuve t te . For the 

conversion of THFA to DHFA the change in molar e x t i n c t i o n at 3^0 nm was 

•3 

d.k x 10 . (b). T r i t ium r e l e a s e . The procedure employed was a combina­

t i o n of the methods of Lomax and Greenberg (1967) and O'Donovan et a l . 



(1971)• The react ion mixtures were incubated f o r periods o f 0 , 15, 30 

and 45 min. The assay mixture contained the fo l lowing in 0.3 ml: 10 

ymoles T r i s - H C l b u f f e r , pH 7.4; 20 ymoles mercaptoethanol; 5 ymoles 

M g C l 2 ; 4 ymoles formaldehyde; 0.2 ymole EDTA; 0.2 ymole THFA; ex t ract 

and water. To s t a r t the r e a c t i o n , 0.1 ml of 0.5 mM dUMP-5- 3H (1 yCi /ml ) 

was added. The react ion was stopped by the a d d i t i o n of 0.5 ml of a 

s l u r r y of Nor i te A (100 mg/ml in 1 mM̂  sodium phosphate/1 rmM sodium 

pyrophosphate, pH 7 .4 ) . The Nor i te with adsorbed dUMP-5- H was removed 

by c e n t r i f u g a t i o n . A 0.1 ml amount of the supernatant was mixed with 

3 ml Methyl C e l l o s o l v e and 6 ml s c i n t i l l a t i o n f l u i d ( L i q u i f l u o r ) and the 

r a d i o a c t i v i t y determined, (c ) . Incorporation of r a d i o a c t i v e formalde­

hyde. The method descr ibed by Roscoe and Tucker (1966) f o r the assay 

of dUMP hydroxymethylase was adapted. The react ion mixture contained 

the fo l lowing in 0.5 ml: 25 ymoles T r i s - H C l b u f f e r , pH 7.4; 0.5 ymole 

formaldehyde (l y C i / y m o l e ) ; 25 ymoles mercaptoethanol; 5 ymoles MgCl^; 

0.5 ymole EDTA; 0.1 ymole THFA; 0.5 ymole dUMP; ext ract and water. 

A f t e r 60 min incubat ion , 0.2 ml o f 30 mM hydroxylamine hydrochlor ide 

was added to react ion and cont ro l mixtures and the tubes were placed 

in a b o i l i n g water bath in a fume hood for 2 min. Coagulated pro te in 

was removed by c e n t r i f u g a t i o n , a por t ion of the supernatant app l ied to 

Whatman 40 SFC paper and the chromatogram developed with solvent D. 

( i i ) Cytosine (or r C , dC) deaminase. The method was e s s e n t i a l l y 

that of Neuhard (1968) f o r the assay of ext racts of S_. typhi murium LT-2 . 

The procedure was modif ied f o r ex t rac ts of Pseudomonas ac idovorans; 



the react ion mixture contained the fo l lowing components in a f i n a l 

volume of 5 ml: 125 Umoles T r i s - H C l b u f f e r , pH 7.1; 0.5 Umole of 

subs t ra te ; ex t ract and water. At 20 min i n t e r v a l s , 1.0 ml samples 

were t rans fer red to 1.5 ml 2 N PCA in con ica l cen t r i fuge tubes on ice 

and l e f t on ice fo r 30 min, then c e n t r i f u g e d . Supernatant f l u i d s 

were read at 290 nm fo r rC(dC) deaminase assays using a molar ex-

3 
t i n c t i o n of 10.1 x 10 . Cytosine deaminase was measured at 282 nm 

3 

using a molar e x t i n c t i o n of 7.3 x 10 . 

( i i i ) Adenosine deaminase. The procedure employed was that 

descr ibed by Hoffmeyer and Neuhard (1971), with s l i g h t m o d i f i c a t i o n s . 

The react ion mixture contained the fo l lowing in 1 ml : 25 Umoles T r i s -

HCl b u f f e r , pH 7-6; 0.05 umole adenosine; ex t ract and water. The 

decrease in absorbancy at 265 nm was fol lowed spect rophotometr ica l ly 
3 

and 8.5 x 10 was used as the d i f f e r e n c e in molar e x t i n c t i o n c o e f f i c i e n t 

between adenosine and i n o s i n e . 

( iv) Thymidine phosphorylase. The assay was c a r r i e d out as de­

scr ibed by Schwartz (1971). The react ion mixture contained in a f i n a l 

volume of 1 ml: 10 umoles potassium phosphate b u f f e r , pH 7.3; 10 umoles 

T r i s - H C l b u f f e r , pH 7.3; 5 umoles thymidine; 1 umole EDTA; ext ract and 

water. At 10 min i n t e r v a l s , 0.2 ml samples were t rans fe r red to 0.8 

ml 0.1 M NaOH. Samples were read at 300 nm using a molar e x t i n c t i o n 

of 3-6 x 10
3
. 

(v) Ur id ine phosphorylase. The method was e s s e n t i a l l y that o f 

Neuhard (1968). The react ion mixture contained the fo l lowing in 1 ml : 
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10 ymoles potassium phosphate b u f f e r , pH 7.3; 10 ymoles T r i s - H C l 

b u f f e r , pH 7-3; 5 ymoles u r i d i n e ; 1 ymole EDTA; ex t ract and water. 

At 10 min i n t e r v a l s , 0.2 ml samples were t rans fe r red to 0.8 ml 0.5 M 

PCA. The p r e c i p i t a t e d prote in was removed by c e n t r i f u g a t i o n and 0.5 

ml of the supernatant f l u i d was mixed with 0.5 ml 1 M NaOH, before 

reading at 290 nm. The d i f f e r e n c e in molar e x t i n c t i o n c o e f f i c i e n t 

between u r a c i l and ur id ine was taken as 5.4 x 10 . 

(vi) Purine nucleoside phosphorylase. The a c t i v i t y was measured 

spectrophotometr ica l ly by coupl ing the react ion with xanthine ox idase , 

as descr ibed by Kalckar (1947). The react ion mixture contained the 

fo l lowing in 1 ml : 170 ymoles potassium phosphate b u f f e r , pH 7.1; 

2 ymoles inos ine ; 0.01 to 0.02 uni t of xanthine oxidase (Sigma); 

ex t ract and water. The increase in absorbancy at 293 nm was fol lowed 

3 

using a molar e x t i n c t i o n of 12.0 x 10 . 

( v i i ) Aspartate transcarbamylase. The enzyme was assayed by the 

method of Gerhart and Pardee (1962). The react ion mixture contained 

the fo l lowing in 0.5 ml : 20 ymoles potassium phosphate b u f f e r , pH 7.0; 

2 ymoles d i l i t h i u m carbamyl phosphate; 2.5 ymoles potassium L-aspar ta te ; 

ext ract and water. E f f e c t o r s were added at 0.05 ymole per react ion 

mixture. The react ion was allowed to proceed for 30 min and the 

carbamyl aspartate measured c o l o r i m e t r i c a l l y . 

( v i i i ) Fumarase. The a c t i v i t y was measured spect rophotometr ica l ly 

according to the procedure of Racker (1950), measuring the increase in 

absorbancy at 240 nm. The react ion mixture contained the fo l lowing in 



1 ml: kO ymoles potassium phosphate b u f f e r , pH 1.k\ 1 Umole L-mal ic a c i d ; 

ext ract and water. For c a l c u l a t i o n s a molar e x t i n c t i o n of Z . k k x 10 

was assumed. 

XVIII. Chromatography. 

Samples of DNA hydro lysa tes , pool mater ia ls or enzyme react ions 

together with reference standards were app l ied to e i ther th in layer 

c e l l u l o s e sheets (Eastman Chromogram Sheet 6064, without f luorescent 

ind icator ) or to Whatman 40 SFC grade paper. Chromatograms (descending 

development fo r paper) were developed with the fo l lowing s o l v e n t s . 

Solvent A (Bendich, 1957): 2-propanol-concentrated HCl-water (65:16.7: 

18.3, v / v ) ; Solvent B (Kropinski et_ a l_ . , 1973); 2-propanol -concentrated 

NH^OH-water (70:10:20, v / v ) ; Solvent C (Cl ine et a l_ . , 1958): t - b u t a n o l -

methyl ethyl ketone-concentrated HCl-water (40:30:10:20, v / v ) ; Solvent 

D (Wahba and F r i e d k i n , 1962): 600 g ( N H ^ S O ^ were added to 1 l i t e r of 

0.1 M potassium phosphate b u f f e r , pH 6 .8 . The s o l u t i o n was f i l t e r e d 

through Whatman No. 1 paper and 20 ml n-propanol were added to the 

f i l t r a t e . A f t e r development the chromatograms were dr ied and the 

u l t r a v i o l e t absorbing areas detected with a Chromato-vue ( U l t r a - V i o l e t 

Products , Inc . , San G a b r i e l , C a l i f . ) . 

XIX. Density gradient c e n t r i f u g a t i o n . 

The DNA sample was mixed with CsCl to g ive a s o l u t i o n of average 

densi ty about 1.68 g/ml conta in ing 10 mM T r i s - H C l , pH 7 .5 . The gradient 



was formed and the DNA banded by spinning in an Internat ional B-60 

cen t r i fuge ( Internat ional Equipment C o . , Needham Heights , Mass.) for 

48 hr at 20 C in an SB 283 ro tor at 30,000 rpm. Approximately 40 

f r a c t i o n s were c o l l e c t e d from the bottom of each cent r i fuge tube. 

The f r a c t i o n s were t rans fer red to g lass f i l t e r s in s c i n t i l l a t i o n 

v i a l s , d r ied and the r a d i o a c t i v i t y per f r a c t i o n determined. 

XX. Chemicals. 

Bases, n u c l e o s i d e s , nucleot ides and trimethoprim were purchased 

from Calbiochem (San Diego, C a l i f . ) . Aminopterin was obtained from 

N u t r i t i o n a l Biochemical Co. (Cleveland, Oh io ) . T e t r a h y d r o f o l i c ac id 

was purchased from General Biochemicals (Chagrin F a l l s , Oh io ) . Other 

chemicals were obtained from Sigma Chemical Company (St . L o u i s , Mo. ) . 

Synthet ic 5~(4-aminobutylaminomethyl)uraci1 was obtained from A .M.B . 

K r o p i n s k i . The 5 _ f1uoro-analogues were generous g i f t s from W.E. S c o t t , 

Hoffman-La Roche, Inc . , Nut ley , N . J . 

XXI. Radiochemicals. 

Radiochemicals were purchased from New England Nuclear (Boston, 

Mass.) with the except ion of dUMP-5- H which was obtained from Schwarz/ 

Mann (Orangeburg, N . Y . ) . 



RESULTS AND DISCUSSION 

P r i o r to Kropinski et aj_. (1973) determining the s t ruc ture of 

the novel base, 5
-
(4-aminobutylaminomethyl)uraci1 (putThy), i t was 

assumed that the base was a modif ied pyr imid ine . Thus, experiments 

were i n i t i a t e d to v e r i f y or d isprove the assumption. 

P. acidovorans incorporated exogenous rad ioac t ive u r a c i l into 

a c i d - i n s o l u b l e m a t e r i a l . Bacteriophage 0W-14 was grown on the w i l d -

14 

type host in the presence of uraci1-2- C. The progeny phage were 

c o l l e c t e d , the DNA i s o l a t e d , hydrolyzed and chromatographed. Radio­

a c t i v i t y was found assoc ia ted with the c y t o s i n e , thymine and putThy 

a r e a s . No rad ioac t i ve compound corresponding to putThy was observed 

in hydrolysates of the DNA from the uninfected host . The rad ioac t i ve 

putThy was l a t e r shown to co-chromatograph in three solvent systems 

with the syn the t i c compound prepared by Kropinski et_ al_. (1973). 

Following the u r a c i l l a b e l l i n g experiments, attempts were made 

to label the DNA of in fected and uninfected cu l tu res with rad ioac t i ve 

thymine or thymidine using a v a r i e t y of c o n d i t i o n s . These were un­

s u c c e s s f u l ; l i t t l e or no incorporat ion occur red . At t h i s p o i n t , i t 

was decided to examine n u c l e i c a c i d metabolism in the uninfected host 

before cont inuing experiments on the b iosynthes is of putThy. 

N u t r i t i o n a l s t u d i e s . 

