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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 80 per cent co-transduction. The gene order was found
to be dra-tpp-drm-pup, and the gene cluster was shown to lie between the hsp and ser B 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 nucleoside phosphorylase E.C. 2.4.2.1, deoxyribo-
aldolase E.C. 4.1.2.4 and deoxyribomutase (MaNsoN and LampEN, 1951)] involved
in the catabolism of deoxynucleosides and nucleosides located close to the left
of the thr locus in both Escherichia coli and Salmonella typhimurium is now well
documented (ALIRHANTIAN et al. 1966; OKaDA, 1966; DALE and GREEXBERG, 1967 ;
AHMAD ef al., 1968 ; EISENSTARK ef al., 1968; LomMAx and GREENBERG, 1968). A
question of interest concerning this gene cluster is the biological role of the
enzymes specified. One possibility might be that they are part of a larger system
of enzymes whose function is the complete degradation of foreign DNA entering
the cell either by conjugation or as a result of phage infection. This possibility
was suggested to us by the fact that the gene loci responsible for the initial steps
in breakdown of foreizn DNA — the Asp genes (ARBER, 1968; MESELSON éf al.,
1968) — are located in the same region of the linkage map of E. coli (see TAYLOR,
and TROTTER, 1967). Thus it was conceivable that all of these genes might be
components of a single operon.

In order to examine this possibility and as part of a more detailed study of
this gene cluster we have determined the relative locations of the four genes with
respect to each other, to the Asp locus, and to the ser B locus, which also lies in
the same region of the chromosome (Grover and CorLsox, 1969).

Materials and Methods

Bacterial Strains. These are listed in Table 1. It has been shown previously that the
dra~, drm~ and pup~ strains lack the enzymes specified by these genes (AEMAD et ol., 1968;
Barra ef ol., 1968). The fpp~ mutants were isolated more recently, They have negligible
thymidine phosphorylase activity after growth in presence or absence of thymidine as inducer.

Isolation of mutants. Azu® (azauracil resistant) strains were isolated initially as colonies
resistant to 5-fluorouracil (0.25 pg/ml). They were subsequently found to be resistant to high
concentrations of azauracil (100 pug/ml) and to FU (2.5 ug/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



S. I. AaMaD and R. H. PRITCHARD :

352

~ese[Azoydsoyd
opisoaontt surind = dnd ¢(196] “OULLON], PUe HOIXV, Ul {AY7 SNOO] OY) YA SNOWAUOULS o1e wp Pue p4p) osE[OP[ORYLAXOS == Dip fONBINWOGHL
-£X00P = WP £QOTIRISISDI [IDBINEZE ‘12D : SUOBOTJIPOT PUE SUOIPPE SULMO[[OF o3 YIIM (L96]) NELIOW]T, pue HOTIXV], £q UoAIS se S|oquIAS ouoy)

I'SPVS sV - ¢ 8 4+ - = + + - + 4+ - - B %'8YVS

8PV Jo oAljeALIOD
Juregstsod ourprudys - ¢ 8§ + - = + + - + + - - - '8FVS
8PV X (9V9)d - 8 8 + 4+ - + + - + 4+ - + - LPVS
IHVS X (87VS)d - 9 9 + - + = + - 4+ 4+ + + - | VS
LEVS X (2'833d)d - 9 9 - + + - + - + + + -+ - IFVS
6% VS woiy — gy ¥ — + + + - - 4+ + + + - LEVS
uonyefnluoo £q ¥ X 0T VS - 49 8 - + + + - - 4+ + + + -q (A
YAAOTY) *§ “I([ WOIf - 9 8 + -+ 4+ + - - + 4+ - - - | %
PEID X (5882 d) d - 8§ 8§ + - + + + - + + - - - 8FVS
(1961) 10 2 VAvi(Q oo8 - 8§ 8 + - + + + - 4+ - - = ;| D
2e1d X (2'883d)d - ¢ 8§ - + + - + - + - + -+ HYH 01vVs
($961) SHAVH ods - ¢ 8§ - + + -+ + - 4+ - = -+ H YH g91d
(SpoyjeI 998} LG d WoIy + + ¢ 9 + + - + + 4+ - 4+ + + P9 4H 9VS
(spougeIy 998} Lggd Woay -+ + ¢ 9 + 4+ + - + + - + + + 4 U %'838d
(spoysey 998) 97 WOIy + + 8 v + + 4+ -+ + 4+ - 4+ + + 9 9H L33d
($961) sEAVH oes + + 8§ ¢ + + + + + 4+ - + + + v H 925
irsiarg) Y nzp wap vip  ddp a8 wg ew fyy  map  ayp odAy Suneyy ureny

