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Our purpose in undertaking the study of the in vivo transcription of the tem-
perate phage X has been to characterize the various identifiable species of mes-
senger RNA (mRNA) synthesized during vegetative growth following induction
of the prophage. It is expected that such an approach will provide information
on the clustering of genes in operons and on the regulation mechanisms that
control the various transcription units. The X chromosome has some peculiari-
ties that warrant such an approach: while most of the late genes are situated in
the left half of the X chromosome, all the early ones are clustered in the right half
(for review, see ref. 1). In fact, it appears that "early" X mRNA is transcribed
exclusively from the right half and from both DNA strands, whereas "late"
mRNA is transcribed from both halves and predominantly from one strand.2-7

In this paper, we shall describe five species of X mRNA found early after
induction of the prophage, i.e., before the onset-or in the absence-of DNA rep-
lication. These early species have been characterized by two properties; their
molecular weight, as estimated from either sucrose gradient sedimentations' 9

or gel electrophoresis, and the DNA strand with which they hybridize.
Materials and Methods.-Strains: Strains C600, C600 (x857), C600 (xtn), C600 (i434), and

Hfr 1858 (X87) (Thy-) were obtained from Dr. F. Jacob. X5213 (X8g57bioll) (pyr C-) carries
x857bioll, a biotin transducer lacking in integrase, exonuclease, and /3 protein, isolated
by Dr. E. Signer. W3350 (Xm67susR5), W3350 (x8m7susN7N,3) were kindly given to us by Drs.
H. Eisen and L. Pereira da Silva.

Bacterial growth, pulse labeling, and RNA extraction: Cells were grown in medium 63
supplemented with glycerol (0.4%), vitamin-free charcoal-treated Difco casaminoacids
(0.2%/), vitamin B1 (1 ,g/ml), and thymine (20 ug/ml) or uracil (5 ,ug/ml) when required.
Cultures were pulse-labeled for 1 min, at a density of 2.108 cells per ml, with tritiated
uracil (H3-5-uracil, CEA, 24 c/mole, 3,gc/ml). Harvest of the labeled bacteria, RNA
extraction, and purification were performed as previously described.8

Induction: C600 (Xtll), grown at 370C, was induced with mitomycin (2 ,tg/ml). All
the other strains were lysogenic for thermoinducible prophages carrying the Cl857 muta-
tion.10 They were grown at 330C and induced by heating to 420C, the temperature change
being achieved in less than 30 sec. The time course of phage development is precise and
reproducible: X exonuclease is detectable as early as 1-2 min after induction," lysozyme
at 6-7 minm,2 and DNA replication at 5 min;'3 x-specific RNA synthesized up to 5 min
hybridizes only with the right half of the X chromosome.7' 13 Heat-induced cells were
labeled between 3 and 4 min after heating, unless otherwise stated.
Phage and DNA preparations: Phage X87 was obtained by thermoinduction of C60o

(Xw), and Xwbio,1 by infection of C600. Phages were concentrated by using a two-phase
separation system:14 polyethylene glycol, 6.9%; dextran sulfate, 0.2%, NaCl, 0.3 M.
After standing overnight at 4VC, the phage is found on the dextran phase, and is then
freed of bacterial debris and dextran sulfate by precipitation with KCl at a final concen-
tration of 0.4 M. Further purification of the phages by differential centrifugation, band-
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ing in a CsCi gradient, and DNA extraction were performed according to Kaiser and
Hogness."5 The DNA halves and Xi43 DNA were generous gifts of Dr. S. Naono.