The a b i l i t y of P_. acidovorans to ut i 1 ize var ious compounds as 

carbon and/or ni t rogen sources was examined (Table 11). Nucleosides 



Table II. U t i l i z a t i o n of var ious compounds as sole carbon or ni t rogen 

source by Pseudomonas acidovorans 

Compound 

A b i l i t y to grow with compound as 

Carbon Nitrogen 
Source Source 

Ribose 

Deoxyribose 

Thymidine 

Thymine - + 

Deoxyuridine 

Ur id ine 

Urac i l nd + 

Deoxycyt i d i ne 

Cy t id ine nd 

Cytosine nd + 

Deoxyadenosine 

Adenosine - + 

Adenine nd + 

Deoxyguanosine 

Guanosine 

Guanine nd + 

Inosine 

Xanthine nd + 

Hypoxanthine nd + 

a Symbols: +, growth; - , no growth 
b . . ' nd, not done 
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were i n e f f e c t i v e as carbon sources , suggesting that th is organism 

lacked enzymes f o r the catabol ism of these compounds (assuming that 

the compounds entered the c e l l s ) . E_. col ? can u t i1 i z e deoxyr ibonucleo-

sides as so le carbon sources but cannot grow on 2 -deoxyr ibose, whereas 

S_. typhimurium can u t i l i z e both the sugar and the nucleosides (Hoffee and 

Robertson, 1969). The d i f f e r e n c e was explained by the a c t i v i t y of a 2-

deoxyribose kinase found in S_. typhimurium but not in E_. col i . Thus, 

i t was considered important to tes t the nucleosides as wel l as the sugars . 

Adenosine was the only nucleoside to serve as ni trogen source . 

Growth with rA was odd in that a lawn of growth around the c r y s t a l s 

did not o c c u r , but rather ind iv idua l co lon ies developed a f t e r several 

days incubat ion wi th in a radius of about 20 mm. On c l o s e r examination, 

a zone of growth i n h i b i t i o n (as measured against the weak background 

of conf luent growth) of about 20 mm was evident around the rA c r y s t a l s . 

A s i m i l a r observat ion was made with dA but no ind iv idua l co lon ies 

developed wi th in the zone. The co lon ies on the rA p la te were probably 

mutants that had overcome the rA i n h i b i t i o n and were able to use the 

compound as ni trogen source . 

During previous studies on T incorpora t ion , i t was observed that 

the a d d i t i o n of 250 yg dA/ml resu l ted in pronounced growth i n h i b i t i o n , 

Concentrat ions lower than 250 yg/ml had l i t t l e or no e f f e c t . 

The t o x i c e f f e c t s of dA and rA were r e a d i l y demonstrated by spreading 

c e l l s of P_. acidovorans on M29 p l a t i n g medium and adding dA or rA to the 
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center of the p l a t e . Inh ib i t ion of growth in l i q u i d c u l t u r e by rA 

required the a d d i t i o n of 500 yg r A / m l . The i n h i b i t o r y e f f e c t s of rA 

and dA are shown in F i g . 5. 

The i n h i b i t o r y e f f e c t s of nucleosides have been descr ibed p r e v i o u s l y . 

Shobe and Campbell ( B a c t e r i o l . P r o c , p.132, 1969) reported i n h i b i t i o n of 

growth of Micrococcus sodenensis by rA. In v i t r o experiments demon­

st ra ted that ATP completely i n h i b i t e d 5 - phosphoribosylpyrophosphate 

(PRPP)-amido-transferase a c t i v i t y . Complete i n h i b i t i o n of PRPP-amido-

t rans fe rase (which is required fo r the synthesis of the pyr imidine 

moiety of thiamine as well as fo r de novo purine synthesis) r e s u l t s in 

cessa t ion of thiamine b i o s y n t h e s i s . Quant i ta t ive s tudies on thiamine 

s y n t h e s i s , in conjunct ion with the reversal by thiamine, of rA- induced 

growth i n h i b i t i o n confirmed that the primary e f f e c t of rA was the shut­

down of thiamine b i o s y n t h e s i s . 

When thiamine (10 ug/ml) was added to cu l tu res of f_. ac idovorans, 

fol lowed by the a d d i t i o n of rA or dA, growth was s t i l l i n h i b i t e d . Thus, 

assuming that thiamine entered the c e l l s , the primary e f f e c t of dA or 

rA was not the i n h i b i t i o n of thiamine s y n t h e s i s . 

Two fu r ther explanat ions for the growth i n h i b i t i o n were considered . 

F i r s t l y , purine nucleoside phosphorylase (pup), which ca ta lyzes the f o l ­

lowing r e a c t i o n s : 

purine deoxyr ibonucleoside £ deoxyribose -1 -phosphate (dRib-1-P) 
+ pur ine base 

or 

purine r ibonuc leos ide ^ r ibose -1 -phosphate (Rib-1-P) + pur ine base 
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T I M E ( h r ) 

F i g . 5- I n h i b i t i o n o f growth of P_. acidovorans i n M 2 9 by added 
adenosine or deoxyadenos ine. A c u l t u r e was grown to 
6 x 10" c e l l s / m l , then d i v i d e d i n t o three p o r t i o n s . 
Adenosine was added to one and deoxyadenosine to another; 
the arrow denotes the time of a d d i t i o n . The t h i r d served 
as a c o n t r o l . ( O ) adenosine (500 yg/ml); ( A ) deoxy­
adenos ine (250 yg/ml); ( • ) c o n t r o l . 
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was very a c t i v e and, coupled with deoxyribomutase (drm), resu l ted in 

the accumulation of a high level of i n t r a c e l l u l a r dRib-5 _P with dA as 

substrate or Rib-5~P with rA (provided deoxyr iboaldolase (dra) was 

absent ) . The adenine l ibe ra ted would serve as ni trogen source and 

mutation to overcome the t o x i c i t y occurred only with rA. Munch-

Peterson (1968; 1970) has shown that in dra s t r a i n s of £ . col? the 

add i t ion of deoxyr ibonucleosides poisoned the c e M s , apparent ly due 

to the accumulation of dRib-5~P. The target s i t e ( s ) f o r the i n h i b i t i o n 

was not r e s o l v e d . Ribonucleosides were not t o x i c as any Ribr5-P 

formed was fu r ther metabolized through the pentose-phosphate pathway. 

However, Rib-5-P may be t o x i c for P. ac idovorans. Secondly, the rA 

and dA were each phosphorylated to the corresponding nucleot ide and a 

rapid accumulation of a high i n t r a c e l l u l a r pool of the monophosphate 

(or der iva t i ve ) r e s u l t e d ; the large pool caused an i n h i b i t i o n of an 

essen t ia l c e l l u l a r a c t i v i t y . I f f . - acidovorans could phosphorylate 

rA or dA, t h i s would be in contrast to S_. typhimur ium (Hoffmeyer and 

Neuhard, 1971) and col? (Kar lstrom, 1970), which lack such a c t i v i t i e s . 

Ribonucleot ide reductase has been shown to be i n h i b i t e d in v i t r o 

by dATP in c e r t a i n systems (Blakely and V i t o l s , 1968) which, by ex­

t r a p o l a t i o n to the in v ivo s i t u a t i o n , would mean the c e l l s tarves for 

deoxyr ibonucleot ides in the presence of high dATP p o o l s . Recent ly , 

Ingram and F isher (1972) have demonstrated the s e l e c t i v e i n h i b i t i o n 
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of DNA synthesis by dA in Agmenel1um quadruplicatum. 

P_. acidovorans was assayed fo r purine nucleoside phosphorylase 

a c t i v i t y (Table II I). Under the condi t ions of the assay i t was con­

cluded that the a c t i v i t y was absent and suggested that the accumulation 

of dRib-5-P or Rib-5-P was not the cause of growth i n h i b i t i o n . Studies 

to support or d isprove the second hypothesis were not undertaken. 

It was considered improbable that the i n h i b i t i o n by rA was a con­

sequence of simple deamination and the r e s u l t i n g inosine being the i n ­

h i b i t o r y compound s ince added inosine was not t o x i c . However, t h i s 

assumed that f_. acidovorans was permeable to inos ine . P_. acidovorans 

a l s o lacks adenosine deaminase a c t i v i t y (Table IV). 

In view of the t o x i c i t y observed with dA and rA i t was considered 

important to tes t the p o s s i b l e t o x i c i t y o f the other nucleosides before 

concluding whether these compounds were n o n - u t i l i z a b l e as carbon and/or 

n i t rogen sources . No t o x i c i t y was observed with any of the other nucleo­

s ides l i s t e d in Table II. 

A s i g n i f i c a n t observat ion was the a b i l i t y of T to serve as nitrogen 

source , whereas dT d id not . Thus, a lack of thymidine phosphorylase 

(tdp) a c t i v i t y was impl ied , and i f s o , th is would negate the i s o l a t i o n 

of T auxotrophs in th is bacter ium. IP. acidovorans does appear to lack 

thymidine phosphorylase a c t i v i t y (Table V ) . 

A thymine auxotroph was f i r s t i so la ted from an E_. c o l i c u l t u r e 

that had been exposed to X-rays (Roepke and Mercer, 1947). Subsequently, 



39 

Table III. Purine nucleoside phosphorylase a c t i v i t y in ex t rac ts of 

Pseudomonas acidovorans and Salmonella typhimur ?uma 

Bacterium 

S p e c i f i c a c t i v i t y ' 3 of c e l l s 
grown in the presence of 

Adenosine Deoxyadenosine 

Pseudomonas acidovorans 

Salmonella typhimurium nd 80 

3 Cul tures were grown in M 2 9 (0.2% g lucose added for growth of 
Salmonella) to a c e l l densi ty of 6 x 1 0 ° / m l . The Pseudomonas 
c u l t u r e was d iv ided into two p o r t i o n s ; to one 250 ug/ml of 
deoxyadenosine was added, to the other 500 ug/ml adenosine. 
A f te r 1 hr incubat ion , a f r a c t i o n of each c u l t u r e was removed 
and the c e l l s harvested by c e n t r i f u g a t i o n and ex t rac ts prepared. 

Expressed as nanomoles of urate formed per minute per mi l l ig ram 
of p r o t e i n . 

c nd, not done. 
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Table IV. Adenosine deaminase a c t i v i t y in ex t rac ts of Pseudomonas  

acidovorans and Salmonella typhimurium 

Bacterium S p e c i f i c a c t i v i t y 

Pseudomonas acidovorans 0 

Salmonella typhimurium 19 

a Ext racts were those descr ibed in Table III fo r Pseudomonas; 
both ex t rac ts were assayed. The ext ract of Salmonella was 
prepared from c e l l s grown on minimal medium. 

k Expressed as nanomoles of inosine formed per minute per 
mi l l ig ram of p r o t e i n . 



Table V. Thymidine phosphorylase a c t i v i t y in ext racts o f Pseudomonas  

acidovorans and Salmonella typhimurium 

Bacterium S p e c i f i c a c t i v i t y * 5 

Pseudomonas acidovorans 

Salmonella typhimurium 28.4 

a C e l l s were grown in M29 (plus glucose fo r Salmonella) with added 
thymidine (250 y g / m l ) . Log phase c e l l s were c o l l e c t e d and ex t rac ts 
prepared. 

k Expressed as nanomoles of thymine formed per minute per mi l l ig ram 
p r o t e i n . 
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the f o l i c a c i d antagonists aminopterin (Okada et_ aj_., 1960 ) and t r i ­

methoprim (Stacey and Simson, 1965 ) were used to s e l e c t thymine auxo­

trophs in several genera of b a c t e r i a . Ber t ino and Stacey ( 1 9 6 6 ) and 

Wilson et_ aj_., ( 1 9 6 6 ) independently proposed a mechanism for the 

s e l e c t i o n . 

A p r e r e q u i s i t e fo r the i s o l a t i o n of T requ i r ing auxotrophs in 

microorganisms is the presence of enzymes capable of convert ing exogen­

ous T to dTMP. Thymidine phosphorylase, an enzyme common to many 

microorganisms, c a r r i e s out the r e a c t i o n : dT + Pi +• T + d R i b - 1 - P . 