PoSR sUID4S Jo U0uwALEP puv odfizousy 1 o[qe,



Nucleoside and Deoxynucleoside Genes 353

phosphorylase activities, and remain sensitive to high (10 ug/ml) FU concentrations, pre-
sumably because one or both of the following syntheses are possible:

uridine

o p tmdine T )
FU 4 Rib-1-P Shosphorylase FU-Rib+ P (1)
. thymidine )
-] - —_—_— - .
FU 4 dRib-1-P Shosphorylase FU-dRib +P; (2)

They can be sensitised to lower FU concentrations if deoxyadenosine (100 pg/ml) is added
to the growth medium. This is presumably because deoxyadenosine provides a supply of
dRib-1-P via purine nucleoside phosphorylase (Boyce and SgrLow 1962) vis:

i leosids
deoxyadenosine + P; P TS dRib-1-P + adenine 3)

phosphorylase

thus potentiating the synthesis of FUdRib via reaction (2). If this interpretation is correct
then pup— and ¢pp~ mutants should be found among resistant colonies appearing on plates
containing a mixture of FU (2.5 ug/ml) and deoxyadenosine (100 pg/ml).

Resistant colonies were isolated in this way and classified nutritionally (see Table 2) and
enzymologically. A proportion were found to be either tpp~— or pup—. The pup— mutant nsed
in this work and the mutant ¢pp-I- (SA6) were isolated by this technique. The fpp~— mutants
SA48.1 and SA48.2 were obtained by making use of the fact that dra— strains are sensitive
to thymidine (BrErTMAN and BraDFORD, 1967). Double mutants dra— tpp— and dra— drm— will
be resistant to thymidine, since sensitivity results, directly or indirectly, from the accumulation
of dRib-5-P (BEacHAM ef al., 1968) which is not formed from thymidine in tpp— or drm— strains.

Table 2. Growth properties of strains with different genotypes

Genotypes Sole carbon source Inhibition by

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

+ + + + R + + + R R S

- 4+ + + R + - - R R R

+ — 4+ 4+ S — — — R R S

+ + - + R -+ o+ R R R

+ o+ o+ - 8 -+ - s S

+ - + + R - - —

- - + + R -

+ — — + B -

+ 4+ - — 8 - - R S

+ - 4+ - 8 — — R R

Only those responses which have been confirmed experimentally are shown in the Table.
H. 0. KaAMMEN (personal communication) and A. MUNCH-PETERSEN (personal communication)
have found that deoxyribomutase is also responsible for the interconversion of Rib-1-P and
Rib-5-P; hence the inability of drm— strains to grow on adenosine as sole carbon source.

P1 Transduction. GLOVER’s (1962) technique, with the following modifications was used.
Cultures of the recipient strain were resuspended in nutrient broth supplemented with CaCl,
(10-3 M). Phage was added (multiplicity of infection 0.02) and the mixture incubated at 37°C
for 20 min. Transductants were selected by plating the mixture on M9 synthetic agar con-
taining no CaCl, with sodium citrate (0.25%) and either glucose (20 mM) or an appropriate
nucleoside or deoxynucleoside (5 mM) as sole carbon source.

Olassification for hsp. Suspensions of cultures of strains to be classified were spotted on
tryptone agar (Davis Japanese agar 11 g, Oxoid tryptone 10 g, NaCl 5 g, water 1 L) plates.
After these had dried a drop of a suspension of a virulent mutant of bacteriophage A grown
on an hsp~ host was placed on the centre of the spot using a phage concentration such that
after overnight incubation at 37°C hsp~ strains gave a clear zone and hsp* strains showed
only isolated plaques.
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Results

In two experiments (Table 3) the co-transduction frequency between dra and
thr was found to be 29 per cent and 54 per cent, but that between dra and fpp
was more than 95 per cent. Thus dra and ipp are more closely linked to each
other than either of them is to thr. If we assume that transductants requiring
a minimum of four exchanges between donor and recipient DNA will ocour
significantly less frequently than those requiring a minimum of two, then the
discrepancy between the numbers of transductants in the reciprocal classes dra*
tppt and dra— tpp~ indicates that the order of the three genes is dra-tpp-thr.

