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ABSTRACT Direct measurements of the intracellular
level of X repressor have been made by a DNA-filter assay
and a radioimmune assay. Transcription of cf, the struc-
tural gene for repressor, appears to initiate at two different
promoters, prm and pre. Promoter pre is activated during
the establishment of lysogeny by the action of cl and
cli proteins at the DNA site cY. Phage mutated in cal,
crli, or cY do not make a normal burst of repressor after
infection and do not efficiently lysogenize the cell. Cro
product stops repressor synthesis midway in the infective
cycle.
Promoter prm maintains the repressor level in estab-

lished lysogens. Deletion mapping places it very near the
right operator (Or). Prm is activated by repressor bound
to the right operator. In the absence of cHl or c1l1 protein,
repressor synthesis requires active repressor and only
proceeds on genomes able to bind repressor at Or.

The X repressor is the only phage protein needed to maintain
immunity (1). By binding two operators, Or and 01 in Fig. 1,
this protein directly prevents the transcription of the two
early phage operons (2, 3). Consequently, only one operon,
that which includes cI the structural gene for repressor (2),
is transcribed in the presence of active repressor.

Since Eisen et al. (4) presented evidence that the synthesis
of the X repressor is regulated, there has appeared strong
evidence for a circuit of repressor control in which repressor
prevents cro gene expression in immune lysogens, and cro
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product prevents repressor synthesis in nonimmune lysogens
(5, 6). Other evidence has suggested that cii, cIII, and cY-
genes needed for efficient establishment of lysogeny-may
also participate in repressor regulation (6-8). Attempting to
understand repressor regulation, we have made direct mea-

surements of X repressor levels-either by measuring its DNA-
binding activity (9) or by measuring its combination with
antirepressor antibody (10). Among the advantages of the
antigen assay are its high specificity, its sensitivity (repressor
levels of less than one monomer per cell can be measured),
and its utility in detecting repressor unable to bind DNA.
The data reveal the existence of two separate pathways of
repressor synthesis, one active in the establishment of repres-

sion and the other in its maintenance.

MATERIALS AND METHODS

X Repressor assays

DNA Filter-Binding Assay. This assay measures the
ability of repressor, which binds to nitrocellulose filters, to
retain [12P]DNA (9). Our procedure has been described by
Ordal (11), with one difference: in our experiments, the concen-

tration of chickblood DNA was raised to 132 jsg/ml and this
DNA was sonicated. In each experiment, X-specific DNA-
binding activity was calculated from the results of parallel
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FIG. 1. The regulatory region of X. This figure details the genes and transcription pattern of 6000 DNA base pairs in the bacteriophage
X. Thin lines above the genetic map denote the transcription pattern. pre and prm mark the postulated locations of two promoters for cI
transcription. Pl and Pr are promoters for repressor-sensitive transcription diverging from cI. 01 and Or are the left and right operators
at which repressor binds. cHI and cHII products activate pre at the DNA site cY. N product promotes transcription to the left of N and
right of cro (23, 24). cro reducesN expression (25) and ci expression.

Mutations used in this paper include: V3, vl, and vS3u, which map in Or (2, 11); sex, possibly in Pl, which reduces leftward transcription
of N and cIII (26), and X3- and x13-, possibly in Pr, which abolish rightward transcription of cro, cdI, and 0 (27). The DNA deleted in
two prophage strains is denoted below the genetic map.
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assays with X [32P]DNA and Xi4'4 [32P ]DNA. The protein,
which binds X but not Xi4i4 DNA, is sensitive to anti-X re-

pressor serum (unpublished observations), whether isolated
from repressed or derepressed cells.

Radioimrnune Assay. When repressor is in excess, unlabeled
repressor inhibits the binding of [121 I]repressor to anti-X re-

pressor serum. 5 ng of pure repressor inhibits by 70% the

binding of [123I]repressor to antiserum. Since other proteins
in extracts do not interfere with the assay (less than 1 pg of
repressor antigen/2 ,ug of protein is found in Escherichia coli not

lysogenic for X), the quantity of extract that inhibits binding
to the same degree contains 5 ng of repressor.