X DNA strands: X DNA strands were prepared as described by Hradecna and Szy-
balski,'6 Cohen and Hurwitz,5 and Sheldrick.Z The preparations used in this study were
at least 90% pure with respect to contamination with the complementary strand.7 The
"heavy strand" (H) is the DNA strand that has the greater buoyant density in the CsCl
gradient in the presence of poly IG (66%), whereas the "light strand" (L) is approxi-
mately 15 mg/cm' less dense under the same conditions.5-7

Sucrose gradient sedimentation: RNA preparations were centrifuged in linear, pre-
formed (5-30%, w/w) sucrose gradients containing Tris (pH 7.4), 10-2 M, KCl, 0.05 M.
Runs were either for 4'/2 hr at 35,000 rpm in the SW 39 rotor (4.5-ml gradients), or for
20 hr at 20,000 rpm in the SW 25 rotor (25-ml gradients) of a Spinco model L centrifuge.
Gradients were collected in drops, and the fractions were hybridized as described below.

Gel electrophoresis: Gels (7 X 0.5 cm) were prepared as described by Loening,'7 except
that 10%0 glycerol was added to all buffers and 0.5% SDS was present in the buffer used
for electrophoresis.'8 Acrylamide concentration in the gels was 2.7% unless otherwise
specified. Electrophoresis was performed at room temperature (10 v/cm at 5 mA/gel).
Gels were then frozen in a hexane dry ice bath and cut into 1- or 2-mm slices. RNA was
quantitatively eluted from the slices (95% of the counts) after a 6-hr incubation in 1 ml
(per slice) of 5 X SSC at 66°C (SSC = 0.15 3l NaCl, 0.015 M Na citrate). The eluates
were used for subsequent hybridization.

Hybridization: We have used the Gillespie-Spiegelman technique'9 with several minor
modifications. Membrane filters (Sartorius MF 50) were loaded by filtration with alkali-
denatured DNA (or the DNA strands) (1 ,ug/ml in 2 X SSC), washed with a few milli-
liters of 2 X SSC, air-dried for 1 hr, and dessicated overnight in vacuo at room tempera-
ture over CaCl2. The standard hybridization conditions were: 2 ,ug of X DNA or 2 Mg
of one strand per filter; 1 or 1.5 ml of 5 X SSC; 48 hr at 66°C. Up to three filters (the
two DNA strands and a blank filter), labeled with a pencil, were incubated in the same
vial. Filters were then washed by immersion in a large volume of 2 X SSC before and
after RNAse treatment (10 ,ug/ml, 3 ml of 2 X SSC, 1 hr at 200C), dried, and counted
in a Packard Tri-Carb liquid scintillation spectrometer.
Results.-We shall present evidence for the existence of five different species

of early X mRNA synthesized after induction of various X prophages. All of them
hybridize exclusively with the right half of X DNA, where all the known early
genes are clustered. We shall describe separately two "high"- and three "low"-
molecular-weight (mol wt) species; the latter have been detected under condi-
tions where the former are not synthesized.

(a) "High"-molecular-weight mRNA species: Two classes of fast-sediment-
ing X mRNA, with sedimentation constants around 30S, can be observed early
after thermoinduction of X857susR5 (Fig. 1): one hybridizes with the heavy strand,
the other with the light strand. These two classes have been further character-
ized by using appropriate mutants, Xtnl and X857bioll.

Xtn, is a defective mutant of region x2O which hyperproduces exonuclease and ,B
protein,2' fails to replicate DNA,2" 22 and synthesizes mRNA that hybridizes
only with the right half of X DNA4 and almost exclusively with the light strand.5-7
The sedimentation pattern of the X-specific mRNA synthesized by C600 (Xtl) 40
minutes after addition of mitomycin shows a broad peak of mRNA with a mean
sedimentation constant of 27S (Fig. 2a). Values of 29S and 31S were obtained
in other experiments. Gel electrophoresis of the same mRNA preparation (Fig.
2b) reveals a sharper peak, the mobility of which corresponds to a molecular
weight of 1.7 X 106,28 which is in good agreement with a sedimentation constant
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FIG. L.-Sedimentation pattern of X857
sus Rs early mRNA. 400 .g of RNA ex- l
tracted from a culture of W 3350 (X8g7 sus
R5) pulse-labeled 3 min after thermoinduc-
tion was sedimented in a 4.5-ml sucrose L
gradient. Specific activity of the RNA a 00.
preparation, 3.5 X 106 cpm/mg; hybridi- E4|00
zation level with X DNA, 4.8%; strand E
ratio of light/heavy, 65/35. H
(X-_) Cpm hybridized with the 200

light strand (L). 0
(n u) Cpm hybridized with the

heavy strand (H).
( )OD at260mu.

