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SUMMARY : The synthesis of f-galactosidase (ZC 3.2.1.23 :

/S -D-galactoside galactohydrolase) in f£scherichia coli is
repregsed as a result of infection with single-strarded DNA
phage ¢X174. An amber mutant in gx174 cistron A, which codes
for two proteins, doeg not inhibit the enzyme synthesis while
amber mutants in all other cenes do cause repression. & mutent
near the amino-terminal end of cistron A, which produces the
small 35,000 molecular weight cistron A polypeptide, aleo
inhibits the synthesis of @ -gelactosidase. Inhibition ig also
obgerved in an Escherichis coli rep mutant which dceg not
support the replicestion oif replicative-form DwA., Exogenous
nucleotide bases and cyclic 3',5'-zdenosine mononhosphate
(cyclic AMP) do not have any effect on the degree of repression.

INTRODUCITON ¢ The gingle-stranded Deoxyribonucleic Acid
containing kacteriovhage @X174 has been found to inhibit host
macromolecular gynthesis, in genersl, at a multiplicit§ of
infection (moi) exceeding 4 (1}. It had been earlier reported
(2) that synthesis of the enzyme B-galactosidaese was signifi-

cantly repressed in kgcherichia ¢oli ¢ uron infection with @xi74

am 3 at moi 5-7. It was thereafter con-luded from a series of
experiments that the repression was casused by phage gene-coded

product(sg).

Current knowledge about the small isometric phage @x174
indicates that the ohage ONA encodes nine genes, which specify
at least 15 gene products (3). The genes are designated a
through H, &and J. Induction oi /3—galactosidase wag carried
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out in cells iniected with different mutaents of ¢gxX174. Tt was
observed that at least one of the two mutantg in cistron A
does not inhibit the enryme synthesis whereas mutasnts in seven
other cistrons (B, D, B, ¢, G, H and J) do cause inhibition.
Cistron A of X174 contains en internal initiator an! codes
for two polypeptides whose molecul ar welohts are approximately
60,000 and 35,000 daltons respsctively. Amber mutents neor the
carboxy-terminal end of the gene do not gynthesige any of the
two but those near the amino-terminal end, however, synthesise
the smaller polypeptide (4). This report shows that an amber
mutant in cistron & which proiduces the small A vrotein also
causeg inhibition oy the cnzyme indicatirg that this protein

mey be involved in the inhibition.

Inhibition was observed in an Egcherichia coli rep
mut ent which does not gupport the replication of replicative-
form (Re¢) DNa of the phage. This indicstes that Re ONA
replication by itsels ig not responsible for the observed
inhibition. Also the inhibition is not dus to depleticn in
nucleotide pools as additlion of nucleotide bases to the media
had no effect on the degree of inhibitiocn.
MATERIALS ANJ METHODS : Bacteris and Bacteriophagg :
Egcherichia coli C (Cl122) which is the normel host for ¢gxl74
was obtained from Dr. R. L. Sinsheimer. FPhage @gX174 mutants
am3 (cistron E), am 210 (cistron B), am 10 {(cistron D), am 70
(cistron 7), am 92 (cistron G), am 23 (cistron H), am 6
(cistron J), am 62 and am 8 (both cigtren 4) werc obteined

from Dr. I. Tegsman and Dr. G. N. Godson. E. coli CR rep3
(D32) was provided by Dr. David T. Denhardt.

Experimentel Procedure : E. coli C was grown In Trig~gycerol
(TG) Medium containing per liter : 12 g of tris(hydroxymethyl)
aminomethane (Tris); 35 mg KCl; 1 g NH4Cl; 0.2 g MgCl,.6H,y0;
2.7 mg FeCl3.6H,0; 68 mg NaCl; 0.4 g KHyPOy; 0.3 g Nap; 304 and
10 ml glycerol at pH 7.5. Before phage infection, Call, was
added to the growth medium to a final concentration ol 2 x 1073
M. Cells were grown to the middle of the log rhase (about
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2-3 x 108 cells per ml), infected at a moi 5-7 and induced for
the enzyme /B -gslactosidase. Induction was done with isopropyl-
/3 -D~thlogalactopyranoside (IPTG) added to a final concentration
0f 0.11 mg per ml (i.e. 4.6 x 107%4 M).

Assay of 4 -~galactoslidase was carried according to the
method of Pardee and Prestige (5) as modified by Pollard and
Davis (6), One unit of @B ~gelactosidase was defined as the
amount of enzymeothat would produce 1 nmol of o-~nitrophenol
per minute at 37°C, pH 7.0.

RESULTS : (i) Inhibition of AB-~galsctosidase gynthegis in

cells infected with dificrent amber mutants of gxi74. Log

phase E. coll C cells were infected with different amber mutants
of X174 and then induced with IPTG. Induction was carried
out 15 minutes after phage infection when phage-sgpecific
proteins were abundantly present. In cases of mutants
other than thst 'in cistron E (lysis defective), lysls was delay-
ed by adding MgsoO, to the growth media just before infection
(7). Enzyme levels in infected cells were compared with that
in uninfected cells 60 minutes after infection.