X repressor was purified to homogeneity (Reichardt, un-

published). 1251-repressor was prepared by chemical iodina-
tion (10). Antiserum to our X repressor was kindly prepared

by Dr. L. Levine of Brandeis University. The buffer for radio-
immune assays contains 0.01 M Tris HCO (pH 7.4), 0.14 M

NaCl, 0.5 m.M MgCl2, 0.15 mM CaCl2, 0.1 mM dithiothreitol,
5% glycerol, and 0.1% gelatin. Individual assays, in 1.3

ml, contain 0.01 of rabbit anti-X repressor serum, 10,000 cpm

of [1251 ]repressor, and suitable quantities of extract or purified
repressor. Tubes are incubated 80 hr at 0C; 100 ul of 200X
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FiG. 2. Rate of repressor synthesis after infection. The rate of

repressor appearance at 370C after infection (protocol 1) with

different X phages are plotted in b and c on linear scales. The ratio

of active repressor to repressor antigen for X+ infection is plotted
in a. Phage genotype, the maximum rate, and the maximum

level of repressor accumulation (relative to X+) are listed.

XsusO29-infected W-3101 (su-) at a multiplicity of 8; the other

phage infected C600 at a multiplicity of 6. Cell survival was 90-

100% after A+, 7% after XcWI, and 21% after XcIII infection.

diluted normal rabbit serum and 70 Al of sheep antiserum to
rabbit globulin are added; after 3 hr, tubes are centrifuged
30 min at 2500 rpm, decanted, dried, and counted in a
Nuclear Chicago 1085 gamma counter.

Phage infection protocols

Protocol 1. This procedure includes a starvation step (60 mim
at the temperature of growth), favors lysogenization, and
has been described by others (8).

Protocol 2. Cells are grown overnight in T broth (1% tryp-
tone-0.5% NaCl), diluted 40-fold into TY broth (T broth +
0.5% yeast extract), and grown to 3 X 108 cells/ml. Cells
are chilled, centrifuged, and infected in 0.1 volumes of 0.01
M K-phosphate (pH 7.0)-0.01 M MgCl2. 30 min later, the
cells are diluted into prewarmed growth medium.

Cells are always chilled to 0C in a -800C bath. The de-
tailed procedure for the preparation of extracts will be de-
scribed elsewhere.

RESULTS
Establishment of repression

The kinetics of repressor synthesis after infection of a sensitive
bacterium by X+, Fig. 2b, exhibit three salient features: (a)
the rate of repressor synthesis during the first 5 min is very
low; (b) 5-16 min after infection, synthesis is rapid, and (c)
after 16 min, synthesis is dramatically reduced. The same
rate is observed whether repressor antigen or DNA-binding
activity is measured (Fig. 2a). The kinetic pattern does not
reflect phage replication, because XsusO29, a mutant unable
to replicate (12), shows the same timing of synthesis. The
rate of repressor synthesis per cell at 8 min is 80-90 times

TABLE 1. Repressor levels after infection*

Phage 2

Phage 1 None cY844 cY42

X+ 100
XcY42 2.3 3.9 (0)*
XcY844 3.7
XcII68 0.5 215 (210) 243 (239)
XcII2002 1.2
XcIII67 16.3 112 (82) 103 (75)
XCIIIam6ll 16.0
XCIam34 0.88t 5.6 (0.9) 6.7 (3.2)
W-3101 (X+) 6.6

Cells were grown, infected, and harvested after 30 min growth
at 370C (protocol 1). The multiplicity of each phage was 6. The
lysogen W-3101 (X) was grown at 370C to 4 X 108 cells/ml, and
harvested.

* Results are expressed as the percent of the level of repressor
accumulated in cells infected by X+, in this case 1230 ;g of re-

pressor per gram of protein. The values in parentheses are the
increments of repressor attributable to complementation be-
tween phage 1 and phage 2 and are expressed as the percent
of the level accumulated in X+-infected cells. These increments
were not calculated from the values in column 1, but instead
from a different set of controls infected on the same day.

t The repressor antigen detected after infection with XcIamU4 has
immunological properties suggesting that it is a cI gene product.
It probably reflects reinitiation of translation beyond am34 or

weak suppression in W3101. Since phage with amber defects do
not plate on W3101, we favor the former possibility.
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the rate in a single lysogen (calculation, see Discussion); the
quantity of repressor accumulated is 10-20 times that found
in a single lysogen (Table 1).
Phage bearing mutations in cli, c1II, or cY lysogenize

infrequently, but do form stable lysogens (1). Although genes
cII and cIii make diffusible products, amber cI mutants are
unable to complement cY mutants to form lysogens (13).
Consequently, cY mutations may define a site which regulates
cI transcription.
Measurements of repressor antigen show that cells in-