L a c t o b a c i 1 1 i lack tdp but have an a l t e r n a t i v e method fo r the production 

of dT from T . A t rans-N-deoxyr ibosy lase performs the r e a c t i o n : 

base^ + base2~deoxyriboside X base^-deoxyr iboside + b a s e 2 . The dT 

can be converted to dTMP by thymidine kinase ( tdk) . An organism having 

ne i ther tdp nor t rans-N-deoxyr ibosy lase is unable to convert T to the 

nucleoside level and t h i s prevents the i s o l a t i o n of T auxotrophs. 

However, dT requ i r ing auxotrophs remain p o s s i b l e , prov id ing the organism 

has a func t iona l tdk. 

Cytosine proved to be a most adequate ni t rogen source and thus , 

cy tos ine deaminase (cod) appeared present . Other bases served as ni trogen 

source in add i t ion to C but none were as e f f e c t i v e as C, inc lud ing T 

and U. Cy t id ine and dC were not n i t rogen sources and an absence of 

c y t i d i n e (deoxycytidine) deaminase (cdd) was indicated as was the absence 

of enzymes capable of degrading the nucleosides and l i b e r a t i n g f ree C. 
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The assays for cy tos ine deaminase or c y t i d i n e (deoxycytidine) 

deaminase a c t i v i t y were not c a r r i e d out u n t i l a f t e r the i s o l a t i o n of 

pyr imidine requi r ing auxotrophs of P_. ac idovorans. Cytosine deaminase 

a c t i v i t y was found but compared to S.. typhimurium the a c t i v i t y was qu i te 

low (Table V I ) . No c y t i d i n e (deoxycytidine) deaminase a c t i v i t y was 

detected in P_. acidovorans ex t rac ts (Table V I ) . 

Since U was a ni trogen source but rU f a i l e d to support growth, an 

absence of u r id ine phosphorylase (udp) a c t i v i t y was i n d i c a t e d . The 

a c t i v i t y was not observed under the assay condi t ions (Table VI I ) . 

Analogue s e n s i t i v i t y and r e s i s t a n c e . 

Analogues can be va luable a ids as a means of ind ica t ing the presence 

or absence of p a r t i c u l a r enzyme funct ions in an organism. Some general 

p r i n c i p l e s (O'Donovan and Neuhard, 1970) to consider when working with 

pyr imidine (and purine) analogues are the f o l l o w i n g : 

( i ) The analogue must be converted to the nucleot ide level for 

expression of t o x i c i t y . 

( i i ) Two general types of nuc leot ide analogue t o x i c i t y r e s u l t : 

i n h i b i t i o n of one or more enzymes involved in pyr imidine (purine) 

metabolism and incorporat ion of the analogue into n u c l e i c ac ids a f te r 

conversion to the t r iphosphate . 

( i i i ) Since analogues are genera l ly metabolized in the same manner, 

by the same enzymes, as the natural compounds, then i t is not s u r p r i s i n g 
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Table VI. Cytosine deaminase and c y t i d i n e (deoxycytidine) deaminase 

a c t i v i t y in ex t rac ts of Pseudomonas acidovorans s t r a i n 

and Salmonella typhimur ium 3 

S p e c i f i c a c t i v i t y ' 3 

Bacter i um 

Cytosine Cyt id ine (deoxycytidine) 
deaminase deaminase 

Pseudomonas acidovorans 0 .11 

Salmonella typhimurium 3.1 5-2 

a Cultures of and LT-2 were grown in M29 (plus g lucose f o r LT-2) 
with added cytos ine (50 ug/ml). Log phase c e l l s were c o l l e c t e d 
and ex t rac ts prepared for the assay of cy tos ine deaminase. The 
protocol was s i m i l a r fo r the preparat ion of ex t rac ts fo r c y t i d i n e 
(deoxycytidine) deaminase assays , except that 250 ug/ml c y t i d i n e 
was added to each cu l tu re and 25 ug/ml of u r a c i l was added to the 

c u l t u r e . 

k Expressed as nanomoles of product formed per minute per mi l l ig ram of 
protei n. 
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Table VII. Ur id ine phosphorylase a c t i v i t y in ex t rac ts of Pseudomonas  

acidovorans and Salmonella typhimurium 9 

Bacterium S p e c i f i c a c t i v i t y 

Pseudomonas acidovorans 0 

Salmonella typhimurium 3 

P_. acidovorans was grown in M29 plus added u r i d i n e (250 y g / m l ) . 
Log phase c e l l s were c o l l e c t e d and an ext ract prepared. The 
extract of LT-2 employed was that descr ibed in Table V. Thus, 
the basal level of u r id ine phosphorylase of LT-2 was measured. 

Expressed as nanomoles of u r a c i l formed per minute per mi l l ig ram 
of p r o t e i n . 
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that the add i t ion of the natural substrate reverses or prevents the 

analogue t o x i c i t y through simple competi t ion for conversion to the 

nucleot ide l e v e l . 

( iv) It is important to understand the interconvers ions of the 

natural bases and nucleosides for a p a r t i c u l a r organism, s ince many 

analogues per se are not i n h i b i t o r y but rather become tox ic only a f t e r 

being metabol ized. For example, 5-f1uorocytosine (5_FC) is only tox ic 

for Ê . col i or S_. typhimurium a f te r conversion to 5 -f luorouraci 1 (5-FU). 

Mutants lacking cytos ine deaminase are r e s i s t a n t to 5 -FC but remain 

s e n s i t i v e to 5 -FU. Knowledge regarding interconvers ions becomes ex­

ceedingly c r u c i a l when s p e c i f i c rad ioac t ive l a b e l l i n g studies are 

attempted. 

P_. acidovorans was tested for s e n s i t i v i t y or res is tance to a v a r i e t y 

of pyr imidine and purine analogues (Table V I M ) . Compared with the 

e n t e r i c s , P_. acidovorans showed l imi ted s e n s i t i v i t y to the analogues. 

Purine base analogues were completely i n e f f e c t i v e . It was unfortunate 

that purine nucleoside analogues ( e s p e c i a l l y of dA and rA) were not 

a v a i l a b l e . 

By ext rapola t ion from previous r e s u l t s , c e r t a i n of the analogue 

s e n s i t i v i t i e s were expected. For example, s e n s i t i v i t y to 5-FU and 6-

azaurac i l (6-AU) was expected s ince i t was already es tab l i shed that 

P. acidovorans was capable of incorporat ing exogenous u r a c i l , t h is i n ­

d i c a t i n g the presence of UMP pyrophosphorylase (upp). S e n s i t i v i t y to 



Table VI11. S e n s i t i v i t y of Pseudomonas acidovorans to var ious 

nuc le ic ac id analogues 

Analogue Response 3 

5 _ f luorourac i1 S 

6-azauraci1 S 

5 - f1uorur id i ne R 

6 -azaur idine R 

5 - f1uorodeoxyuridine S 

5~f luorocytosine S 

6-azacytos ine S 

5~f luorocyt id ine R 

6 -azacyt id ine R 

5-f1uorodeoxycyt i d i ne R 

5-bromouraci1 R 

5-bromodeoxyur i d i ne S 

8-azaadenine R 

8-azaguani ne R 

8-a za hy poxa n t h i ne R 

2,6-diaminopurine R 

6-azathymi ne R 

a S e n s i t i v i t y (S) or res is tance (R) to an analogue was 
determined as described in Mater ia ls and Methods. 



48 

6 -azacytosine (6-AC) and 5-FC was a l s o expected as cy tos ine deaminase 

a c t i v i t y was indicated from previous s t u d i e s . Resistance to 6-azathymine 

(6-AT) was a l s o expected. 

Mutants r e s i s t a n t to 5-FU were found to be simultaneously r e s i s t a n t 

to 5-FC, ind ica t ing that t o x i c i t y of 5 _FC was a consequence of deamina-

t ion to 5-FU. It should be p o s s i b l e to i s o l a t e mutants r e s i s t a n t to 

5-FC but remaining s e n s i t i v e to 5 - FU ( i . e . cod s t r a i n s ) . Such s t r a i n s 

were not sought in th is study. 

P_. acidovorans d id not catabol ize nucleosides and, the re fo re , one 

would not have expected s e n s i t i v i t y to nucleoside analogues as a con­

sequence of metabolism of the compound and l i b e r a t i o n of the f ree base. 

However, kinase a c t i v i t i e s for a v a r i e t y of nucleosides have been ob­

served in other microorganisms (O'Donovan and Neuhard, 1970) and i f such 

a c t i v i t i e s were present in P_. ac idovorans , t o x i c i t y to nucleoside ana­

logues would be observed. 

It should be pointed out here, as a reminder, that in r e l a t i n g 

s e n s i t i v i t y and res is tance to analogues to the presence or absence of 

c e r t a i n enzyme a c t i v i t i e s , i t was assumed that the analogues can enter 

the c e l l . In a d d i t i o n , i t was assumed that the tes t condi t ions were 

adequate for the demonstration of p a r t i c u l a r enzyme a c t i v i t i e s i f they 

were present . 

From the r e s u l t s , i t was concluded that f_. ac idovorans , was de­

f i c i e n t in kinase a c t i v i t i e s save fo r the p o s s i b i l i t y of thymidine 
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kinase. As a consequence of c e r t a i n kinase d e f i c i e n c i e s , l a b e l l i n g with 

rad ioac t ive rU or rC appears impossible as does the i s o l a t i o n o f rC-

requi r ing mutants ( i . e . pyrG mutants). A summary of pyr imidine met­

abol ism in P_. ac idovorans, as indicated by the r e s u l t s , is diagrammed 

in F i g . 6. 

Conversion of 5"f luorodeoxyuridine (5-FdU) to 5-FdUMP by thymidine 

kinase r e s u l t s in the i n h i b i t i o n of thymidylate synthetase (thyA) and 

the c e l l starves for dTMP. The 5-bromo d e r i v a t i v e (5~BdU) exerts i t s 

tox ic e f f e c t as a consequence of phosphorylat ion to the monophosphate 

by thymidine k inase , fol lowed by fur ther phosphorylat ions to the t r i ­

phosphate and incorporat ion in to DNA. 

If thymidine kinase was present in P_. ac idovorans , the i s o l a t i o n of 

dT auxotrophs was f e a s i b l e . Such mutants could prove inva luable in 

e l u c i d a t i n g the b iosynthes is of putThy. Therefore , fu r ther i n v e s t i g a ­

t ions were c a r r i e d out to e s t a b l i s h the presence or absence of thymidine 

ki nase. 

Enzymatic breakdown ot 5-FdU to y i e l d 5"FU and dRib-1-P, with 

i n h i b i t i o n r e s u l t i n g from the 5~FU was u n l i k e l y s ince u r id ine phosphory­

lase a c t i v i t y was not found in e x t r a c t s . But spontaneous breakdown of 

the 5-FdU remained p o s s i b l e . The r a t i o n a l e cannot be app l ied to 5"BdU 

as 5-BU was non- tox ic ; furthermore, 5-BU is an analogue of T , not U. 

Thus, 5-BdU s e n s i t i v i t y was i n d i c a t i v e of thymidine kinase a c t i v i t y . 

A concentrat ion of 250 yg 5-FdU/ml was required (compare to dA and 

rA inh ib i t ion ) to i n h i b i t growth, whereas growth was i n h i b i t e d by 2.5 yg 
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r ibose -1 -P deoxyr ibose-1-P 

Pyr imidine nuc leot ide in terconvers ions and metabolism of 
pyr imidine bases and nucleosides in Pseudomonas ac idovorans . 
Enzymes are as descr ibed in F i g . 2. Broken l i n e s represent 
enzyme react ions that do not occur ; s o l i d l i n e s represent 
most probable r e a c t i o n s . Cytosine t r iphosphate deaminase 
is an unresolved r e a c t i o n . 
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FU/ml. Simple competi t ion experiments were designed to fur ther c l a r i f y 

the mechanism of 5-FdU t o x i c i t y . Thymidine but nei ther U nor T overcame 

the 5-FdU t o x i c i t y (Table IX). Thus, the i s o l a t i o n o f dT auxotrophs 

was f e a s i b l e . 

E s t a b l i s h i n g the concentrat ion of 5~FdU (250 yg/ml as compared to 

5 yg/ml fo r IE. col i) required fo r i n h i b i t i o n was most per t inent to the 

i s o l a t i o n procedure. P_. acidovorans dT auxotrophs would probably require 

at least 250 yg dT/ml fo r growth and i t would be reasonable to expect 

that concentrat ions below 250 yg/ml would a c t u a l l y se lec t against such 

mutants. 