5 10
Fraction number

of 27S.24 The significance of the minor peaks in the gel pattern remains un-
known.

It has been possible to localize this mRNA species on the X chromosome by
using the DNA of phage XM7bioll, a biotin transducer deleted for genes into A,
exo, and j3 (see Fig. 5). The different fractions of the sucrose gradient of Fig-
ure 2a were hybridized with X and XM7bioll DNA. It is clear (Fig. 2a) that
the fast-sedimenting material hybridizes much less with X"7bioll than with X
DNA, a fact which demonstrates that it is transcribed in great part from the
DNA segment deleted in phage X8r7biojj.

b
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FIG. 2.-Sedimentation and electrophoretic patterns of Xtul mRNA. CW0 (Xt11)
was pulse-labeled 40 min after addition of mitomycin (2 jug/ml).

(a) 1 mg of the RNA preparation (spec. act., 20 X 106 cpm/mg; hybridization
level with X DNA, 4%; strand ratio of light/heavy, 97/3) was sedimented in a
25-iml sucrose gradient.

(b) 40 ;Lg was submitted to a 3-hr polyacrylamide gel electrophoresis. The 4S
bacterial RNA migrates out of the gel under these conditions.
(@ -) Cpm hybridized with X DNA.
(O-O) Cpm hybridized with X bioll DNA.
( ) OD at 260 mu.
( X ... X) Total radioactivity.
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As could be expected, the above mRNA species is not synthesized after heat
induction of X857bioll; as shown in Figure 3, no X mRNA hybridizable with the
light strand is found in the 30S region of a X857bioll early mRNA sucrose gradient.
The peak observed at 15S might correspond to a truncated portion (one fourth)
of the intact species.

750 FIG. 3.-Sedimentation pattern of X bioll
early mRNA. 1 mg of RNA extracted from

It/\L X5213 (X857bioll) pulse-labeled 3 min after heat
H induction was sedimented in a 25-ml sucrose

0.4/ooK gradient. Specific activity of the RNA
e / preparation, 4 X 106 cpm/mg; hybridization
o t 2 / t \ = level with X DNA, 2.5%; strand ratio of
C4 E [ / 1\ (flight/heavy, 50/50.
0Q02 -250 u (a-*) Cpm hybridized with the light
0 ~~~~~~~~~~~strand(L).

(u E) Cpm hybridized with the heavy
strand (H).

5 10 ( )OD at 260 m/.
Fraction number

However, X857bioll synthesizes another mRNA species with a high sedimenta-
tion constant (30-32S, 1.8 X 106 mol wt) transcribed from the heavy strand
(Fig. 3). A molecular weight of 2 X 106 was found by electrophoresis.
Thus, there appear to be two species of "high"-molecular-weight mRNA

synthesized early after induction, one transcribed from the light, the other from
the heavy strand.

(b) "Low"-molecular-weight mRNA species: Under certain conditions-
induction of X857sus NN, or induction of X857 in the presence of high concentrations
of chloramphenicol25-the two "high"-molecular-weight mRNA species described
above are not produced, even as late as 25 minutes after induction of a X857SUS
NN mutant. Their absence, which allows easy detection of lower-molecular-
weight species, could account for the low hybridization levels (0.4%) observed
with respect to early wild-type mRNA (4%).

Similar sedimentation and electrophoresis patterns were obtained for X8[7
induced in the presence of chloramphenicol and for X857Sus NN induced either with
or without chloramphenicol. Figure 4a shows an acrylamide gel of a X857sus
N7N53RNA preparation hybridized with the two DNA strands. Three species
of X mRNA can be seen; one, which hybridizes with the heavy strand, has a
mobility that indicates a molecular weight of about 900,000. The other two are
transcribed from the light strand and have molecular weights of about 225,000
and 25,000, respectively. Electrophoresis on concentrated acrylamide gel
(7.5%) provides a more accurate estimation of the molecular weight of the latter
species (30,000), which migrates as a single and rather symmetrical peak between
the 4S and 5S bacterial RNA's (Fig. 4b). Analogous patterns are obtained by
sucrose gradient sedimentation, but the two species that hybridize with the light
strand are not separated.