Table 3
Cross  Donor Recipient Selected Unselected markers Total
trans-
ductants tppt  tpp~
1 SA6 tpp-1— SA48 dra~ thr— thr+ dra* 0 503
dra— 425 4 932
2 SA6 tpp-1- SA48 dra— thr- dra* thrt 0 72
thr— 8 165 245
Table 4
Cross Donor Recipient Selected Unselected markers  Total
trans-
ductants thrt  thr
3 P228.2 pup~ SA48.1ipp-2—dra~thr=  drat pup*t ppt b 68
tpp~ B 40 128
4 P228.2 pup~ SA48.2tpp-3-dra~thr— dra* pup*t tppt 14 211
pp~ 3 27 255
5 P228.2 pup~ SA48.2 tpp-3—dra~thr~ dra*ippt pupt 1 12

pup~ 59 46 128

The location of pup with respect to these three loci can be deduced from
the data given in Table 4. In the four-factor crosses numbered 3 and 4 both ¢pp
and thr were unselected markers. In both crosses the ipp*:tpp~ ratio among thr*
transductants is not significantly different from the corresponding ratio among
thr— transductants. This apparent absence of linkage implies that {pp does not
lie between thr and dra or thr and pup. In cross 5, on the other hand, the ratio
pup*: pup~ is significantly different among thrt and thr— transductants implying
that pup does lie between thr and dra or thr and ¢pp. The data from these three
experiments are therefore compatible either with the gene order dra-tpp-pup-thr
or with the order tpp-dra-pup-thr. In addition, the fact that the proportion of
tpp+ transductants is higher in cross 4 than it is in cross 3 implies that ipp-3
is closer to dra than is tpp-2.

Data from four three-factor crosses are given in Table 5. They provide evidence
that drm lies between dra and pup but do not define the position 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 that transductants requiring four exchanges will be significantly less
frequent than those requiring two. Comparison of these possible orders shows
that 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). If we now compare
these gene orders with those compatible with the data in Tables 3 and 4, we find
that only one gene order is consistent with all the data reported. It is dra-tpp-
drm-pup-thr.

The data in Table 6 provide evidence bearing on the location of ser B. Among
sert transductants 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 #ppt drm* and one ipp~ drm~. By an
analogous argument the indicated gene order is tpp-drm-ser.

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

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

1f this order has been correctly determined we should expect that the Asp
locus should lie to the left of dra since GLOVER and CoLsox (1969) have shown that
this locus lies to the left of ser and gives only about 20 per cent co-transduction
with it. The data in Table 6 seem to be incompatible with this order. Among ser*
transductants the proportion which carry the donor allele drm* is smaller among
those which are hsp* than it is among those which are ksp~ in both crosses. This
result by itself would indicate that the gene order was hsp-ser-drm. In neither
case is the difference in the proportion of drm* transductants among ksp* and
hsp~ classes statistically significant however. In addition, the co-transduction
frequency between ksp and ser found in crosses 10 and 11 (6.3 and 7.2 per cent
respectively) is lower than that found by GLOVER and Corsox (1969). They obser-
ved about 20 per cent co-transduction although the hsp~ ser— strain used by them
was the parent of the one used here. It is therefore possible that the presence
of the additional mutations being mapped by us in these strains interfered with
the expression of the 4sp phenotype as determined under the conditions described
under Methods.

Finally, we should note that the gene order dra-tpp-thr given by our data
differs from that deduced by Lomax and GREENBERG (1968) who concluded that
the order was ipp-dra-thr. This latter order was based on the presence of only
two transductant 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 that 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 co-transduction frequencies refer to the

cross number from which the frequencies are calculated. Co-transduction frequencies were

not calculated from crosses in which the selected transductants required an exchange between

a donor and recipient marker to avoid possible complication due to negative interference
(Gross and ENGLESBERG, 1959)

Diseussion

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 (RACHMELER, GERHARDT and
RosNER, 1961 ; BREITMAN and BRADFORD, 1967, 1968; BARTH ¢f 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,
KAMMEN (personal communication) finds that the mutase is optimally induced
by ribosides whereas thymidine phosphorylase and aldolase are not. It 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 MuxNca-
PrrErSEN (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 (0°) mutations of the lac operon (Jacos
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 fpp. On a two operon model, a mutant
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with these properties might arise as a result of a deletion encompassing the
operator region of the dra-tpp operon and extending into the drm gene, thus
fusing the two operons together and bringing the dra-tpp operon under control
of the operator of the pup-drm operon. Such an interpretation would also imply
that both operons are transcribed in a counter-clockwise direction with respect
to the standard linkage map (TavLOR and. TROTTER, 1967). It seems unlikely that
very close linkage between these four genes is fortuitous, and if they belong to
more than one operon other reasons for this close linkage will need to be sought.
The possibility that the linkage to the Asp loci also is not fortuitous seems less
likely since the co-transduction frequency is less than 20 per cent.

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