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Summary. Four genes specifying the enzymes thymidine phosphorylase, purine nucleoside 
phosphorylase, deoxyribomutase and deoxyriboaldolase were mapped by transduction with 
phage P1. All pairs show greater than 90 per cent co-transduction. The gene order was found 
to be dra-tpp-drm-pup, and the gene duster was shown to lie between the hsp and serB loci 
on the chromosome map of Escherichia coli. 

The existence of a cluster of four genes specifying enzymes [ thymidine phos- 
phorylase E.C. 2.4.2.4, purine nueleoside phosphorylasc E.C. 2.4.2.1, deoxyribo- 
aldolase E.C. 4.1.2.4 and  deoxyribomutase  (MANsoN and  LAMPr~, 1951)] involved 
in the catabolism of deoxynucleosides and nuclcosides located close to the left 
of the thr locus in both  Escherichia cell and Salmonella typhimurium is now well 
documented  (ALLK~A~IA~¢ et al. 1966 ; OKADA, 1966 ; DAL]~ and GR]~]~B]~I~O, 1967 ; 
A ~ A I )  et al., 1968; EISENSTARK et al., 1968; LO~AX and G~]~NB]~RG, 1968). A 
question of interest concerning this gene cluster is the biological role of the 
enzymes specified. One possibility might  be tha t  they  are par t  of a larger system 
of enzymes whose funct ion is the complete degradat ion of foreign D N A  entering 
the cell either by  conjugat ion or as a result  of phage infection. This possibility 
was suggested to us by  the fact  t ha t  the gene loci responsible for the initial steps 
in breakdown of foreign D N A  - -  the hsp genes (ARB]~R, 1968; M]~S~LSON et al., 
1968) - -  are located in the same region of the linkage map of E. cell (see TAYLOr, 
and  T~OTTV.R, 1967). Thus it  was conceivable t ha t  all of these genes might  be 
components  of a single operon. 

I n  order to examine this possibility and  as par t  of a more detailed s tudy  of 
this gene cluster we have determined the relative locations of the four genes with 
respect to each other, to  the hsp locus, and to the serB locus, which also lies in 
the same region of the chromosome (GLovE~ and CoT,so,c, 1969). 

Materials and Methods 
Bacterial Strains. These are listed in Table 1. I t  has been shown previously that the 

dra-, drm- and pup- strains lack the enzymes specified by these genes (Az~A]) et al., 1968; 
B.~TK et al., 1968). The tpp- mutants were isolated more recently. They have negligible 
thymidine phosphorylase activity after growth in presence or absence of thymidinc as inducer. 

Isolation o/mutants. Azu r (azauracil resistant) strains were isolated initially as colonies 
resistant to 5-fluorouracil (0.25 tzg/ml). They were subsequently found to be resistant to high 
concentrations of azauracil (100 tzg/ml) and to FU (2.5 tzg/ml). We assume that these mutants 
lack uracil phosphoribosyltransferase (E.C. 2.4.2.9) activity, although direct evidence for this 
has not been obtained. They still possess thymidine phosphorylase and purine nucleoside 
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phosphorylase activities, and  remain sensitive to high (10 ~g/ml) F U  concentrations, pre- 
sumably because one or bo th  of the following syntheses are possible: 

uridine 
F U  ~ Rib-l-P phosphorylase> FU-Rib  ~- Pi (1) 

thymidino 
F U  + dRib-l-P phosphorylase> FU-dRib  ~- Pi (2) 

They can be sensitised to lower F U  concentrations if deoxyadenosine (100 ~g/ml) is added 
to the growth medium. This is presumably because deoxyadenosine provides a supply of 
dRib- l -P  via purina nueleoside phosphorylase (BoYcE and S~.TLOW 1962) vis: 

ptzrine nucleoside 
deoxyadenosine -~ Pi phosphorylase > dRib- l -P  ~ adenine (3) 

thus  potent ia t ing the  synthesis of FUdRib  via reaction (2). If this  interpretat ion is correct 
then  pup-  and tpp-  mutan t s  should be found among resistant  colonies appearing on plates 
containing a mixture of F U  (2.5 fxg/ml) and deoxyadenosine (100 ~zg/ml). 