Iso la t ion of thymidine auxotrophs. 

Pre l iminary experiments es tab l i shed that APN r e s i s t a n c e d id not 

confer res is tance to TMBP, and v i c e v e r s a , nor were such r e s i s t a n t s t r a i n s 

dT auxotrophs. Thus, i t was predicted that doubly r e s i s t a n t mutants 

which appeared at apprec iab le frequency would be dT requ i r ing ( i . e . 

mutated in thyA) . The r e s u l t s bore out the p r e d i c t i o n . Since dT re ­

qu i r ing co lon ies were not v i s i b l e on APN plus TMBP medium p r i o r to 

k - 5 days incubat ion , i t seemed reasonable that co lon ies developing 

p r io r to 72 hr incubation on media contain ing only a s i n g l e a n t i f o l a t e 

( i . e . TMBP) would be mutant types other than dT , whereas some of the 

co lon ies developing a f t e r th is time would be dT . Th is was a l s o found 

to be the c a s e . 
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Table IX. E f fec t of thymidine, u r a c i l , and thymine on growth 

i n h i b i t i o n by 5"f luorodeoxyuridine 

Cul ture cond i t ions Growth response' 3 

M29 plus dT + 

M29 plus T + 

M29 plus U + 

M29 plus 5-FdU C 

M29 plus 5-FdU plus dT + 

M29 plus 5-FdU plus T 

M29 plus 5-FdU plus U 

a Competitors added at 1 mg/ml; 5 - f luorodeoxyur id ine was 
added at 250 ug/ml in l i q u i d medium. 

k Symbols: +, growth; - , no growth 
c 5-FdU, 5"f luorodeoxyuridine 
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Character i za t ion of thymidine auxotrophs. 

Compared to s i m i l a r mutants in other b a c t e r i a , the P_. acidovorans 

mutants required extremely high l eve ls of dT fo r growth (Table X) . 

Attempts to i s o l a t e secondary mutants of several of these s t r a i n s which 

could grow with low leve ls of thymidine were only p a r t i a l l y s u c c e s s f u l . 

S t ra ins could be iso la ted which grew very poorly with 50 yg dT /ml . 

Thymine concentrat ions up to 2 mg/ml did not support growth of any of 

the mutants, not even in the presence of an added deoxyr ibonucleoside . 

There fore , the mutants were o b l i g a t e dT auxotrophs. 

The i s o l a t i o n of a dT requ i r ing mutant in a Pseudomonas species 

has been reported prev ious ly (Espejo et^ a l_ . , 1971). The mutant required 

a very low level of dT (1 ug/ml) for growth, and i t was not determined 

whether T could s u b s t i t u t e for dT. However, t h i s bacter ium, a marine 

h a l o p h i l e , cannot be assigned to any of the subgeneric catagor ies 

(Espejo and Canelo, 1968) descr ibed by Stan ier et aj_. (1966). 

Obl igate dT auxotrophs have been iso la ted in Diplococcus pneumoniae 

(Brunei et_ aj_., 1971; Friedman and Ravin, 1972). These mutants required 

approximately 20 to 25 yg dT/ml for growth. 

S t r a i n 3L was chosen fo r the fo l lowing s t u d i e s : dT s t a r v a t i o n , dT 

incorporat ion into DNA, u r a c i l l a b e l l i n g of DNA, thymidylate synthetase 

a c t i v i t y , and use of thymidineless death f o r the i s o l a t i o n of doubly 

auxotrophic mutants. 

S tarvat ion for dT resu l ted in exponential c e l l death ( F i g . 7). 

Af te r 30 min s t a r v a t i o n , v i a b i l i t y was reduced by 50%. 



Table X. Concentrat ion of thymidine required fo r growth of primary 

i s o l a t e s of thymidine auxotrophs of P. ac idovorans 3 

Thymidine concent ra t ions c (ug /ml ) 

n u i a n t s 

2000 1000 500 250 0 

1 1A + + - - -
2 1B + + - - -
3 1C + + - - -
4 1D + + - - -
5 IE + + - - -
6 5A + + + - -
7 5B + + - - -
8 6A + + - - -
9 6B + + + + -
10 1S + + - - -
11 1L + + + - -
12 2S + + - - -
13 2L + + + + -
14 3S + + - - -
15 3L + + + + -

a Symbols: +, growth in 24 hr ; - , no growth in 24 hr 

k Mutants 1 - 9, se lec ted on medium conta in ing both aminopterin and 
tr imethoprim; 

10 - 15, se lected on medium conta in ing only trimethoprim 
c F inal concentrat ions of thymidine in YT. 
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F i g . 7. Thymidineless death of s t r a i n 3L. The mutant was grown to 
1 - 2 x 10° c e l l s / m l in YT plus 250 yg thymidine/ml . The 
c e l l s were c o l l e c t e d by c e n t r i f u g a t i o n and resuspended in 
YT without dT. Incubation was continued and samples were 
removed at var ious times for determination of colony forming 
un i ts ( c fu ) . 
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St ra in 3L incorporated exogenous ^H-methyl-dT into a c i d - i n s o l u b l e 

mater ial ( F i g . 8). As mentioned p r e v i o u s l y , the w i ld - type did not i n ­

corporate s i g n i f i c a n t amounts of dT. 

P u r i f i c a t i o n of DNA from s t r a i n 3L grown in the presence o f 3 H -

methyl-dT showed that the incorporated r a d i o a c t i v i t y was assoc ia ted 

with DNA. Chromatographic analyses of hydrolysed DNA from s t r a i n 3L and 

14 

wi ld - type cu l tu res grown in the presence of uraci1-2- C demonstrated 

that added U did not label T in the DNA o f the mutant, whereas the T 

residues of w i ld - type DNA were rad ioac t ive (Table XI ) . 

No thymidylate synthetase a c t i v i t y (as measured by t r i t i u m release) 

was detected in ex t rac ts of s t r a i n 3L, whereas wi ld - type ex t rac ts had 

exce l len t a c t i v i t y (Table XI I ) . 

The f ind ing that thymineless death in E_. col i was sharply c u r t a i l e d 

by omission of a carbon and energy source (Barner and Cohen, 195*0 or 

of a required amino ac id (Barner and Cohen, 1957), provided a r a t i o n a l e 

for the use of T s ta rva t ion to se lec t polyauxotrophic mutants. Bauman 

and Davis (1957) succeeded in i s o l a t i n g such mutants in £ . c o l i by 

a l lowing c e l l s to undergo thymineless death during incubation in minimal 

medium. Wachsman and Hogg (1964) obtained s i m i l a r r e s u l t s with Baci1 lus  

megaterium. Doubly auxotrophic mutants accounted fo r the major i ty of 

the s u r v i v o r s . 

Doubly auxotrophic mutants (dT , h i s t i d i n e ) were i so la ted in 

s t r a i n 3L using the thymidineless death technique. Approximately U 

of the surv ivors tested were found to be h i s t i d i n e requ i r ing (His ) , a 



57 

30 60 90 120 

TIME ( min) 

F i g . 8. Incorporation of -methyl- thymidine into a c i d - i n s o l u b l e 
mater ial in s t r a i n 3L. The mutant was grown to 3 x 10° 
c e l l s / m l in M 2 9 plus 250 yg/ml thymidine. 3H-methyl-
thymidine was added (25 y C i / m l ) , incubation continued 
and 0.05 ml samples removed at s p e c i f i c times and t reated 
as descr ibed in Mater ia ls and Methods. 
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Table XI. Uraci1-2- C l a b e l l i n g of DNA bases of Pseudomonas  

acidovorans 29 and s t r a i n 3L a 

R a d i o a c t i v i t y in 
Base 

29 3L 

Adenine 0 0 

Guanine 0 0 

Cytosine 1876 3675 

Thymine 916 17 

3 Cultures of the parent s t r a i n and s t r a i n 3L were grown in M29 plus 
250 yg thymidine/ml . At a c e l l densi ty of 2 x 10°/ml, uraci l-2- 1 i*C 
(0.1 ymole/ml; 0.25 yCi /ml ) was added. Incubation was continued f o r 
2 h r , the c e l l s were c o l l e c t e d and the DNA iso la ted and treated as 
described in Mater ia ls and Methods. 

k Values are expressed as to ta l counts per minute in the spot cut from 
the chromatogram. Backgrounds have been subt rac ted . 



Table XII. Thymidylate synthetase a c t i v i t y in ext racts of 

Pseudomonas acidovorans 29 and s t r a i n 3L 

St ra in S p e c i f i c a c t i v i t y 3 

29 0.28 

3L 0 
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3 Expressed as nanomoles dUMP converted per minute 
per mi l l ig ram of p r o t e i n . 



lower percentage than expected. On c l o s e r examination of the thymine-

less death curve of B_. megaterium, i t was observed that the decrease in 

colony forming un i ts (cfu) began about 1 hr a f t e r T removal. In other 

words, i t took time for the c e l l s to use up res idual thymine before 

thymineless death s t a r t e d . Once the amino a c i d pools are depleted 

in any auxotrophic c e l l s , those c e l l s become s t r ingent and s u r v i v e . 

Thus, there would be an enrichment for auxotrophs as a consequence of 

the time required for thymine d e p l e t i o n . 

Loss of cfu with s t r a i n 3L began v i r t u a l l y immediately a f t e r r e ­

moval of dT ( re fer to F i g . 7). Thus, many His c e l l s were probably not 

in a s t r ingent s ta te and subsequently lost v i a b i l i t y . Th is hypothesis 

was not invest igated f u r t h e r . 

Iso lat ion and c h a r a c t e r i z a t i o n of pyr imidine requ i r ing mutants. 

From t h i r t y co lon ies t e s t e d , two were found to be pyr imid ine -

requi r ing (Pyr ) . The mutants were designated and u^. 

Various compounds inc luding intermediates of the de novo pathway 

were tested for the a b i l i t y to subs t i tu te for the pyr imidine requirement 

(Table XI I I ) . None of the intermediates of the de novo pathway sup­

ported growth of e i ther mutant. Assuming that P_. acidovorans is permeable 

for these compounds, then the mutants were de fec t i ve in e i t h e r or both 

of the f o l l o w i n g : pyrE (OMP pyrophosphorylase) or pyrF (OMP decarboxylase) 

Isaac and Holloway (1968) found that Pyr" mutants of P_. aeruginosa 

a f fec ted in genes pyrB, C and D were unable to grow on any of the de novo 
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Table XIII. A b i l i t y of var ious compounds to s u b s t i t u t e f o r the 

pyr imidine requirement of s t r a i n s 0̂  and U"2 

Compound Growth response 6 

carbamyl aspartate 

d ihydroorotate 

orotate 

u r i d i ne-5'-monophosphate 

orot id i ne-5'-monophosphate 

uraci1 
ur id ine 

deoxyuridine 

cy tos ine 

cyt idi ne 

deoxycyt id ine 

thymine 

5-hydroxymethylcytos i ne 

5-hydroxymethyluraci1 
5 -methylcytosine 

a Symbols: +, growth; no growth 
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intermediates. P.. acidovorans was poss ib ly impermeable to the i n t e r ­

mediates as wel1. 

S t r a i n has been t e n t a t i v e l y i d e n t i f i e d as a pyrD mutant ( i . e . 

mutated in d ihydroorotate dehydrogenase) and s t r a i n u"2 t e n t a t i v e l y 

i d e n t i f i e d as a pyrE mutant (G.A. O'Donovan, personal communication). 

Therefore , no intermediate of the pathway could have supported growth 

of but s t r a i n should have used o ro ta te , provided the compound 

entered the c e l l . Apparent ly , i t d id not . 

Growth of the mutants was supported only by U or C. Cross - feed ing 

of the mutants by the wi ld - type d id not occur , i nd ica t ing that the parent 

s t r a i n did not excrete U or C in apprec iab le amounts. 

A rather unexpected observat ion was made with regard to growth on 

u r a c i l . A large zone of growth i n h i b i t i o n was observed around the added 

u r a c i l . Upon continued incubat ion , the zone gradua l ly decreased in s i z e 

unt i l i t was eventual ly grown over . Apparent ly , the mutants were i n ­

h i b i t e d by high U concent ra t ions , and the i n h i b i t i o n was s p e c i f i c for 

U s ince no i n h i b i t i o n occurred with C (which r e f l e c t s the low a c t i v i t y 

of cod) . The w i ld - type was not i n h i b i t e d by added u r a c i l . 

