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The biosynthesis of bacterial viruses, starting with the nucleic acid and ending
with the extracellular virus particles, comprises a number of steps subject to
regulation by viral genes.1' 2 At least two stages, early and late, can be dis-
tinguished in the vegetative growth of the temperate phage X. These stages
can be seen in the kinetics of synthesis of phage DNA, messenger RNA (mRNA),
and proteins,' 4 as well as in the genetic control of phage development. 1 5, 6 Two
X genes appear to play a critical role in this ordered development. Mutations in
gene Q cause multiple late defects,7 including reduced synthesis of mRNA8 and
late proteins.7 Mutations in gene N lead to multiple defects in both early and
late functions. The early defects include DNA replication,3' 6, I early messenger
synthesis,8 and the synthesis of two X proteins, exonuclease9-II and a recently dis-
covered antigenic protein called ,6.11 The other known early mutants of X that
are defective in the replication of DNA do not alter the synthesis of exonu-
clease9-11 or ,3 protein.11 Thus mutations in gene N affect the largest number of
early functions, and N would appear to be responsible for some critical event in
the initiation of phage development. As a readily measured parameter of the
action of N, the synthesis of exonuclease and ,3 protein is useful for studying the
mechanism by which geneN works.
Three possible explanations existed for the role of gene N in the synthesis of

exonuclease and , protein: (1) N might be the structural gene for either or both
proteins; (2) N might not be the structural gene for either protein, but the N
mutations studied might have a polar effect on synthesis by the nearby exonu-
clease and ,B genes; and (3) N might be the structural gene for a protein that
must act as a prerequisite for the synthesis of exonuclease and ,f protein. This
report describes experiments that support the last hypothesis and further char-
acterize the mechanism of action of gene N.

Materials and Methods.-(a) Phage and bacterial strains: The strains of E. coli used
and their relevant genetic characteristics were the following: Hfr H su-, the parental su-
strain; CA161 suII+ and CA 169 su,+, nearly isogenic su+ derivatives carrying, respec-
tively, the amber suppressor sUi + and the ochre suppressor su,+ (from J. R. Beckwith) ;12
C600 suii+ and W3350 su-, standard permissive and nonpermissive hosts, respectively,
for the Campbell X sus nonsense mutants.5 The phage strains used were the following:
X sus mutants N53 and J27;5 and X Nts8, X Nts9, and X Ntswl-3 (all from A. Campbell).

(b) Assays of exonuclease, B protein, and tail antigen: Exonuclease, , protein, and tail
antigen of phage X were assayed in extracts from lysogenic cultures treated with mito-
mycin C to release repression. The preparation of extracts, assay of exonuclease activity,
and immunological detection of # protein were carried out as described previously.11 14
Tail antigen was assayed as described by Dove,7 except that the virulent phage xv,15
instead of Xh, was used as the test phage for tail antigen, and the extracts were dialyzed
before assay.16
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TABLE 1. Ochre suppression of N53 and J27.
Tail

Prophage Suppressor Exonuclease antigen Phage/cell
A

8su- 4.9 100 48
J27 Su- 3.3 <0.3 8 X 10-
N5;,,, su- (0.04 1 X 10-4

X
+

sue+ 4.9 100 44
J27 Suc+ 6.8 --0.05 1
AN 3 sue+ 5.4 -11

Either H1fr H su- or CA169 sue+ lysogens carrying the above prophages were grown in T-broth
(1

% tryp tone, 0.5 % NaCl) at 330C to a density of approximately 2 X 108 cells/ml. The tempera-
ture was then raised to 370C, and mitomycin C was added at a final concentration of 2gg/ml. Ali-
quots for assay of exonuclease, 0 protein, and tail antigen were taken at 70 min, and the phage yield
was assayed after treatment with CHC11 at 150 min. Phage titers were determined usingC600 8u11 +
as the host. The assays for exonuclease14 and tail antigen7 16 are described elsewhere. The unit of
exonuclease activity is defined in terms of the difference between (H3)-DNA degradation in the pres-
ence and in the absence of antiexonuclease serum.1' The exonuclease specific activities are expressed
as units/mg protein. The values for tail antigen are expressed as per cent of the X+ control; the
actual data in phage equivalents/ml/mg protein were 4 X 1011 for 8u (X+) and 5 X 1011 forsue + (X +).

Results.-(a) Ochre suppression of a nonsense mutation in the N gene: An op-
portunity to choose among the hypotheses proposed above (see introduc-
tion) is provided by studying the quantitative relationship between the synthesis
of exonuclease and (3 protein, and the synthesis of the product of the N gene.