Table 1 shows the results obtsined with amber mutants
in 8 of the 9 @X174 cistrons. It sppears therefrom that
repression of /Q-Qalactosidase synthesls observed 60 minutes
after infection ranges from 65 to 80 per cent for at least
7 mutants, Only in the case of infection with am 62, contain-
ing a mutation in cistron A, the repression was not more than
4 per cent. Taking this to be well within the limits of expe-
rimental error it may be inferred that am 62 fails to repress

the induction of /3—galactosidase synthesis in E. coli.

Similarly, when the results obtained with am 62 and
am 8, both containing mutstions in cigtron A, are compared, it
transpires that while the former fails to inhibkit the induction
of B -galactosidase, in the case of the latter inhibition is

nearly 85 per cent (Fig. 1)e.
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Table 1

Repression of /3-ga1actosidase in gscherichia coli C

infected with different amber mutants of gXi74

Phage mutant Mutation in Repression observed
cistron 60 minuteg after infection
am 210 B 65 %
am 10 D 72 %
am 3 E 73 %
am 70 £ 73 %
am 9 G 78 %
am 23 H 80 %
am 6 J 79 %
am 62 A 4 %
am 8 A 85 %

E. coli C was grown in TG medium as described
in Matorials and Methods. One part of the culture was
infectel with ¢ mutant of X174 at O min (ODg4qqg pm ©F
the culture = 0.55) at a moi = 6; the other part was
treated as the unincfected control. In the cases of
all mutants except am E 3, Mg304 was adied to the
media t¢ a Final concentration of 0.2 M just beiore
inSsction. Inducer [PTG was adjed to both parts 15
min loters Two ml alivuots were withdrawn at suit-
gble inteivals : 1 ml was collected over 0.2 ml or
toluzne &t 0OC ar il shaken vigorously; the other half
was used for GD det:irmination at 440 nin. Assay of
AB-gelactosiiase was carriel out gs described in
Hdatsrials anl llethods.

mutant s, Since cistron A mutants are unable to replicate phage
RF DnA within the cell (8,9) it needed to be ascertsined
whether the process of replication itgelf had a bearing on the
inhibition of @ -galactosidase synthesis. for that the induc-
tion experiment was carried out with E. ¢coli CR rep 3, a mutant
in which the replication of RF DNA doeg not occur (10)e. In

this case, too, it was found that the repression of the enzyme
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Effect of $X174 cistron A mutants on the
synthesis of . f3-galactosidase in E. coli C.
E. coli C was grown in TG medium as des-
cribed in Materials and Method. Mgso, was
added to the medium to a final concentration
of 0«2 Me It was divided intc three parts.
ne part was treated as the uninfected con-~
trol; the other two parts were infected with
@X174 am A 62 and am A 8 respectively both
at moi = 6, Inducer IPIG was added to all
three parts 15 min later. Aliguots were
withdrawn at suitable intervals and asgsayed
for fB-galactosidase. A—a&——&—4 unin-
fected control; o—o——o0—o0 infected
with am A 62; e—e—e e infected with am A 8.

Inhibition of (l~galactosidase synthesis in
E. coli rep mutant. E. coli CR rep 3 (D32)
was grown in TG medium supplemented with 10
/Jg thymine/ml. and divided into two parts -
one part being rreated as the uniniected

control while the other infected with ¢gX174
an B 3 at moi = 6. IPTG was added 15 min

later. Aliguots were withdrawn at suitable
intervals and assayed for fB-galactosidase.

A——_D—n——A uniniected control;
0—0—0—0 1infected.

60 minutes after infection was just over 80 per cent (Fig.2).

Thus, it became evident that the inhibition phenomenon is not

dependent on phage DNA replication. At the sane time the

possible argument thsat the phage Dua replication may cause

depletion in nucleotide pools leading to repression of enzyme

synthesis 1s also weskened,
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Effect of adenine, guanine and cyclic AMP on
the inhibition of B-galsctosidase. E. coli C
was grown in I'G medium and divided into five
partse The first was treated as the unintected
control. Each of the other psrts was infected
with @X174 am £ 3 at a moi = 6. Besides, the
third part was treated with adenine while the
fourth with guanine; to the f£ifth part was added
cyclic AMP, All five parts were induced with
IPIG. Aliquots were withdrawn at suitable
intervals and assayed for f-galactogidase.
Aty uninfected control;

o——0——0—0 infe<ted; o—7e—eo——o
infected plus adenine; A—a—a_4& LDfected
plus guanine; op—gO——0 infe tted plus cyclic
AMP.

(iii) Effect of Adenine, Guanine and Cyclic AMP on the

synthesis of A-galactosidase in infected cells. In order to

determine whether the inhibition was caused by depletion in

nucleotide pools, adenine and guanine were regpectively added to

the growth media to a final concentration of 4 mM before the

cells were infected with ¢gX174 am 3. It was seen that addition

of
of

in

manner .

these nucleotide baseg had no efrfect whatever on the degree
inhibition (fige. 3). The involvement of cyclic aMP, if any,
the repression process was also investigated in a similar

Cyclic AMP was added to the growth medium to a final
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concentration of 4 mM and the induction was studied. No
relaxation was observed in the degree of repression (Fig.3).
These results strengthen the argument that neither nucleotide

pools nor cyclic AMP are involved in the inhibition process.