The u r a c i l - i n h i b i t i o n phenomenon was evident fo r both s t r a i n s in 

l i q u i d c u l t u r e . Inh ib i t ion by U of S t ra in U 1 Is shown in F i g . 3; 

gave s i m i l a r r e s u l t s . The increased concentrat ion of U (at l eas t up to 

100 ug/ml) d id not resu l t in a slower growth r a t e , but ra ther , increased 

the lag p e r i o d . A d d i t i o n of a rg in ine or o r n i t h i n e or both f a i l e d to 

overcome the i n h i b i t o r y e f f e c t of U. 
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TIME ( hr) 

F i g . 9. E f f e c t of added u r a c i l on growth of s t r a i n U 1 . The 
mutant was grown in M29 with ( O ) 20 y g , ( • ) 50 y g , 
and ( • ) 100 yg of u r a c i1 / m l . 
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The Pyr s t r a i n s of P. aeruginosa were not a f fec ted by U at 100 

yg/ml (Isaac and Holloway, 1968). Experiments employing higher concentra­

t ions of U were not reported. 

Repression of ATCase. 

It has been demonstrated for many b iosynthe t ic pathways in a v a r i e t y 

of organisms that the rate of synthesis o f the enzymes involved in the 

b iosynthes is of a compound can be markedly decreased by the presence 

of the p a r t i c u l a r compound (or read i ly converted precursor) in the 

med i um. 

Growth of P_. acidovorans was completely i n h i b i t e d by the add i t ion 

of 5-FU to M29 at a f i n a l concentrat ion of 2.5 y g / m l . Since such a low 

concentrat ion of th is analogue inh ib i ted growth, i t seemed l i k e l y that 

the pyr imidine b iosynthe t ic pathway in P. acidovorans was regulated by 

mechanisms responsive to added U. 

Recent ly , regulatory mutants of the pyr imidine pathway have been 

iso la ted in typhimurium (O'Donovan and Gerhart , 1972). C o n s t i t u t i v e 

mutants of the pyr imidine pathway (ATCase derepressed at least 20-fold) 

were obtained by s e l e c t i o n f o r s t r a i n s simultaneously r e s i s t a n t to both 

5-FU and 5-FrU or by a screening procedure that tested f o r pyr imidine 

e x c r e t i o n . In a d d i t i o n , mutants in which ATCase was p a r t i a l l y de­

s e n s i t i z e d to i t s feedback i n h i b i t o r , CTP, were iso la ted by screening 

fo r pyr imidine over-producers ( i . e . e x c r e t e r s ) , but mutants of t h i s 

type were not iso la ted through s e l e c t i o n fo r double drug r e s i s t a n c e . 
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A completely desens i t i zed ATCase mutant might be the only va r i e ty of 

desens i t i zed mutant capable of surv iv ing the cond i t ions of s e l e c t i o n . 

However, as evidenced from the r e s u l t s of these workers, i f such 

mutants are p o s s i b l e , under the condi t ions of s e l e c t i o n , they must 

occur at low frequency. 

The level of ATCase a c t i v i t y in P. acidovorans was determined 

a f t e r growth in M 2 9 and M 2 9 plus u r a c i l (Table XIV). There was no 

evidence of repression of the enzyme. A s i m i l a r lack of repress ion 

of the enzymes involved in pyr imidine b iosynthes is was observed for 

P_. aeruginosa (Isaac and Holloway, 1968). 

Three p o s s i b l e explanat ions f o r the i n a b i l i t y to demonstrate re ­

pression can be suggested. 

( i ) ATCase in P_. acidovorans is simply n o n - r e p r e s s i b l e . However, 

other enzymes of the pathway may be subject to r e p r e s s i o n . 

( i i ) I n t r a c e l l u l a r l eve ls of pyr imidine compounds in the w i ld - type 

c e l l grown in minimal medium are s u f f i c i e n t to e f f e c t repression of 

ATCase in the absence of exogenous u r a c i l . 

( i i i ) Repression is not a major mechanism of contro l of the pyr imidine 

pathway in f_. ac idovorans . 

Feedback i n h i b i t i o n of ATCase. 

ATCase from E_. col i is subject to feedback i n h i b i t i o n and st imu­

la t ion by var ious nucleosides and nucleot ides (Gerhart and Pardee, 1962). 

The e f f e c t s are competi t ive with respect to L -aspar ta te . 
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Table XIV. Amount of aspar ta te transcarbamylase a c t i v i t y in ext racts 

of Pseudomonas acidovorans grown in the presence and 

absence of u r a c i l 3 

Medium S p e c i f i c a c t i v i t y 

M 2 9 13.0 

M 2 9 plus u r a c i l 13-1 

3 Urac i l was added to a f i n a l concentrat ion of 25 ug/ml. 
b Expressed as nanomoles of carbamylaspartate formed per 

minute per mi l l ig ram of p r o t e i n . 
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The ATCase of Pseudomonas f luorescens is inh ib i ted as much as 

30% by 7 mM UTP and 60% by 7 mM ATP (Neumann and Jones, 1964). These 

i n h i b i t i o n s were compet i t ive with respect to carbamyl phosphate and 

non-competit ive with respect to L -aspar ta te . 

The ATCase from P_. aeruginosa (Isaac and Holloway, 1968) is i n ­

h ib i ted by ATP and UTP. However, in th is study, the high concentrat ions 

of e f f e c t o r nucleot ides used, would appear non-phys io log ica l when com­

pared with the s i z e s of the nucleot ide pools in E_. col ?. The same 

c r i t i c i s m can be d i rec ted at the s tudies of Neumann and Jones (1964). 

Thus, i t is not p o s s i b l e to re la te the s i g n i f i c a n c e o f the in v i t r o 

resu l ts to the in v ivo s i t u a t i o n . Determination of the nucleot ide 

pool s i z e s in these organisms would be he lpfu l in assess ing the s i g n i ­

f icance of the observed i n h i b i t i o n s . 

The e f f e c t of var ious nucleotides(added at a f i n a l concentrat ion 

of 0.1 mM) on the a c t i v i t y of ATCase from crude ex t rac ts of P_. acidovorans 

was examined (Table XV). No marked i n h i b i t i o n was observed with any 

nucleot ide t e s t e d . CTP, i f anyth ing , was s t imula tory ; u r id ine nucleo­

t ides may have caused s l i g h t i n h i b i t i o n . 

The studies on regu la t ion of pyr imidine metabolism were of an 

extremely l imi ted nature. However, i t seems that the regula t ion of the 

pyrimidine b i o s y n t h e t i c pathway in P_. acidovorans and other pseudomonads 

is unl ike that seen in the e n t e r i c b a c t e r i a . 



Influence of u r i d i n e nucleot ides and c y t i d i n e t r iphosphate 

on aspartate transcarbamylase a c t i v i t y from crude ex t rac ts 

of Pseudomonas acidovorans 

Nuc leo t ide 3 S p e c i f i c a c t i v i t y ' 5 

None 

UMP 

UDP 

UTP 

CTP 

13.1 

11.8 

12.6 

12.6 

13.5 

3 Nucleot ides were added to a f i n a l concentrat ion 
of 0.1 mM. 

k Expressed as nanomoles carbamyl aspar ta te formed 
per minute per mi l l ig ram of p r o t e i n . 
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Prel iminary studies on the b iosynthes is of 5-(k-am\nobutylaminomethy1)  

uraci 1. 

As mentioned p r e v i o u s l y , the putThy, C and T residues of progeny 

phage DNA were labe l l ed when bacteriophage 0W-14 was propagated in a 

medium conta in ing rad ioac t ive u r a c i l . This was achieved p r i o r to 

determination of the s t ruc ture of putThy and substant ia ted that the 

novel base was a modif ied pyr imid ine . Adequate separat ion of C, T and 

putThy was p o s s i b l e in a v a r i e t y of solvent systems (Table XVI) , and thus, 

i t was u n l i k e l y that the r a d i o a c t i v i t y observed in the putThy area was 

due to t r a i l i n g r a d i o a c t i v i t y from the other pyr im id ines . In a d d i t i o n , 

chromatograms prepared from uninfected contro l cu l tures contained no 

r a d i o a c t i v i t y in the putThy a r e a . 

Before proceeding with experiments on putThy b i o s y n t h e s i s , the 

e f f i c i e n c y of in fec t ion of P_. acidovorans by bacteriophage 0W-14 was 

studied ( F i g . 10). At 8 min a f t e r phage a d d i t i o n , only 8% of the 

c e l l s were v iab le colony forming u n i t s ; at 2 min a f t e r phage a d d i t i o n , 

kO - 50% of the c e l l s were converted to i n f e c t i v e centers and no increase 

in detectable i n f e c t i v e centers occurred with continued incubat ion . 

At th is stage, an adequate explanat ion cannot be o f fe red f o r only some 

50% of the in fected c e l l s y i e l d i n g progeny. 

Bacteriophage 0W-14 i n f e c t i o n of thymidine auxotrophs. 

S t ra in 3L lacked thymidylate synthetase a c t i v i t y s ince rad ioac t ive 

u r a c i l did not label the T residues of i t s DNA. 
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Table XVI. Chromatography of nuc le ic ac id bases 

R f a in solvent 
Base 

A B C 

Aden i ne 0.33 0.63 0.32 

Guanine 0.21 0.38 0.22 

Cytos ine 0.47 0.60 0.43 

Thymine 0.80 0.77 0.86 

putThy 0.15 0.53 0.10 

a Rf , r a t i o o f d istance t r a v e l l e d by the compound 
from the o r i g i n to the d is tance t r a v e l l e d by the 
solvent from the o r i g i n . 

k Let ters correspond to the solvent systems as 
described in Mater ia ls and Methods. 
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F i g . 10. P_. acidovorans was grown in M29 to a c e l l densi ty of 
3 x 10 8 /ml and then infected with phage 0W-14 at a moi 
of 10. At i n t e r v a l s a f t e r i n f e c t i o n , samples were re­
moved and d i l u t e d 100-fold into medium conta in ing phage 
antiserum (a g i f t from A . B . M . K r o p i n s k i ) . The phage 
antiserum had been preadsorbed with uninfected b a c t e r i a l 
c e l l s . The colony forming un i ts (cfu) and i n f e c t i v e 
centers ( ic) were determined for each sample. ( £ ) c f u ; 
( O ) i c . 
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If putThy was der ived from T (regardless of whether mod i f i ca t ion 

occurred at the nucleot ide or macromolecular l e v e l ) , then the DNA of 

phage grown on 3L in the presence of rad ioac t i ve u r a c i l should be 

l abe l l ed in the C but not in the T and putThy res idues . However, i f 

putThy was not der ived from T , then the C and putThy but not the T 

residues should be l abe l l ed unless the phage induced a p h a g e - s p e c i f i c 

thymidylate synthetase. Induction of a phage thymidylate synthetase 

would prevent any conclus ion being made with regard to the precursor 

of putThy. 

The experimental r e s u l t s suggested that the phage does encode fo r 

a thymidylate synthetase (Table XVII) . In a d d i t i o n , the r a t i o s T /C 

and putThy/T for phage DNA remained v i r t u a l l y constant regardless of 

the host s t r a i n , ind ica t ing the p r e f e r e n t i a l incorporat ion of "de novo" 

dTMP rather than that formed from added dT. There fore , in fected w i l d -

type c e l l s would conta in both the host and the phage enzymes, whereas 

infected c e l l s of s t r a i n 3L, would conta in only the phage enzyme. The 

e f f e c t of the loss of the host a c t i v i t y on phage development was not 

examined. 

The r e s u l t s d id not o f f e r any ins ight into the precursor ques t ion . 

Two approaches to the problem remained. One was the i s o l a t i o n of a 

phage mutant d e f i c i e n t in thymidylate synthetase, the second was to 

label the phage DNA with rad ioac t ive dT. 