Variation in the amount of the N product can be achieved experimentally by
inefficient ochre suppression of an amber or ochre nonsense mutation in gene N.
Ochre suppression provides for completion of the otherwise interrupted polypep-
tide product of the mutated gene,'2 but completed proteins are formed at a much
lower rate than in the absence of a mutation in the relevant structural gene.'7-'9
If N were the structural gene for either or both exonuclease and (3, then very little
of one or both of these proteins should be made under conditions of ochre sup-

pression of an N mutation. Similarly, if the N nonsense mutation affects exo-

nuclease and j3 production by a polar mechanism, then polarity should be elimi-
nated only to the extent that the synthesis of N product is restored,20' 21 and little
exonuclease and,3 protein should be made. On the other hand, if the synthesis
of exonuclease and,3 protein requires the action of a different protein made by
gene N, a protein that might be present in excess, then the small amount of N
protein resulting from inefficient ochre suppression might suffice to effect normal
synthesis of exonuclease and f3 protein.

Suppression of the amber mutation N53 by the ochre suppressor su0+ (ref. 12)
was studied. As a control for inefficient suppression by suc+, we also studied
suppression of the amber mutation J27, which is in a gene controlling the struc-
ture of an antigenic tail protein.' Table 1 shows the effect of ochre suppression
on the production of exonuclease, tail antigen, and viable phage. In the absence
of suppression, XJ27 made no detectable tail antigen, and XN53 made no significant
exonuclease activity, as expected from previous results."'0'l In the presence of
Su,+, XN53 made as much exonuclease as the wild-type controls and gave a 25
per cent yield of phage; XJ27 produced very little tail antigen and a much lower
yield of phage thanX+ or XN53.

In addition, the synthesis of (3 protein was examined by immunodiffusion assay

(Fig. 1). As described before, asus N mutant in a su- host made little or no do-
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FIG. L.-Synthesis of j3 protein after ochre
suppression of N53. The ,8-protein immuno-
diffusion assay shown above was carried out
as described previously." The extracts in
the outer wells were the same as those
assayed for exonuclease (Table 1). The @
center well contained antiserum to exo-
nuclease and f3 protein. The exonuclease
precipitin band is farthest from the center
well; the a-protein precipitin band is closest
to the center well.

tectable (3 protein;'1 by contrast, ochre-suppressed XN53 made an amount of (3
protein that was comparable to that of the wild-type controls, as judged from the
density and position of the (3-precipitin band. Although the (3 protein in this
experiment was not assayed quantitatively, the result is clearly distinguishable
from that expected from ochre suppression of a mutant in the (3 structural gene.
Even if ochre suppression of a mutant in a structural gene had restored polypep-
tide synthesis with an efficiency as high as 20 or 30 per cent, the resulting (3-pre-
cipitin reaction would have been discernibly weaker than that of the wild-type
controls. (Cf. ref. 11.)
The results with XJ27 show that siu2+ ochre suppression of-a mutation in a struc-

tural gene for tail antigen produces very little tail antigen, as expected from the
work of others on suj+ suppression of mutants for T4 head protein17 and (3-ga-
lactosidase.18 SU,,+ amber suppression of XJ27 led to the production of 14 per cent
of the wild-type level of tail antigen, showing that XJ27 was suppressible. Thus
the strain carrying sui+ was inefficient in restoring the synthesis of a protein
determined by a X gene bearing an amber mutation. Inefficiency of ochre sup-
pression of amber mutations is further supported by the finding that no X amber
mutant (of 22 tested) in genes specifying head and tail proteins showed an
efficiency of plaque formation in the case of ochre suppression as high as that
found in the case of amber suppression.22 We would expect that the head and
tail proteins would have to be present in nearly normal amounts for efficient phage
production.

Since very little of the product of geneN is therefore likely to have been formed
by su,+ suppression of the amber mutation N53, the normal synthesis of exonu-
clease is readily understandable only if N is not the structural gene for exonuclease
and if the product of N is required for the synthesis of exonuclease. Similarly,
synthesis of (3 protein by the ochre-suppressed N53 was comparable to synthesis by
the wild-type controls and clearly greater than that expected from ochre suppres-
sion of a structural gene for (3. It is likely, therefore, that N is not the structural
gene for ( protein either and that the product of N is required to start (3 synthesis.

(b) Thermosensitive synthesis of exonuclease: Nonsense mutations exert a polar
effect, diminishing the synthesis of the product of other genes of the same operon
distal to the operator site.20 21, 23 No polar effect of missense mutations has been
found.2' 23 Therefore, given that N is not the structural gene for exonu-
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TABLE 2. Thermosensitive synthesis of exonuclease.
Exonuclease (U/mg) - Infective Centers (% of Total Cells)

Prophage 300C 370C 430C 300C 37CC 430C
,\+ 2.0 13.0 14.0 41 86 100
ts 9 0.06 2.2 0.27 1.0 10 <0.01