fected by cIi, c1II, or cY mutants accumulate greatly re-
duced quantities of repressor after infection (Table 1). The
mutations primarily affect the rate, not the pattern, of re-
pressor synthesis (Fig. 2b and c). As a consequence, clii
mutants accumulate 15-30% and cli and cY mutants only
0.5-4% of the normal quantity of repressor.
Genomes with cY mutations can not serve as templates for

cii, cIII-promoted repressor synthesis, even in a mixed
infection with a cY+ phage. In Table 1, sensitive antigen
assays show directly that cY mutants do not complement each
other or an amber ci cY+ mutant. Additional data from the
same experiment (Table 1, and unpublished) demonstrate
efficient complementation between all other combinations of
ci, cli, cCii, and cY mutants, with repressor accumulation
greater than that after single infection with X+. Echols and
Green (14) have reached similar conclusions about cii, cHII,
and cY function.
Why doesn't repressor synthesis continue at a high rate

late in infection? From Fig. 3, it is apparent that repressor
arrest is due to accumulation of cro gene product. Neither a
ci + cro - nor a cli- cro - phage stops repressor synthesis at
the normal time (20-30 min after infection at 300C), though
only the first phage lysogenizes efficiently.

cro
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FIG. 3. The effect of cro on repressor synthesis. Repressor
appearance after infections at 300C with cro-, cro+, and cHI
cro- phage are plotted on two linear scales. The complete geno-
types of the phage were respectively: Xsex cldt*57cro27, Xsex cIt.857
(cro+), and XsuwN7NwcIt."7 cro27 cII2W2. In each case, cells were
starved (protocol 1) and infected at a phage multiplicity of 6.
LS446 (su7+) was the host of the cro- cHI infection; C600 was
the host for the other infections.

TABLE 2. Repressor levels in lytic infections

Shut-
off Assay

Temper- time, time, pg of antigen % x+
Phage ature, 0C min min g of protein level*

XV3V1 37 20 20 1800 138
XV3 VS32 37 20 20 1600 123
A+ 30 30 30 1200 100
XcItW7 30 30 30 1100 92

42 10 6 120 100
15 840 100

XCIt.97 42 10 6 84 70
15 460 55

The conditions of infection were those described in the footnote
to Table 1.

* Values are expressed as the percent of the repressor level ac-
cumulated in X+-infected cells at the same temperature for the
same length of time. The pattern and quantity of repressor ac-
cumulation is very temperature dependent (unpublished obser-
vations, see column 3).

cHi and cIII products promote rapid repressor synthesis,
even when lysogenization is not possible (Table 2). Xvgvl and
v\3vS326, two phages with little affinity for repressor in the
right operator Or (2, 11), make normal quantities of repressor
after infection. Also, a high level of inactive repressor is made
at 42CC after infection with XcItv7. The small difference
between cI+ and cItn7 repressor accumulation at 42°C
(30-40%) vanishes at 30'C and reveals the existence of a
second pathway of repressor synthesis, dependent on re-
pressor activity.

Maintenance of repression

Repressor is synthesized in a lysogenic bacterium, but the
cHi and clII genes are not expressed (15). Consequently,

TABLE 3. Repressor levels in lysogens

a) Effect of cII, cIII and cY mutations (37°C)

C-600 (X+)
C-600 (XcY42)
C-600 (XclIIU)
C-600 (XcIIse)
LS446 (XA+ SUs029)
LS446 (XcY844 SUs029)

b) Effect of temperature in c1t8 lysogens
W-3350 (X+)

W-3350 (Xsus N7N53cIt857x-j3)

W-3350 (X\su8 N7N53ciw857cro27-O-)

c) Effect of cY Deletions (300C)
H-1 deletion (cro-)
H-1 parent (cro +)
WGS-6 deletion (cro +)

jig of antigen
g of protein
121
106
105
106
98
93

81 (300C)
82 (420C)
100 (300C)
7.7 (420C)

89 (300C)
8.1 (420C)

86
90
96

Cells were grown in TY broth to 4 X 108 cells/ml.
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TABLE 4. Repressor-pronwted repressor synthesis

cI + repressor total repressor
(X DNA-binding units (ag of antigenX

Phage mg of protein g of protein

none <6 53
XvBvlcII68 <6 53
XC7CHIam28 60 370

XCl7CIIam28 } 45 240XV3V1 cII)

Cells were grown before and after infection in TY broth at
30'C (protocol 2); each phage was added at a multiplicity of 10.
Cells were harvested 35 min after infection. The host was the
lysogen W-3350 (Xsus N7N53cIt,857x3-cY42).
one would not expect repressor synthesis in a lysogen to
depend on their action. The data presented in Table 3a
show that repressor levels in Xcii, XcIII, and XcY lysogens are,
in fact, similar to those in X + lysogens. Thus, the proteins cHI
and cHII and their site of action cY have no visible role in main-
taining the level of repressor.