I n i t i a l l y the i s o l a t i o n of a phage thyA mutant was considered as 



Table XVII. Labe l l ing of bacteriophage 0W-14 and host DNAs with u rac i1 -2 - C a 

Stra i n Base b 

R a d i o a c t i v i t y in 
uninfected host 

DNAC 

Rad ioac t i v i t y in 
iso la ted progeny 

phage DNAd 

Ratios in 
phage DNA 

T putThy 

C T 

wi ld - type Adeni ne 0 0 

Guan i ne 0 0 

Cytos i ne 5276 6789 0.42 0.86 

Thym i ne 2387 2877 

putThy 0 2451 

3L Adenine 0 0 

Guanine 0 0 

Cytos ine 8822 7844 0.42 0.83 

Thymine 0 3492 

putThy 0 2759 

a Wi ld-tvpe and s t r a i n 3L were grown in M29 (250 yg dT/ml was added to the 3L cu l ture) to 
3 x 10° c e l l s / m l , then u r a c i l -

2- l4 c 

was added (0.1 ymole/ml; 0.25 y C i / m l ) . Each cu l tu re 
was div ided into two port ions and 10 min l a t e r one por t ion o f each infected with b a c t e r i o ­
phage 0W-14 at a moi of 10. At 65 min a sample of each uninfected cu l tu re was t rans fer red 
to 10% TCA on i c e . Infected cu l tures were incubated u n t i l l y s i s was complete (approximately 
120 min). Analyses of incorporated label were c a r r i e d out as descr ibed in Mater ia ls and Methods. 

b Bases were separated by th in layer chromatography with solvent A . 
c Values are fo r a l k a l i - r e s i s t a n t , a c i d - i n s o l u b l e material and are expressed as counts per minute 

in the sect ion cut from the chromatogram. 
Values are for iso la ted DNA and are expressed as for the uninfected host . 
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a r e l a t i v e l y easy task. Such a mutant was of in terest other than j u s t 

as a tool for e l u c i d a t i n g the pyr imidine precursor o f putThy. Wi ld -

type c e l l s were s e n s i t i v e to TMBP and APN whereas thyA mutants were 

r e s i s t a n t . It seemed l i k e l y that the phage thymidylate synthetase would 

render infected c e l l s of s t r a i n 3L s e n s i t i v e to the a n t i f o l a t e s , so 

that the analogues should block development of the phage. C e l l s i n ­

fected by phage thyA mutants would remain re s is ta n t and thus , phage 

development would cont inue . 

The e f f e c t of the a n t i f o l a t e s at a v a r i e t y of concentrat ions on 

w i ld - type phage development was tested by simply d i l u t i n g phage stocks 

and then assaying for the number of plaque forming un i ts (pfu) in the 

presence and absence of the drugs. No d i f f e r e n c e was observed in the 

p l a t i n g e f f i c i e n c e s and the pro jec t was abandoned. 

Two explanat ions are p o s s i b l e for the i n a b i l i t y of the drugs to 

i n h i b i t phage development. F i r s t l y , by analogy with T-even i n f e c t i o n s , 

bacteriophage 0W-14 may encode for a d ihydro fo la te reductase. If s o , 

the increased amount of d ihydro fo la te reductase a c t i v i t y could c i r ­

cumvent the i n h i b i t o r y e f f e c t of the drugs; APN and TMBP are i n h i b i t o r s 

of d ihydro fo la te reductase. Secondly, the synthesis of T by the phage 

enzyme occurs not through thymidylate synthetase a c t i v i t y per s e , but 

through some other mechanism that does not resu l t in the ox ida t ion of 

THFA to DHFA. 

As a consequence of the apparent phage encoded thymidylate synthe­

tase and the p r e f e r e n t i a l usage of "de novo" dTMP, l a b e l l i n g of phage DNA 
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with rad ioac t ive dT was expected to be rather marg ina l . The amount of 

14 

rad ioac t i ve thymidine-2- C incorporated into progeny phage DNA was, 

indeed, small but nonetheless s u f f i c i e n t to a l low the conc lus ion that 

putThy was not derived from dT (Table XVII I). Experiments using thymi-

d ine - 6 - H gave s i m i l a r r e s u l t s , but in these experiments i t was necessary 

to use s t r a i n 3L/FU as host (Table XVII I) . The commercial dT-6-^H 

contained contaminants (most probably u r a c i l ) and with the quant i t i es 

of r a d i o a c t i v i t y used (500 u C i ) , these impur i t ies posed a problem. 

Urac i l was suspected as the problem contaminant s ince in pre l iminary 

experiments with s t r a i n 3L as host , r a d i o a c t i v i t y was found assoc ia ted 

with C, T and putThy. The C and T areas contained about equal amounts 

of r a d i o a c t i v i t y , whereas the putThy area contained about a t h i r d of 

that seen in T . With 3L/FU as host , only the T residues were r a d i o a c t i v e . 

14 

The dT-2- C posed no problem; a l l the incorporated label was in 

T when s t r a i n 3L was the host . When the experiment was repeated with 

s t r a i n 3L/FU as host , s i m i l a r r e s u l t s were obta ined. 

These r e s u l t s were of profound i n t e r e s t . The data implied that 

phage DNA b iosynthes is occurred through the polymer izat ion of f i v e 

n u c l e o t i d e s , two purine nucleot ides and three pyr imidine n u c l e o t i d e s . 

Besides dT, deoxyuridine is a lso a substrate f o r thymidine k inase . 

The r e s u l t i n g dUMP can be converted to dTMP by thymidylate synthetase 

so that i t is p o s s i b l e to label DNA i n d i r e c t l y with rad ioac t i ve dU. 

Bacteriophage 0W-14 was propogated on s t r a i n 3L/FU in the presence 

of rad ioac t ive dU. S t ra in 3L/FU was chosen as host because the commercial 



Table XVIII. L a b e l l i n g of bacteriophage 0W-14 deoxyr ibonucle ic ac id 

14 3 a with thymidine-2- C and thymidine -6- H 

Rad ioac t i v i t y in DNA bases of 
Radioactive compound progeny phage 

added 

Adenine Guanine Cytosine Thymine putThy 

Thymidi n e - 2 - 1 l , C C 0 0 0 582 

Thymid ine -6 - 3 H d 0 0 0 648 

• II • — • • i mmm - —• • • ni i I I II • i • — M . i n — ••• • i i . • i . i Hi i • » • II II II • • • — i • i I i 

Cultures were grown in M 2 9 plus 250 yg dT/ml to 3 x 10 c e l l s / m l and 
then infected with bacteriophage J8W-14 at a moi of 10. The l a b e l l e d 
compounds were added at the time of the inocu la t ion of the growth 
medium. A f te r l y s i s , the progeny phage were c o l l e c t e d and analyses 
of incorporated label c a r r i e d out as descr ibed in Mater ia ls and Methods. 

^Bases were separated by descending paper chromatography with solvent 
C. Values are expressed as counts per minute in the sec t ion cut from 
the chromatogram. 

c 14 
Thymidine-2- C was added at 2.5 yCi /ml to a c u l t u r e of s t r a i n 3L. 

r! 3 
Thymidine-6- H was added at 25 yCi /ml to a c u l t u r e of s t r a i n 3L /FU. 
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dU-2- C contained 1% contaminating U-2- C. Deoxyuridine proved to be 

a more e f f e c t i v e DNA precursor than dT as judged by the to ta l amount of 

label incorporated, and both putThy and T were l a b e l l e d (Table XIX). 

Therefore , i t seemed that putThy was synthesized from a deoxyuridine 

nucleot ide and that the b iosynthes is of putThy occurred as a deoxy-

nucleot ide rather than as a r ibonuc leo t ide with subsequent reduc t ion . 

The r a t i o putThy/T was cons is tent with that observed for other experiments. 

Role of te t rahydro fo la te in putThy b i o s y n t h e s i s . 

The transformation of ser ine to g l y c i n e is accomplished by ser ine 

2+ 

transhydroxymethylase in the presence of pyridoxal phosphate and Mn 

The acceptor fo r the hydroxymethy1 group is THFA. The ni t rogen atoms 

at the 5~ and 10 -pos i t ions funct ion as the a c t i v e s i t e s of THFA. In 

g l y c i n e formation the r e a c t i o n , schemat ica l l y , is the f o l l o w i n g : 

H0-CH 2-CH-C00H + THFA t CH 2 - COOH + N 1Q-hydroxymethyl-THFA 
I I 

NH 2 NH 2 

The N.j Q-hydroxymethyl -THFA is r e a d i l y c y c l i z e d by loss of water between 

the N-5 and N-10 pos i t ions to y i e l d N^.N^-methylene-THFA, the c o -

fac tor required fo r dTMP b i o s y n t h e s i s . 

Thymidylate synthetase ca ta lyzes a THFA-dependent methylat ion of 

dUMP to y i e l d dTMP, by t ransfer of the C j - u n i t from N ^ N ^ - m e t h y l e n e -

THFA to the 5 - p o s i t i o n of dUMP. The (L - u n i t is reduced to the methyl 



e XIX. L a b e l l i n g o f b a c t e r i o p h a g e 0W-14 DNA w i t h d e o x y u r i d i n e - 2 -

B g s e b R a d i o a c t i v i t y i n DNA R a t J o o f 

o f progeny p h a g e c putThy 

A d e n i n e 0 

Guani ne 0 

Cytos i ne 0 

Thymi ne 5625 

putThy 4974 

0.89 

C o n d i t i o n s were as d e s c r i b e d i n T a b l e X V I I I , u s i n g s t r a i n 
3L/FU as h o s t . Deoxyur i d ine-2- l 2*C was added a t 2.5 u C i / m l . 
Bases were s e p a r a t e d by paper chromatography i n s o l v e n t C. 
V a l u e s a r e e x p r e s s e d as c o u n t s p e r m i n u t e i n t h e s e c t i o n 
c u t from t h e chromatogram. 
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group of dTMP during t r a n s f e r , THFA being the hydrogen donor and DHFA 

the r e s u l t i n g second react ion product . There fore , the THFA serves as 

both the C j - u n i t c a r r i e r and as the reductant . The react ion can be 

summarized as fo l lows: 

Mg 
dUMP + N 5 ,N 1 0 -methy lene-THFA > dTMP + DHFA 

The r e s u l t i n g DHFA can be reduced to THFA by the enzyme d ihydro­

f o l a t e reductase. APN and TMBP, as mentioned p r e v i o u s l y , are potent 

i n h i b i t o r s of d ihydro fo la te reductase. Since thymidylate synthetase 

ox id izes THFA to DHFA during the course of the r e a c t i o n , the continued 

ac t ion of the enzyme in the presence of APN and/or TMBP depletes the 

c e l l of THFA. Since THFA d e r i v a t i v e s are required fo r the b iosynthes is 

of pur ines , some amino a c i d s , and the i n i t i a t i o n of prote in s y n t h e s i s , 

RNA, DNA and pro te in synthesis cease in the presence of the a n t i f o l a t e s . 

Therefore , c e l l s are only able to grow in the presence of these analogues 

and T and/or dT i f thymidylate synthetase is i n a c t i v e . Since T -or dT-

requi r ing mutants can grow in the presence of APN and/or TMBP plus T 

or dT, i t appears that i n h i b i t i o n of d ihydro fo la te reductase is incom­

ple te al lowing the synthesis of c a t a l y t i c amounts o f THFA (for review 

see 0'Donovan and Neuhard, 1970). 

Bacteriophage 0W-14 was grown on the parent s t r a i n in the presence 

of s e r i n e - 3 - 1 i * C . The progeny phage were c o l l e c t e d and the DNA iso la ted 

and analyzed (Table XX). Both putThy and T were heav i ly l a b e l l e d , which 

suggested the involvement of a THFA-cofactor in putThy b i o s y n t h e s i s . 

The r a t i o of putThy to T again was cons is tent with previous work. 