Resis tant  colonies were isolated in this  way and classified nutr i t ional ly (see Table 2) and  
enzymologically. A proportion were found to be either tpp-  or pup- .  The p u p -  m u t a n t  used 
in this work and  the  m u t a n t  tpp-1- (SA6) were isolated by  this technique. The tpp-  mutan t s  
SA48.1 and SA48.2 were obtained by  making use of the fact  t h a t  dra- strains are sensitive 
to thymidine (BRErTNAN and BRADFORD, 1967). Double mutan t s  dra- tpp- and dra- drm- will 
be resistant  to thymidine,  since sensitivity results, directly or indirectly, from the  accumulation 
of dRib-5-P (BEAc~M et al., 1968) which is no t  formed from thymidine in tpp-  or drm- strains. 

Table 2. Growth properties o] strains with diJ]erent genotypes 

Genotypes Sole carbon source Inhibi t ion by  

pup drm tpp dra azu Thy- Adeno- Deoxy- Thy- Deoxy- FU~-deoxy- 
midine sine adenosine midine adenosine adenosine 

+ ÷ ÷ + R ÷ + + R R S 
- -  ÷ + + l ~  + - -  - -  R R R 

÷ --  + ÷ S --  - -  - -  R E S 
÷ ÷ --  ÷ R --  + ÷ R R R 
÷ + ÷ --  S --  + --  S S 
+ --  ÷ ÷ R - -  - -  - -  S 

÷ ÷ R - -  R 

+ + R - -  R 
-/- -}- S - -  - -  R S 

+ --  -t- - -  S --  --  R R 

Only those responses which have been confirmed experimentally are shown in the  Table. 
H. O. KA~MEN (personal communication) and A. )/IulgcH-PETERSEN (personal communication) 
have found t h a t  deoxyribomutase is also responsible for the  interconversion of R ib - l -P  and 
Rib-5-P;  hence the  inabili ty of drm- strains to grow on adenosine as sole carbon source. 

P1 Transduction. GLOVE~'S (1962) technique, with  the  following modifications was used. 
Cultures of the  recipient s train were resuspended in nu t r ien t  bro th  supplemented with CaCl~ 
(10 -a M). Phage was added (multiplicity of infection 0.02) and the  mixture incubated a t  37°C 
for 20 rain. Transduetants  were selected by  plating the mixture  on 319 synthet ic  agar con- 
taining no CaCl~ with sodium citrate (0.25%) and  either glucose (20 raM) or an  appropriate 
nueleoside or deoxyaucleoside (5 mM) as sole carbon source. 

Classi]ication/or hsp. Suspensions of cultures of strains to  be classified were spotted on 
t ryptone  agar (Davis Japanese  agar 11 g, Oxoid t ryptone  10 g, NaC1 5 g, water  1 L) plates. 
After these had  dried a drop of a suspension of a virulent  m u t a n t  of bacteriophage A grown 
on an  hsp- host  was placed on the  centre of the  spot using a phage concentrat ion such t h a t  
after  overnight  incubation a t  37°C hsp-  strains gave a clear zone and  hsp + strains showed 
only isolated plaques. 
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Results 
I n  two exper imen t s  (Table 3) the  co- t ransdue t ion  f requency  be tween  dra a n d  

thr was found  to  be 29 per  cent  and  54 per  cent,  b u t  t h a t  be tween  dra a n d  tpp 
was more  t h a n  95 per  cent.  Thus  dra and  tpp a re  more  closely l inked  to  each 
o ther  t h a n  e i ther  of t h e m  is to  thr. I f  we assume t h a t  t r a n s d u c t a n t s  requir ing  
a m i n i m u m  of four  exchanges  be tween  donor  a n d  rec ip ient  D N A  will occur 
s igni f icant ly  less f r equen t ly  t h a n  those  requi r ing  a m i n i m u m  of two,  then  the  
d i sc repancy  be tween  the  number s  of t r a n s d u c t a n t s  in the  rec iprocal  classes dra+ 

tpp+ a n d  dra- tpp-  ind ica tes  t h a t  the  order  of the  three  genes is dra-tpp.thr. 