In the absence of cHI and clII products, a new pattern of
synthesis is observed that requires active repressor and a
functional right operator, Or. We have measured the rate of
repressor synthesis in defective lysogens that are unable to
synthesize ciII protein after induction. Since the inactive
cIt887 repressor made at 42°C retains its antigenicity (Table
2) and is stable (Reichardt, unpublished), the repressor
antigen level in a cItu7 lysogen grown at 30 or 42°C will
reflect the rate of cI gene expression. As shown in Table 3b,
cIt687 lysogens contain little repressor antigen after prolonged
growth at 42°C, although a XcI+ lysogen has the same antigen
level at 30 or 42°C. *

This reduced synthesis seems to result from the absence at
42°C of active repressor, rather than from the appearance of
an inhibitor protein. Neither cItu7 prophage makes cro,
the known inhibitory product.t Moreover, XsusN7N53cIt,,7x1,3
makes no known phage proteins other than repressor and
rex, both of which are made at 30°C. Thus, it appears that
active repressor is required for normal repressor synthesis.

Compatible with this conclusion is a calculation, made
along the same lines as that in the Discussion, that for 20
min after infection with cII- or cII- cro- mutants, each in-
fecting genome expresses cI at less than 20% the rate of cI
gene expression in an immune lysogen.

If repressor must bind DNA to promote its own synthesis,
the right operator (Or) is a possible site for such action. To
test this possibility, the ability of Xv3v, to synthesize repressor
was investigated. This phage is unable to bind repressor at
the right operator (2). Both antigen and DNA-binding assays
are shown in Table 4. The antigen assay detects the cIt,7
repressor produced by the prophage; the binding assay does
not detect the cIt.7 repressor (line 1), and consequently
provides a sensitive assay for the repressor made by the cI+
superinfecting phage. Phage and lysogens are c11- to prevent
cII-cIII-cY-dependent. repressor synthesis (the polar x
mutation renders the prophage clI-). Active repressor ac-

cumulates after infection by Xc7cIIam,28 which has a normal
right operator, but not after infection with the mutant
Xv3vlcii68. The v3v1 defect is recessive, since repressor is made
after simultaneous infection with Xv3vicII68 and Xc17cIIam28.
The defect appears to be cis, as a normal level of cIt.857 re-
pressor is maintained in Xv3vicIA6-infected cells. Thus, the
experiment clearly shows that Xv3v, does not serve as a tem-
plate for repressor-promoted repressor synthesist.
Our evidence makes it probable that in the absence of cII

and cIII proteins, repressor promotes cI gene transcription
(16, 17). Since cI is transcribed from right to left (16, 18), Or
may be part of the promoter, prm, from which cI transcrip-
tion originates in a lysogen. The following evidence argues
that prm is very close to Or. Repressor synthesis has been
examined in two defective cIt57 prophage (isolated by
Spiegelman and by Eisen) deleted from the right prophage
end past c Y42 and in one case into cro (Fig. 1). These were
originally selected as deletions that retain immunity; con-
sequently, they must either have retained prm or fused
cI to another promoter. The data show that each deletion has,
at' 300C, the repressor antigen level characteristic of a X
lysogen (Table 3). Each also has at 42°C a reduced level
characteristic of its cro genotype (unpublished datat). There-
fore, it is likely that prm is retained by both deletion strains.
Since cl is transcribed to the left, prm must lie between the
right end of cI and the middle of cro.