Table XX. L a b e l l i n g of bacteriophage 0W-14 deoxyr ibonucle ic ac id with s e r i n e - 3 " C and 

s e r i n e - 2 , 3 - ^ H a 

Radioact iv i ty ' 3 in DNA bases 
D ,. i of progeny phage Ratio of Radioact ive compound r 7 r 

added putThy 

Adenine Guanine Cytosine Thymine putThy ~ 

S e r i n e - 3 - C 3624 10493 0 2133 1796 0.88 

S e r i n e - 2 , 3 - 3 H ° 1095 800 0 639 579 0.90 

a The wi ld - type was grown to 3 x 10 c e l l s / m l in M29 supplemented with 20 yg s e r i n e , 
h i s t i d i n e and methionine/ml and 300 yg adenosine/ml . Radioact ive ser ine was added at 
0.125 y C i / m l , fol lowed by the add i t ion of bacteriophage 0W-14 at a moi of 10. Cul tures 
were incubated u n t i l l y s i s and the analyses of incorporated label c a r r i e d out as de­
scr ibed in Mater ia ls and Methods. 

k Bases were separated by two dimensional th in layer chromatography: f i r s t dimension, 
solvent C; second dimension, solvent B. Values are expressed as counts per minute 
in the sect ion cut from the chromatogram. 

c Data were obtained from E. Kar re r , (personal communication). 
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What was the ox ida t i ve state of the group a c t u a l l y t rans fer red from 

THFA to the deoxynucleotide during putThy b iosynthes is? More s p e c i ­

f i c a l l y , was t ransfer at the level of ox ida t ion o f methylene or formyl? 

If at the formyl level (via N^- formyl -THFA) only one hydrogen atom of 

the o r i g i n a l hydroxymethyl group donated by ser ine would be re ta ined ; 

i f at the methylene level both hydrogens on carbon-3 would be r e t a i n e d . 

Bacteriophage 0W-14 was grown on the wi ld - type in the presence of 

s e r i n e - 2 , 3 - H and the DNA of the progeny phage analyzed (Table XX). 

If a methylene group was t ransfer red then the ra t io of putThy to T 

with respect to incorporated r a d i o a c t i v i t y would be the same as that 

14 

observed f o r s e r i n e - 3 - C, but i f a formyl group was t rans fer red the 

r a t i o would be halved. It was obvious that a formyl group was not 

involved in putThy b iosynthes is s ince the r a t i o putThy/T was unchanged. 

This experiment was conceived and conducted by E. Karrer . 

Karrer (personal communication) has a lso es tab l i shed that the 
14 

putrescine moiety of putThy can be derived from o r n i t h i n e - 5 - C. 

0 r n i t h i n e - 1 - 1 i t C did not label putThy but th is was not unexpected s ince 

the 5-methylene group was donated v i a a THFA c o f a c t o r . Unfor tunate ly , 

P_. acidovorans is not permeable to putrescine and the d i r e c t t es t ing 

of t h i s compound as a precursor to putThy is not yet p o s s i b l e . 

Ana lys is of i n t r a c e l l u l a r DNA during phage i n f e c t i o n . 

With the b iosynthes is of putThy p a r t i a l l y e s t a b l i s h e d , a t ten t ion 



was again focussed on the question of the state of i t s format ion: i . e . 

was i t at the mononucleotide or the po lynuc leot ide leve l? 

The low buoyant densi ty of the phage DNA is cons is tent with the 

covalent bonding o f putresc ine to the DNA (Kropinski et_ a_l_., 1973). 

Therefore , i f the putrescine was cleaved from the phage DNA, r e s u l t i n g 

in T residues for each o r i g i n a l putThy, the buoyant densi ty would be 

increased to a value corresponding to 56 moles % G plus C. In other 

words, a sharp increase in buoyant densi ty would o c c u r . Th is would 

a l s o be true i f putThy residues were subst i tu ted by 5-hydroxymethyl-

u r a c i l ; in f a c t , the buoyant densi ty would correspond to a value 

greater than 56 moles % G plus C. 

If during r e p l i c a t i o n of 0W-14 DNA the put resc ine moiety was added 

a f te r polymerizat ion of the DNA, the ear ly synthesized progeny DNA 

should be of a higher buoyant densi ty than the nat ive DNA of mature 

phage. Ex t rac t ion of r e p l i c a t i n g DNA from infected c e l l s , fol lowed 

by CsCl densi ty gradient c e n t r i f u g a t i o n would show i f r e p l i c a t i n g DNA 

was of a d i f f e r e n t buoyant densi ty than the DNA of mature v i r u s . 

P r i o r to undertaking such an i n v e s t i g a t i o n , i t was necessary to 

e s t a b l i s h the pattern of DNA synthesis in phage- infected c e l l s . This 

was accomplished by measuring the incorporat ion of rad ioac t i ve u r a c i l 

into a l k a l i - r e s i s t a n t , a c i d - i n s o l u b l e material during the la tent 

period ( F i g . 11). DNA synthesis continued at the contro l rate for about 

12 - Ik min at which time DNA synthesis stopped fo r approximately 6 

min. Between 18 - 20 min DNA synthesis resumed, but at a f a s t e r ra te . 
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28 -

TIME (min) 

F i g . 11. Deoxyr ibonucle ic ac id synthesis in uninfected and phage 
0W-14 infected c e l l s . f_. acidovorans was grown in M29 to 
3 x 10 8 c e l l s / m l and then uraci 1-2- |£*c (0.1 ymole/ml; 0.25 
uCi/ml) was added. The c u l t u r e was d iv ided into two port ions 
and one of them was infected with phage 0W-14 at a moi of 10 
a f t e r 10 min. At i n t e r v a l s , samples of in fected and uninfected 
bac te r ia were t ransfer red to an equal volume of 10% TCA on ice . 
RNA was removed and the r a d i o a c t i v i t y in a 1k a l i - r e s i s t a n t , a c i d -
inso lub le mater ial measured as descr ibed in Mater ia ls and Methods. 
( O ) i n f e c t e d ; ( A ) un in fec ted . 
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PutThy was not detected in a l k a l i - r e s i s t a n t , a c i d - i n s o l u b l e material 

p r i o r to the resumption of DNA synthesis at 18 - 20 min. 

•30 

Infect ion of c e l l s with J P l a b e l l e d bacteriophage 0W-14 and 

ex t rac t ion o f the i n t r a c e l l u l a r DNA at var ious times a f t e r i n f e c t i o n 

with subsequent son ica t ion and CsCl densi ty gradient c e n t r i f u g a t i o n of 

the DNA showed that the buoyant densi ty o f the parental label remained 

unchanged ( F i g . 12). This indicated that the buoyant densi ty of the 

r e p l i c a t i n g DNA was the same as mature phage DNA. 

Two problems were inherent in the experiment. One was a funct ion 

of using a parental input l a b e l . If , p r i o r to or during t r a n s c r i p t i o n 

of the in fec t ing DNA, putrescine was cleaved from the DNA, then an 

increase in buoyant densi ty would be observed, present ing d i f f i c u l t y 

with regard to in te rpre ta t ion of the r e s u l t s . However, none of the 

ear ly DNA samples exhib i ted any change in buoyant d e n s i t y , i n d i c a t i n g 

that the removal of the putrescine moiety was not required for t rans­

c r i p t i o n of the i n f e c t i n g DNA. The second problem is the p o s s i b i l i t y 

that the putresc ine is added so rap id ly a f t e r polymer izat ion of the 

precursor deoxynucleotide that the quant i ty of non-putrescine conta in ing 

DNA is inadequate for detect ion under the experimental c o n d i t i o n s . This 

second problem cannot be resolved wi th in the l i m i t s of the experiment. 

Ana lys is of nucleot ide pools of phage- infected c e l l s . 

A d i r e c t approach as to whether putThy was synthesized at the mono­

nucleot ide l e v e l , was to examine the nucleot ide pools and observe i f 

putThy was present in the absence of phage -spec i f i c DNA s y n t h e s i s ; 



FRACTION O F T H E LENGTH OF THE G R A D I E N T ( < DENSITY ) 

F i g . 12. Cesium c h l o r i d e densi ty gradient c e n t r i f u g a t i o n analyses of 
r e p l i c a t i n g bacteriophage 0W-14 DNA. A c u l t u r e of P_. acidovorans 
was grown on M 2 9 to 3 x 10° c e l l s / m l and then in fected with 
32p l a b e l l e d phage 0W-14 at a moi of 2. The 32p phage were 
prepared by propagating the phage on c e l l s growing in TCS with 
added 32p (jo y C i / m l ) . The i n t r a c e l l u l a r DNA was extracted 
and analyzed as descr ibed in Mater ia ls and Methods. The 
t r i t i a t e d reference 0W-14 DNA was prepared from phage propa­
gated on c e l l s growing in TCS plus added uraci 1-6-3H (0.02 
umole/ml; 2.5 u C i / m l ) . Broken l i n e represents the t r i t i a t e d 
reference DNA p r o f i l e and the s o l i d l i n e represents the 32p 
i n t r a c e l l u l a r DNA p r o f i l e . Average recovery of label app l ied 
to the gradients was 85%. 
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p h a g e - s p e c i f i c DNA b e i n g d e f i n e d as DNA c o n t a i n i n g putThy. I t was 

c o n s i d e r e d i m p o r t a n t t o f i n d putThy i n t h e absence o f p h a g e - s p e c i f i c 

DNA t o c i r c u m v e n t t h e argument t h a t any putThy i n t h e p o o l s was a co n ­

sequence o f DNA e d i t i n g and r e p a i r d u r i n g r e p l i c a t i o n . 

S t r a i n was chosen f o r t h e e x p e r i m e n t s , s i n c e t h e c h o i c e o f 

l a b e l was r a d i o a c t i v e u r a c i l and w i t h s t r a i n no d i l u t i o n o f t h e 

s p e c i f i c a c t i v i t y o f t h e added l a b e l would o c c u r as a r e s u l t o f the 

de novo pathway. I n f e c t i o n o f s t r a i n i n t h e p r e s e n c e o f r a d i o a c t i v e 

u r a c i l , f o l l o w e d by e x t r a c t i o n o f t h e pool m a t e r i a l , d e m o n s t r a t e d t h e 

p r e s e n c e o f putThy i n t h e absence o f p h a g e - s p e c i f i c DNA s y n t h e s i s 

( T a b l e X X I ) . T h i s s u g g e s t s t h a t putThy i s s y n t h e s i z e d a t the n u c l e o t i d e 

l e v e l and t h e n i n c o r p o r a t e d i n t o DNA. 

In i n f e c t i o n by w i l d - t y p e TA phage, t h e r e a r e no s i g n i f i c a n t changes 

i n r i b o - o r d e o x y r i b o n u c l e o s i d e t r i p h o s p h a t e p o o l s i z e s , e x c e p t f o r 

repla c e m e n t o f dCTP by dHTP (Mathews, 1972). By c o n t r a s t , i n f e c t i o n by 

TA DNA-negative mutants causes up t o 3 0 - f o l d e x p a n s i o n o f dATP and dTTP, 

w i t h dHTP a c c u m u l a t i n g t o s i m i l a r e x t e n t . The dGTP p o o l , however, does 

not expand t o a s i g n i f i c a n t d e g r e e . F o l l o w i n g i n f e c t i o n o f P_. a c i d o ­ 

v o r a n s w i t h b a c t e r i o p h a g e 0W-14, t h e c y t o s i n e n u c l e o t i d e pool a p p e a r e d 

t o be expanded about 5 - f o l d ( T a b l e X X I ) . The s i g n i f i c a n c e o f such an 

e x p a n s i o n i s u n c l e a r . Other pool s i z e s were not measured. 

Enzyme a c t i v i t i e s o f i n f e c t e d c e l l e x t r a c t s . 

I n f e c t i o n o f P. a c i d o v o r a n s w i t h b a c t e r i o p h a g e 0W-14 a p p a r e n t l y 



Table XXI. L a b e l l i n g with uraci l-2- C of the pyr imidine bases in the nucleot ide pools and 

of a l k a 1 i - r e s i s t a n t , a c i d - i n s o l u b l e mater ia l : uninfected and bacteriophage 0W-14 

in fected cu l tu res of s t r a i n U, 

D b Base Mi nutes 
a f t e r 

1nfection 

R a d i o a c t i v i t y in the areas cut 
from the chromatograms 

D b Base Mi nutes 
a f t e r 

1nfection Uninfected c u l t u r e Infected cu i tu re 

D b Base Mi nutes 
a f t e r 

1nfection 

Pool 
Mater ia ls 

A l k a l i - r e s i s t a n t 
a c i d - i n s o l u b l e 

material 

Pool 
Mater ia ls 

A l k a l i - r e s i stant 
a c i d - i n s o l u b l e 

mater ia l 

Cytos i ne 12 1794 12288 5766 15959 

18 2590 22814 9830 26960 

24 2132 44823 11820 41307 

putThy 12 0 0 635 0 

18 0 0 1075 48 
2k 0 0 1519 1317 

a o 
St ra in Uj was grown in M29 plus 15 yg u r a c i l / m l to a c e l l densi ty of 3 x 10 / m l . The cu l tu re 
was d iv ided into two port ions and uraci l-2 - l4c was added to each (4 y C i / m l ) , immediately f o l ­
lowed by the add i t ion of bacteriophage 0W-14 at a moi of 10 to one c u l t u r e . Samples were removed 
at s p e c i f i c times and treated as descr ibed in Mater ia ls and Methods. 

k Bases were separated by paper chromatography with solvent C. 