In contrast with the mRNA found in noninduced lysogenic cells, which does
not hybridize with Xi434 DNA,6' 2 the three "low"-molecular-weight species
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FIG. 4.-Electrophoretic patterns of X857 sus N7Nw mRNA. 40jig of RNA extracted from
pulse-labeled thermoinduced cells (spec. act., 20 X 106 cpm/mg; hybridization level, 0.40%;
strand ratio of light/heavy, 70/30) was submitted to electrophoresis (a) on a 2.7% acrylamide
gel for 11/2 hr and (b) on a 7.5% gel for 2 hr.

(Tab )Cpm1 hybridized with the light strand (L).
(ae cl)Cpm 1hybridized with the heavy strand (H).
(@-O-) Cpm, hybridized with whole X DNA.
(X. ... X) Total radioactivity.

described here are hybridized equally well with X and Xi24 DNA. Their template
must therefore be outside the immunity region.

Discusesioud-In this report, we have described five species of X mRNA syn-
thesized early after induction of various X prophages. Appropriate controls,
which show that the techniques used for the characterization of these mRNA's
are reasonably reliable, will be published elsewhere. The results are summarized
in Table 1. The three mRNA species hybridizing with the light DNA strand
have been called li, 12, and 13, whereas the two species hybridizing with the heavy
strand have been designated as hi and h2.
No attempt to detect "low"-molecular-weight species under conditions where

those of "high" molecular-weight are synthesized has beein undertaken so far,
because it would be difficult to distinguish unambiguously the former species (li,
12, hi) from the degradation products and growing chains of the latter species
(13, h2. However, the "low"-molecular-weight species are present in early X857
RNA, as judged by competition experiments,'12 and we assume that their ap-
pearance corresponds to a normal early -stage of development, rather than to an
abnormal physiological condition due to the N-mu-tation or to the addition of
chloramphenicol.
The five species described here are not found in the uninduced lysogens.2 The

possibility that more than five X mRNA species are synthesized early after induc-
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TABLE 1. The different early XmRNA species.
DNA strand
with which Mol Wt Estimated by:

mRNA they Electro-
species hybridize Sedimentation phoresis

11 Light strand 30,000
12 Light strand 2.25 X 105
13 Light strand 1.8 X 106 1.7 X 106
hi Heavy strand 0.85 X 106 0.9 X 106
h2 Heavy strand 1.8 X 106 2 X 106

Conditions in Which These mRNA Species Have Been Characterized
mRNA XM7 + XM7susN3N53
species Xtul Xss7bion Xss7 CAP* Xsl7susN7Ni + CAP*

11 - - +t + + +
12 - - +t + + +
Is + - + 0 0 0
hi 0 - +t + + +
h2 0 + + 0 0 0

The symbols used are: (+) present; (0) absent; (-) not tested.
* CAP stands for chloramphenicol.
t Presence inferred from competition experiments.14

tion cannot be excluded. However, if the molecular weights given in Table 1
are not biased by systematic degradation, and if the different species do not
overlap, they cover at least two thirds of the right half of the X physical map.
Since it is known that some late mRNA (which presumably corresponds to the
lysozyme gene12) is transcribed from the right half3 and that, on the other hand,
the b2 region does not seem to be transcribed early after induction,'2 it seems
unlikely that other early mRNA species of high molecular weight could have
escaped our notice.