Table 3 

Cross Donor Recipient Selected Unseleeted markers Total 
trans- 
duetants tpp + tpp- 

1 SA6tpp-1- SA48 dra-thr- thr + dra + 0 503 
dra- 425 4 932 

2 SA6tpp-1- SA48 dra-thr- dra + thr + 0 72 
thr- 8 165 245 

Table 4 

Cross Donor Recipient Selected Unselected markers Total 
trans- 
ductants thr + thr- 

3 1)228.2 pup- SA48.1 tpp-2- dra- thr- dra + pup + tpp + 5 68 
tpp- 5 40 128 

4 1)228.2 pup- SA48.2 tpp-3- dra- thr- dra+ pup+ tpp+ 14 211 
tpp- 3 27 255 

5 P228.2 pup- SA48.2 tpp-3- dra- thr- dra + tpp+ pup+ 1 12 
pup- 59 46 128 

The  loca t ion  of pup  with  respec t  to  these  three  loci can be deduced  f rom 
the  d a t a  g iven in Table  4. I n  the  four - fac tor  crosses n u m b e r e d  3 a n d  4 bo th  tpp 

a n d  thr were unse lec ted  markers .  I n  bo th  crosses the  tpp + : tpp-  ra t io  among  thr + 
t r a n s d u c t a n t s  is no t  s igni f icant ly  di f ferent  f rom the  corresponding ra t io  among 
thr- t r ansduc t an t s .  This  a p p a r e n t  absence  of l inkage implies  t h a t  tpp does no t  
lie be tween  thr a n d  dra or thr a n d  pup.  I n  cross 5, on the  o ther  hand,  the  ra t io  
pup+:pup-  is s igni f icant ly  d i f ferent  among  thr + a n d  thr- t r a n s d u e t a n t s  imply ing  
t h a t  pup  does lie be tween  thr a n d  dra or thr a n d  tpp. The  d a t a  f rom these th ree  
expe r imen t s  a re  therefore  compa t ib le  e i ther  wi th  the  gone order  dra-tpp-pup-thr 
or wi th  t he  order  tpp-dra-pup-thr. I n  add i t ion ,  the  fact  t h a t  the  p ropor t ion  of 
tpp + t r a n s d u c t a n t s  is h igher  in cross 4 t h a n  i t  is in  cross 3 impl ies  t h a t  tpp-3 

is closer to  dra t h a n  is tpp-2. 
D a t a  f rom four th ree- fac tor  crosses a re  given in Table  5. They  p rov ide  evidence 

t h a t  drm lies be tween  dra and  pup b u t  do no t  define the  pos i t ion  of tpp with  
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respect to the other three loci unambiguously. The gene orders given in the last 
column of this table are those compatible with the data if we are correct in 
assuming tha t  t ransductants  requiring four exchanges will be significantly less 
frequent than those requiring two. Comparison of these possible orders shows 
tha t  two gene arrangements are consistent with the data. They are dra-tpp-drm- 
pup and dra-drm-pup-tpp (or the inverse of these orders). I f  we now compare 
these gene orders with those compatible with the data in Tables 3 and 4, we find 
tha t  only one gene order is consistent with all the data reported. I t  is dra-tpp- 
drm-puT-thr. 

The data in Table 6 provide evidence bearing on the location of serB. Among 
ser+ t ransductants  in cross 10 there were only four recombinants between drm 
and pup, all of which had the genotype drm-pup- .  Transductants  of this type 
require two exchanges and the absent reciprocal recombinant class four exchanges 
if the gene order is drm-pup-ser. Similarly in cross 11 there were seven recom- 
binants between tpp and drm, six being tpp + drm + and one tpp-drm- .  By an 
analogous argument  the indicated gene order is tpp-drm-aer. 

Finally, in cross 12 it was found tha t  the drm+:drm - ratio was not significantly 
different among thr + and thr- transductants,  implying tha t  drm is not located 
between aer and thr. The data also show tha t  drm is closer to aer than it is to thr 
and the indicated gene order is therefore drm-aer-thr. 

The only gene order compatible with the data from all twelve crosses is: 
dra-tpp-drm-pup-ser-thr. 

I f  this order has been correctly determined we should expect tha t  the hap 
locus should lie to the left of dra since GLOV]~ and COLSON (1969) have shown tha t  
this locus lies to the left of aer and gives only about  20 per cent co-transduction 
with it. The data in Table 6 seem to be incompatible with this order. Among set + 
t ransductants  the proportion which carry the donor allele drm + is smaller among 
those which are hap + than  it  is among those which are hap- in both crosses. This 
result by  itself would indicate tha t  the gene order was hap-ser-drm. In  neither 
case is the difference in the proportion of drm + t ransductants  among hap + and 
hsp- classes statistically significant however. In  addition, the co-transduction 
frequency between hap and aer found in crosses 1O and 11 (6.3 and 7.2 per cent 
respectively) is lower than  tha t  found by GLovE~ and COLSON (1969). They obser- 
ved about  20 per cent co-transduction although the hsp- aer- strain used by  them 
was the parent  of the one used here. I t  is therefore possible tha t  the presence 
of the additional mutat ions being mapped by us in these strains interfered with 
the expression of the hap phenotype as determined under the conditions described 
under Methods. 