Values are expressed as counts per minute in the sec t ion cut from the chromatogram. 
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resul ted in the synthesis of phage -spec i f i c enzymes involved in deoxy-

nucleot ide metabolism; eg. thymidylate synthetase and an enzyme(s) 

for putThy deoxynucleotide s y n t h e s i s . 

Thymidylate synthetase was assayed spectrophotometrica1 ly in four 

d i f f e ren t ex t rac ts (Table XXII). Exce l len t a c t i v i t y was observed with 

the uninfected w i l d - t y p e ; the in fected w i ld - type extract gave comp­

arable a c t i v i t y . This was somewhat s u r p r i s i n g s ince the e a r l i e r in  

v ivo studies had indicated the induction of a phage -spec i f i c thymidylate 

synthetase a f t e r i n f e c t i o n , and an increase in to ta l a c t i v i t y was a n t i ­

c ipated in the infected e x t r a c t . The uninfected s t r a i n 3L extract was 

i n a c t i v e , as expected. The s t r a i n 3L phage- infected extract a l s o 

appeared to be i n a c t i v e , which again was s u r p r i s i n g even though i t 

agreed with the observat ion made with the w i ld - type infected e x t r a c t . 

The apparent lack of p h a g e - s p e c i f i c thymidylate synthetase a c t i v i t y 

might have resul ted from: (a) the assay condi t ions being unsui tab le for 

the detect ion of the phage enzyme; poss ib ly an e f f e c t o r or s p e c i f i c 

cofactor was requ i red , (b) only a low level of phage -spec i f i c enzyme 

being produced. 

The ex t rac ts were assayed using dUMP-5" H as substrate (Table XXII). 

The spectrophotometric assay is l imi ted in that any a c t i v i t y with dUMP 

as substrate can only be measured i f the react ion r e s u l t s in ox ida t ion 

of THFA, any non-oxidat ive react ions involv ing dUMP would not be detected. 

Under these condi t ions any a c t i v i t y would be measured which involved 

add i t ion at the 5 -posi t ion of dUMP with displacement of the t r i t i u m , 
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independent of THFA o x i d a t i o n . The infected c e l l ex t rac ts were shown 

to be h ighly a c t i v e when assayed in this manner; dUMP was obviously 

a substrate and the t r i t i u m re lease was THFA dependent (Table X X I l ) . 

However, the react ion(s) did not resu l t in detectable ox idat ion of THFA. 

The b iosynthes is of dHMP in T-even in fec t ions or of dHMUMP in 0e-

in fec t ions is THFA-dependent, but the THFA is not ox id ized to DHFA. 

Substant ial t r i t i u m release was a l s o observed with the uninfected w i l d -

type, whereas no a c t i v i t y was seen with s t r a i n 3L e x t r a c t . The t r i t i u m 

release observed with the w i ld - type ext ract was assumed to be the resu l t 

of thymidylate synthetase a c t i v i t y . The react ion rate assayed by t r i t i u m 

release was 85% of that observed spect rophotometr ica l ly ; a reduction of 

s i m i l a r magnitude was reported for L a c t o b a c i l l u s casei (Crusberg et a 1., 

1970) and E_. col i (Lomax and Greenberg, 1967) and a t t r i b u t e d to an 

isotope e f f e c t . 

Infected c e l l ex t racts mediated a THFA-dependent re lease of t r i t i u m 
3 

with dUMP-5" H as substrate without detectable ox ida t ion of THFA. 

Since in v ivo experiments had indicated that putThy was formed at the 

mononucleotide l e v e l , in fected c e l l ext racts were assayed for the con­

vers ion of dUMP to other deoxynucleot ides. 

A non-enzymatic react ion between formaldehyde and THFA generates 
3 

N c > N 1 n -methy lene-THFA. Since t r i t i u m release from dUMP-5- H was THFA 

dependent, i t seemed reasonable to assume that any nucleot ide formed 

could be e f f e c t i v e l y l a b e l l e d by rad ioac t ive formaldehyde v ia the THFA 

c o f a c t o r . 
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Table XXII. Thymidylate synthetase a c t i v i t y in uninfected and 

bacteriophage 0W-14 infected c e l l s 3 

S p e c i f i c a c t i v i t y 

Extract Spectrophotometric T r i t ium re lease 
assay assay 

Complete 
react ion 
mixture 

m i nus 
THFA C 

w i l d - t y p e , uninfected 0.33 

w i l d - t y p e , in fected 0.30 

3L, uninfected 0 

3L, in fected 0 

0.28 

0.80 

0 

1.0 

0 

0 

0 

0 

Extracts were prepared as descr ibed in Mater ia ls and Methods. 
For infected e x t r a c t s , bacteriophage 0W-14 was added at a moi 
of 10 and the i n f e c t i v e centers c o l l e c t e d a f t e r 20 min incu ­
b a t i o n . 

Expressed as nanomoles DHFA formed per minute per mi l l ig ram of 
prote in f o r the spectrophotometric assay and nanomoles of dUMP 
converted per minute per mi l l ig ram of p ro te in fo r the t r i t i u m 
re lease assay. 

Water was subst i tu ted fo r THFA. 
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Assays of infected and uninfected 3L ext racts under these c o n d i ­

t ions revealed a phage encoded thymidylate synthetase: the infected 

extract produced labe l l ed dTMP but the uninfected ext ract did not 

(Table XXI I l ) . Furthermore, a s i g n i f i c a n t l y greater amount of label 

appeared to be associa ted with dUMP. In solvent system D, 5-hydroxy-

methyldeoxyuridine-5 '-monophosphate (dHMUMP) has the same r e l a t i v e 

mobi l i ty as dUMP (Roscoe and Tucker, 1966). The unknown labe l l ed 

compound was assumed to be dHMUMP. 

The formation of dHMUMP in infected ext racts is in agreement with 
3 

the in v ivo data using s e r i n e - 2 - 3 - H as l a b e l , which indicated that the 

b iosynthes is of putThy proceeded through a 5 _hydroxymethyldeoxyuridine 

nucleot ide intermediate rather than a 5-formyl intermediate. A l s o , the 

add i t ion of a hydroxymethyl group to the 5 - posi t ion of dCMP or dUMP does 

not resu l t in the ox idat ion of THFA which would exp la in the i n a b i l i t y 

to detect any a c t i v i t y by the spectrophotometric procedure. A f t e r ac id 

hydro lys is of the compound, the r a d i o a c t i v i t y co-chromatographed with 

synthet ic HMU. 

The amount of thymidylate synthetase a c t i v i t y measured in infected 

ext racts by the rad ioac t ive formaldehyde assay was marg ina l , and th is 

level of a c t i v i t y would be d i f f i c u l t to detect using the spectrophoto-

metric assay. If the assay time was extended for a prolonged p e r i o d , 

such low a c t i v i t y might be detected. 

A pathway of putThy b iosynthes is in bacteriophage 0W-14 infected 

c e l l s is proposed in F i g . 13. Limited attempts at the in v i t r o synthesis 

of a putThy deoxynucleotide were u n s u c c e s s f u l . 
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Table XXIII. Incorporation of rad ioac t ive formaldehyde into deoxy-

nucleot ide monophosphates in uninfected and bacteriophage 

0W-14 infected c e l l s 3 

Radioac t iv i ty ' 3 in area 
corresponding to 

Extract 

dTMP dUMPc 

3L, uninfected 0 0 

3L, in fected 508 2994 

Extracts were as descr ibed in Table XXII. 

k Expressed as counts per minute per m i l l i l i t r e of reac t ion 
mixture per mi l l ig ram of p r o t e i n . 

c With solvent system D, the p o s i t i o n of rad ioac t ive dHMUMP 
is the same as dUMP and the l a t t e r (Rf = 0.59 compared 
with 0.47 f o r dTMP) was e a s i l y detected in u l t r a v i o l e t 
l i g h t . 
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dTMP - 4 -

THFA 

CH2=THFA 

KD 

dUMP-4-

THFA ; 
CH2=THFA. 

1(2) 

• 
dHMUMP 

dTDP-4-

UDP 
I 
* 

-*• dUDP <4-

/ , \ j put resc ine 
(or o rn i th ine ) 

dTTP 

- •dUTP 

(6) 

put-dTMP^-
(5) I 

•put-dTDP« • put-dTTP 

F i g . 13- Proposed pathway of thymine and putThy deoxynucleot ide 
metabolism in bacteriophage 0W-14 in fected Pseudomonas  
ac idovorans . S o l i d l i n e s represent host enzymes; broken 
l ines represent phage-induced enzymes; s o l i d plus broken 
l i n e s represent enzymes encoded for by both. Enzymes are: 
(1), thymidylate synthetase; (2) dUMP hydroxymethylase; 
(3), dHMUMP putresc ine t r a n s f e r a s e ; (4), put-dTMP k inase; 
(5), put-dTDP kinase; (6), DNA polymerase. 
Abbreviat ions a re : put-dTMP e t c . , the 5 ' -mono-, d i - , and 
tr iphosphates of 5"(4-aminobutylaminomethy1)deoxyuridine; 
CH2=THFA, N

5
, N 1 Q -methylene-THFA. 
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SUMMARY 

Pseudomonas acidovorans is d e f i c i e n t in the salvage pathways 

of nuc le ic ac id metabolism s ince none of the fo l lowing a c t i v i t i e s was 

detected in crude extracts of the organism: u r i d i n e phosphorylase, 

purine nucleoside phosphorylase, c y t i d i n e (deoxycytidine) deaminase 

and thymidine phosphorylase. The organism does have thymidine kinase 

a c t i v i ty . 

Obl igate thymidine auxotrophs were i so la ted using an adaptat ion 

of the aminopterin technique. The mutants have l o s t thymidylate 

synthetase a c t i v i t y , d ie when starved for thymidine, and thymidineless 

death was shown to be an e f f e c t i v e s e l e c t i v e technique fo r the i s o l a ­

t ion of other auxotrophic mutants of P_. ac idovorans. 

Pyrimidine requ i r ing mutants of IP. acidovorans were iso la ted and 

used to examine pyrimidine s u b s t i t u t i o n pa t te rns . Only cy tos ine and 

u r a c i l s a t i s f y the pyr imidine requirement. Growth of the mutants 

is inh ib i ted by high concentrat ions (50 yg/ml and greater) of u r a c i l . 

The aspar ta te transcarbamylase of P_. acidovorans is not repressed 

by u r a c i l . Neither is the a c t i v i t y of the enzyme in crude ext racts 

a f fec ted by var ious n u c l e o t i d e s . Infect ion of P_. acidovorans with 

bacteriophage 0W-14 r e s u l t s in the appearance of a p h a g e - s p e c i f i c 

thymidylate synthetase, and a tetrahydrofolate-dependent a c t i v i t y which 
3 

causes extensive re lease of t r i t i u m from dUMP-5 - H without concomitant 

ox idat ion of the te t rahydrofo la te to d i h y d r o f o l a t e . Since ext racts 
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of infected cells catalyze the formation from dUMP and formaldehyde 

of a compound which behaves chroma tographically like dHMUMP, it is 

assumed that infection also results in the appearance of a phage-

specific dUMP hydroxymethylase. 

The novel base 5~(4-aminobutylaminomethy1)uraci1 which partially 

replaces thymine in the DNA of 0W-14, is not derived from a thymidine 

nucleotide, but rather from a deoxyuridine nucleotide, since it is 

labelled by deoxyuridine but not by thymidine. Nucleotide pool studies 

indicate that the base is synthesized at the mononucleotide level. 

Therefore, the synthesis of 0W-14 DNA involves five rather than four 

nucleot ides. 
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