W3350 su - lysogens carrying the above prophages were grown to 1-2 X 108 cells/ml in T-broth at
the indicated temperatures and induced with mitomycin C at 6 pg/ml. Aliquots for exonuclease
were taken at 60 min. The units of exonuclease are the same as in Table 1. The fraction of cells
producing phage after mitomycin treatment was determined by plating the induced cells on W3350
vt - in a standard assay for infective centers. In this assay, plates were incubated at the same tem-
perature as that used for growth; the assay at 430C employed plates warmed as described by Brown
and Arber.13

clease,24-26 a demonstration that missense mutations in gene N can prevent exo-
nuclease synthesis would constitute a strong argument against a polar mechanism
for the reduced synthesis of exonuclease by N mutants. Mutations that have
thermosensitive expression are very likely to be missense mutations leading to the
production of a thermosensitive product. The exonuclease activity of three
thermosensitive mutants in N has been examined. These are mutants that map
in the N cistron"3' 27, 28 and that form plaques at 300C (or 370), but not at 420.
In an initial experiment, the exonuclease activity was measured in lysogens in-
duced and held at 37°. The exonuclease activity of Ntss, Nts9, and Nts1o, re-
spectively, was 0.7, 0.7, and 0.5 per cent of that of a wild-type control. One of
these, ts9, was studied in more detail (Table 2). Optimal production of phage
and exonuclease activity was observed for the mutant at 370; at 430, the yield of
ineffective centers and enzyme activity was further reduced. By contrast, the
yield of infective centers and enzyme by the wild-type control was the same at
430 as at 37°. These results show that the production of exonuclease activity
as well as phage is rendered thermosensitive by these mutations in gene N.
Thus, in agreement with the experiments described above, polarity is an unlikely
explanation for the failure of N mutants to synthesize exonuclease normally.
On the contrary, these observations, together with the demonstration that N
is not the structural gene for exonuclease, provide independent evidence that
the product of N is required for the synthesis of exonuclease.

Discussion.-Other experiments have shown that the structural genes for
exonuclease and ,3 protein are distinct from gene N and map to the left of it.2 26
The experiments reported here agree with the conclusion that N is not the struc-
tural gene for either protein and, in addition, characterize the functional relation-
ship between N and the synthesis of exonuclease and ,B protein. The product of
gene N is apparently sufficient in reduced amounts to permit the synthesis of
normal amounts of exonuclease and 3 protein. The apparent excess of N prod-
uct present in wild-type controls probably reflects a mechanism by which a few
molecules of N product suffice for the synthesis of many molecules of exonuclease
and f3 protein. For example, the product of N might be responsible for some
initiating event, after which the synthesis of exonuclease and i3 protein, among
other syntheses, proceeds without further need for the initiator; or the product of
N might act continuously but catalytically to support or stimulate the synthesis
of some early proteins. However, the data do not exclude the possibility that
each molecule of N product effects the synthesis of one molecule each of exonu-
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clease and ,3 protein since we have no measurement of the molar ratio of N prod-
uct to exonuclease and 13 protein. Further experiments are required to distin-
guish between such alternatives, but in any case, the product of N is required for
the synthesis of exonuclease and, to begin. Other work has shown that the ces-
sation of exonuclease synthesis, and possibly also the rate of synthesis per cell, is
under the control of another phage gene or genes.29, 3

Others have suggested that the essential role of gene N in vegetative growth
may be to induce the expression of the other essential early genes, 0 and P,30. 31
which map to the right of gene N.5 Recently, however, it has been shown that,
to some extent at least, genes 0 and P can function in the absence of N32 and, at
present, there is no critical evidence on the relationship of gene N to the normal
expression of the essential early genes located to the right of N. Mutants in N
are defective in the synthesis of "early" messenger, which has led to the sug-
gestion that N is required for "high-level" or efficient transcription of early
genes.8 However, it is not possible to specify how the action of N governs early-
messenger synthesis. The product of N might act directly in transcription (e.g.,
as an RNA polymerase), or indirectly through some alteration of the DNA that
is also required for normal replication. Since the genes for exonuclease and A
protein are not essential for vegetative growth,26 the role of N in vegetative de-
velopment cannot be explained by the control exerted by N on the synthesis of
these two proteins alone. Thus the apparent inducing effect of the product of N
on the synthesis of exonuclease and ,3 protein must be an additional, direct or
indirect, result of the action of N. The control exerted by N appears to be posi-
tive, as contrasted with the negative nature of repression of the lac operon.33
The relationship of the positive N control to other examples of "positive con-
trol"3436 should be revealed when the mechanism of action of the product of N
is discovered.
Summary.-We have examined the functional relationship between gene N

of phage X and the synthesis of two early X proteins, the exonuclease and the A
protein, by studying inefficient ochre suppression of an amber mutant in N, and
by studying thermosensitive mutants in N. The data are interpreted to mean
that the product of gene N acts to initiate and/or support the synthesis of exo-
nuclease and A3 protein. The amount of N product present is in excess of what is
needed to achieve normal synthesis of exonuclease and f3 protein.
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