DISCUSSION : Results of our experiments show that the
synthesis of B -galactosidase is repressed in E. coli C when
the cells are infected with @gX174 containing amber mutation
in any of its nine genes except one. The argument that the
repression 1s caused by a phage gene-gpecified product is
thus further strengthened. Moreover, the exact phage gene,
viz. gene A, associsted with the repression phenomenon is
identified. This product, which is an indigpengable factor
for R¥ DNA replication, hag a role tc¢ play in the repression
phenomenon as well.

The simultaneous absence of RF replication and the
repression nhenomenon in the case of smber A mutant might tempt
one to suggest that the action of the cistron A product is in-
direct, i.e., it enables phage RF DNA to replicate, which in
turn causes the repression, This could not be gset agide off-
hand since the synthesis of phage DA within the cell might
lead to the depletion of nucleotide pools which in various ways
could reduce the rate of enzyme synthesis., If such was the
case, repression would not have occurred in cells which do not
support Rf replicstion of ¢gX174 mutants which may or may not
produce the cistron A protein. E. coli C rep 3 is such a
mutant which supports the conversion of viral single-gtranded
DrA to the double-stranded replicative form, but not the
replication of RF (10)s In such a mutant of E. coli, too, the

synthesis of @2 -galactosidase was repressed to the game degree
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as in cells which were able to replicste the RF DA and the

action of cistron A product was proved to be direct.

That the repression was not due to any depletion in
nucleotide pools wag also verified. Such depletion, if any,
would have been made up for by the addition of nucleotide bases
externally, so that nucleotides would be produced through
salvage pathways and the rate of enzyme synthesis, 1f not
restored to the normal level, would at least have shown congi-
derable recovery. Hence, the observstion that the inhibition
of B ~galactogidase synthegis was not in the least relaxed by
the addition of either adenine or guanine leads one to discount

the occurrence of any such depletion of nucleotide pools.

Similar observations were made regarding the role of
cyclic AMP, It was earlier shown (2) that since the synthesis
of catabol ite~insgensitive enzyme alkal ine phosphatase is also
repressed in gx174 infected cells, cyclic AMP has perhaps no
role to play in the ¢gx-induced inhibition of the catabolite-
sengitive enzyme f}—galactosidase. In the case of ultraviolet
irradiated cells such inhibitory effect is reversed by the addi-
tion of cyclic AMP (11). It was thereby conjectured that UV-
irradiation, like glucose, causes the loss of this nucleot ide.
In the case of @X-induced inhibition, however, absence of
stimulsting action of exogenous cyclic AMP argues against the

occurrence ol catabolite repression.

Since @gX174 am A 62 does not cause repression while
am A 8 does so, some interesting speculations may be made
regarding the mechanism of ¢gX-induced repression. The cistron
A, as it is now known, codes for two polypeptides of molecular

weight 60,000 and 35,000 (4). Of the two, am A 62, which fails
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to repress ﬂ —~galactosidase synthesis, maps in the region that
codes for both the polypeptides (3). The other mutant am A 8,
however, synthesise the small A protein. Martin and Gdson
(12) bhad observed that mutants near the amino-terminal ernd of
clstron A, which still produce the small 35,000 molecular
welght polypeptide, shut-off host DNA synthesies while mut ant g
near the carboxy~terminal end, which 40 not produce the gmall

A polypeptide do not shut-ofi the host.

It is interrssting to note that the gK174 gene nroduct
which shut s-off host DNA syntheszis predictably leads to the
inhibition of host enzyme synthesis as well. Reasonably, it
may be suggested that the small A protein of @gx174 perhaps
acts on the same target, namely, the DNaA molecule of thes host,
to bring about the cessation of DNA synthesis and the inhibi-
tion of enzyme synthesis.

In order to explain hosgt DNA sghut-off, Martin and
Godson (12) have predicted that the small A protein possibly
interacts with the host Dra at the singlcé-stranded regions of
replication forks, perhaps degrading the gingle-strandsg. The
cistron A protein is reported to have endonuclsolytic activity
(13) and it is not yet clear whether this activity resides in
the portion common to both large and small proteins. Ths small
A protein has also been found to cleave the single-stranded
viral DNA at different gsites having, however, a preference for
the origin of replication (14). Besides, only superhelical Rr#
Dud, 2nd neither relaxed covalently closed RF DNA nor RF II

DNA, 1is a substrate for the endonucleolytic action (15).

Hence, it is not impossible that the small A protein

attacks the supercoiled regions of the host DNA where a few
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bases e€xist in unpaired state (16) and bring about conforma-

tional changes in these regions due to endonucleolytic

cleavages. In that event, the rate of transcription of the

DNA may be appreciably reduced. #Hor there is evidence that

the superhelical circular form of DNA has greater template

gfficiency for transcription than the nicked, relaxed form

both in yitro (17) and in vivo (18). This leads us to

suggest that reducticn in the rate of transcription is at

least one of the reasons for inhibition of enzyme synthesis

of the host cell.
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