If mRNA of high molecular weight is polycistronic, as is generally assumed,
then species 13, h2, and hi correspond to large operons. Species 13 has been
shown to be the transcription product of at least some of the genes deleted in
Xbioni: the int A, exo, and f genes which probably are part of a large operon,
transcribed from right to left on the left side of C1 (see Fig. 5). Although no
direct evidence is presented here, it is possible to make some reasonable predic-
tions on the localization of the other four species. Increasing evidence indi-
cates28 that, after inactivation of the repressor, transcription starts from both
sides of C, on each of the DNA strands. If this is so, hi might correspond to

I U i

b intA exo S C3N Cz.C11O P Q R2 L

it- ski H
oq&M4Of.. h

FIG. 5.-Right half of the vegetative map of X chromosome. The length unit
on the figure corresponds to 3000 base pairs (equivalent molecular weight of
mRNA, 1 X 106). Genes N, Cl, 0, P, and Q have been positioned according to
Hogness.32 The various mRNA species have been drawn to scale. Their direc-
tion of transcription and their tentative localization are also indicated. Species
11 and 12 are not supposed to overlap; their order is not known.
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genes C11, 0 (and P ?), which are known to be functional in sus N mutants,29
while 11 and/or 12 might correspond to gene N (and/or C11j). It seems likely
then that h2 iS the transcription product of the region of gene Q.t

Transcription of the three "low"-molecular-weight species (11, 12, hi) appears to
be directly controlled by the X repressor since they are the only ones synthesized
in the presence of chloramphenicol. How three species can be directly controlled
by the C1 product remains an unanswered question. It appears that protein
synthesis is required for the transcription of the two "high"-molecular-weight
species (13 and h2). The fact that they are not synthesized by sus N mutants
strongly suggests that protein N is required. The product of gene N therefore
controls the expression not only of a group of genes to the left of C1, as has been
found for exonuclease and 13 protein (species 13),30, 31 but also of some other genes,
which are presumably localized to the right of CI and might include gene Q (spe-
cies h2)-
Although protein N is required for the transcription of species 13 and h2, it ap-

pears not to be sufficient. If it were, x mutants like Xtil, which are able to com-
plement N,20 should synthesize species h2, even if they fail to synthesize hi.
On the other hand, it has been shown by one of us13 that exonuclease synthesis is
transinducible in heteroimmune superinfection only when the repressor is in-
activated. These two observations suggest that, in addition to the N control,
there may be another kind of early control which has a cis effect at the level of
transcription: such an effect would prevent transcription of species 13 and h2 un-
less species 11, 4, and hi have been previously transcribed.
The nature and function of species 11 are still unknown. Whether or not it is a

X-specific transfer RNA is being studied.
Summary-Five species of early X mRNA have been identified on the basis of

their molecular weights, determined by zone sedimentation or gel electrophoresis,
and their direction of transcription, inferred from the strand with which they hy-
bridize. Three species, 11, 4, and 13 (approximate molecular weights of 3 X 104,
2.25 X 105, and 1.7 X 106, respectively), are transcribed from the light strand; the
other two, hi and h2 (molecular weights of 0.9 X 106 and 2 X 106), are transcribed
from the heavy X DNA strand. Evidence for the localization of 13 on the left of
C1 in the 13-exonuclease-integrase region has been obtained, and a tentative local-
ization of the templates of the other species on the X chromosome is proposed.
Transcription of hi, 11, and 12 is under direct control of the repressor. Tran-
scription of the two high-molecular-weight species, 13 and h2, most probably re-
quires synthesis of protein N.

We are grateful to Miss G. Hieber for her skillful technical assistance.

The abbreviations used are: mRNA, messenger RNA; Tris, tris(hydroxymethyl)amino-
methane; SDS, sodium dodecyl sulfate; SSC, 0.15 M NaCl, 0.015 M Na citrate.

* This work was supported by grants from the Fonds de D6veloppement de la Recherche
Scientifiquie et Techniquie, the Commissariat a l'Energie Atomi(que, the Centre National de la
Recherche Scientifiquie, the Ligue Nationale Francaise contre le Canceer, and the Fondation
pour la Recherche M6dicale Francaise.

t Note added in proof: The proposed locations of these different mRNA species have been
confirmed by hybridization with DNA of appropriate deletion mutants.
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