Finally, we should note tha t  the gene order dra-tpp-thr given by  our data 
differs from tha t  deduced by LOMAX and G~wE~]~G (1968) who concluded tha t  
the order was tpp-dra-thr. This latter order was based on the presence of only 
two t ransductant  colonies in one recombinant class and none in the reciprocal 
class, however, and the data do not therefore provide unequivocal evidence for 
a gene order different from tha t  proposed here. 
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Fig. 1. Linkage Map. The gene order given is based on the criteria described in the text. 
The numbers in brackets after each of the given eo-transduetion frequencies refer to the 
cross number from which the frequencies are calculated. Co-transduetion frequencies were 
not calculated from crosses in which the selected transduet~ants required an exchange between 
a donor and recipient marker to avoid possible complication due to negative interference 

(Gaoss and ENaL]mBE~G, 1959) 

Discussion 
The very close linkage of the four genes specifying enzymes involved in the 

catabolism of nucleosides suggests that  they may be components of a single unit 
of transcription. Consistent with this possibility, these four enzymes are inducible 
and share the same inducer, deoxyribose-5-phosphate (RAC~MWL~, GEtCI/AICDT and 
R o s ~ ,  1961 ; B~v.ITMA~ and B~ADFO~D, 1967, 1968 ; B~mTg et al., 1968). On the 
other hand, although the aldolase and thymidine phosphorylase are probably 
coordinately induced, and the mutase and purine nucleoside phosphorylase like- 
wise, the induction ratio of the two pairs seems to be different. In  addition, 
KAMM~N (personal communication) finds that  the mutase is optimally induced 
by ribosides whereas thymidine phosphorylase and aldolase are not. I t  therefore 
seems more likely on present evidence that  the two pairs of enzymes are com- 
ponents of two adjacent operons, the gene order (Fig. 1) being consistent with 
such a possibility. The properties of an interesting mutant  described by MuNcH- 
PETE~SE~ (1968) also appear to be more easily explainable in terms of a two- 
operon model. This mutant  lacks detectable mutase activity, but unlike the 
majority of drm-  strains (which have low levels of the other three enzymes, and 
are not inducible by deoxyribosides since their catabolism to dRib-5-P is blocked) 
this mutant  is apparently constitutive for both thymidine phosphorylase and 
aldolase. The level of these enzymes is less than that  normally found under 
optimal inducing conditions however. This mutant  thus has properties which are 
similar to some operator constitutive (o c) mutations of the lac operon (JAooB 
et al., 1964), but on a single operon model can hardly be a mutant  of this type 
since the drm gene lies between pup  and tpp. On a two operon model, a mutant  
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with  these  p roper t i e s  m i g h t  ar ise  as  a resu l t  of ~ de le t ion  encompass ing  the  
ope ra to r  region of t he  dra-tlo19 operon  a n d  ex tend ing  in to  the  drm gene, t hus  
fusing the  two operons  toge the r  a n d  br inging the  dra-~l~p operon  under  cont ro l  
of t he  ope ra to r  of t he  ~pul~-drm operon.  Such ~n i n t e r p r e t a t i o n  would  also i m p l y  
t h a t  bo th  operons  a re  t r ansc r ibed  in a counter-c lockwise  d i rec t ion  wi th  respec t  
to the  s t a n d a r d  l inkage  m a p  (TAYLOl~ a n d  Tl~o~rm~, 1967). I t  seems un l ike ly  t h a t  
v e r y  close l inkage  be tween  these  four  genes is for tu i tous ,  ~nd if t h e y  belong to 
more  t h a n  one operon  o ther  reasons  for  th is  close l inkage  will need  to  be sought .  
The  poss ib i l i ty  t h a t  t he  l inkage  to  the  hs19 loci also is no t  fo r tu i tous  seems less 
l ike ly  since t he  co- t ransduc t ion  f requency  is less t h a n  20 per  cent.  

This work is supported by Grant No. B/SR/3113 from the Science Research Council. 
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