DISCUSSION
We propose that cl gene transcription originates at two pro-
moters, prm (promoter for repressor maintenance) and pre
(promoter for repressor establishment), to which proteins
must bind to active transcription. Several arguments imply
the existence of two distinct promoters: (a) Each is defined
by a different set of cis-acting mutations, prm by v3v, and
pre by cY. These two sets cannot belong to the same gene
because they are separated by another gene, cro (see Fig. 1).
(b) Different proteins activate the two promoters. Repressor
activates prm; cII and clII proteins activate pre. Activation of
prm does not depend on the site or activators for pre and vice
versa. (c) Repressor synthesis proceeds at different rates from
the two promoters.
The following calculation compares the rate of cI gene

transcription in the presence of repressor with the rate in,
the presence of cII and cIII proteins. A single lysogen, dou-
bling every 40 min in growth medium, maintains a repressor
level of 80 jAg of repressor per gram of protein (Table 1).
Therefore, a cell that contains 8.3 X 1010 daltons of protein
(the quantity extracted per cell in this experiment) synthesizes
each minute 1.45 X 109 daltons of protein and 1.16 X 105
daltons of repressor, or 3.75 repressor monomers of 30,000
daltons each.
On the other hand, 4-16 min after infection by XsusO29,

8.3 X 107 daltons of repressor accumulate per cell (8.3 X
1010 daltons of protein), or 2760 repressor monomers in 12

t The mixed infection demonstrates directly that cro product,
made constitutively by the phage Xv3vlcII, does not prevent
repressor synthesis in the period immediately after infection.
While cro product must do so eventually (28), our observations
indicate that 20-30 min elapse after infection at 30'C before this
occurs (Fig. 3, Table 2). In addition, we have not detected
repressor synthesis after infection of a lysogen with Xv\vS326cron21
isolated by Eisen.

* The N, 0, and x mutations prevent cell death and prophage
excision in the absence of active repressor.
t Cro + cIt.157 lysogens make repressor at less than 1% of the
normal rate after prolonged growth at 42'C.
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min (Fig. 2). Because XsusO29 is unable to replicate, the num-
ber of cI gene copies should remain constant and equal to the
multiplicity of phage infection, 8 phage per bacterium.
Consequently, 28.8 repressor monomers per minute are made
from each genome. Thus, ci gene expression can be stimulated
7.5 times more efficiently by clI and clII proteins after in-
fection than by repressor itself in a lysogen. In addition, the
A+ infection demonstrates that repressor synthesis in each
cell can proceed at 85 times the rate in a single lysogen.
The mechanism by which repressor stimulates cl gene

transcription might be to stimulate mRNA initiation or to
prevent premature termination of a message initiated to the
right of Or. The latter possibility is rendered unlikely by our
observation that cII, cIil-stimulated repressor synthesis,
initiated at pre, proceeds in the absence of active repressor or
of an effective repressor-binding site (Table 2). The former
possibility is supported by the fact that prm is located near
Or, the repressor-binding site.

Since cII and cIII promote lysogenization of the phage
434, which has a repressor and operators distinct from those
of X (2, 19), it is very unlikely that these proteins bind at
prm or at the right operator. On the contrary, there is evi-
dence that one or both bind at cY or enable another protein
to bind cY. A DNA site is clearly modified by cY mutations
as their phenotype is cis dominant (Table 1). The cY region
appears to be the site of cII and cIII action, since phage bear-
ing a cY mutation have both features of cII and cIII mutants:
early lysozyme synthesis (8) and reduced repressor synthesis
after infection. Recently, we have detected cII-cIII-cY-
dependent, leftward transcription of cro, with the same sam-
ples that supplied the data in Fig. 2 (Eisen, Heinemann,
Spiegelman, and Reichardt, unpublished). Consequently, cY
is a very plausible site for pre, although direct evidence that
RNA polymerase binds at that site is missing.
The two cI gene promoters enable the phage to produce the

different quantities of repressor needed for the establishment
and maintenance of ly.sogeny. Clearly, more repressor is
needed to establish lysogeny than to maintain it. For example,
Xc167 was able to accumulate 2.5 times the repressor present
in a single lysogen (Fig. 2), yet it lysogenized less than 21%
of the cells. The two promoters also enable the infecting phage
and the integrated prophage to respond differently to sensors
of cell metabolism (20).

Features of the repressor regulation system assure that
repression is not established before conditions favorable for
stable lysogeny have been created. Repressor synthesis de-
pends on gene products from each of the operons that pro-
mote lysogeny. The cWII gene is transcribed with int, a gene
essential for integration of the prophage (21); ci is transcribed
with 0 and P, genes required for DNA replication (12). DNA
replication promotes lysogeny (22) and repressor synthesis
(Reichardt, unpublished). Only after the appearance of

repressor is transcription initiated at prm to maintain the low
repressor level in a lysogen. Consequently, neither prm nor
pre are activated after infection before the other gene products
needed to establish stable lysogeny have appeared.
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