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The cell density was determined by measuring the absorbance of the ﬂn'm;1.Idah_\'do-treel.tu(
cells at 600 nm.
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()} Preparation of chromosomal DN

Cells (200 m1) were grown overnight in LB medium. Cells were collected by centrifugation
and resuspended in 75 ml of a solution containing 50 mx-Tris (pH 8), 100 um-EDTA, ang’
209, sucrose. Lysozyme (40 pg) in P8 ml of 025 m-Tris (pH 8) was added and the mixtures
was ineubated for 15 min on ice. RNAase A (10 plof a 21 pg/ml solution), proteinase K (2 g
in I ml of 0-25 m-Tris, pH 8} and sodium Sarkosyl (10 i of a 194 solution containing 75 ma.
IE1YTA) were adcio(l, :md the suspension was incubated at 37°C for 6 h. CsC was added to g
density of 17 g i_,/('m Fhe .sa,mplvs were centrifuged at 42,000 revs/min for [6 h in a V1'i50) :
rotor. DNA was collected by puncturing the bottom of the tube with a hypodermic needl
and collecting the highly viscous pmtlon of the gradient. The DNA was dialyzed against’
three 1-1 vols of DNA buffor (10 ma-Fris. 5 ma-NaCl, | mm-EDTA, pH 8). T his preparation:
yielded about 1 mg of high molecular weight DNA. Occasionally the DNA was partially
resistant to digestion with restriction enzymes. In this ease, samples (in Eppendori tubes) !
were extracted with phenol, extracted with ehloroform and then precipitated with ethanol

{e} Preparation of plaswid DNA

Plasmid DNA was prepared using a slight modifieation of the procedure of Clewell &
Helinski (1970}

(£} Cloning

In the initial cloning of the din::lue fusions. pBR3I22 and chromosomal DNA weres
digested with BamHI, Samples were precipitated with ethanol and 20 pg chromosemal DNA S
and 5 pg plasmid DNA were resuspended in 100 gl ligation buffer (30 my-Tris HCI {pH 7-8),
10 mM-MgCly, 20 ma-dithiothreitol, 10 my-ATP, and 50 pg bovine sernm allumin/mi).
Bacteriophage T4 DNA ligase was added, and the reactions were incubated at 16°C for 12 h,
Competent GW1000 celis were transformed with the ligation mixture. and transformants
were selected on plates containing ampicillin (20 pg/ml} and 40 ug 5-hromo-4-chioro-3- &
indoy-B-n-galactoside (X-gall/ml (Bachem).

(g) Tsolabion of resiriction fragments

[solation of restriction fragments after electrophoresis on 49 polyacrviamide gels and |
staining with methylene blue (Maniatis et «f.. 1975} was as deseribed by Maxam & Gilbert
{1980} with minor modifications. ;

(h) In vitro franseriplions

Repression of transeription of restriction fragments by fexd protein én sitro was
essentially as deseribed (Brent & Ptashne, 1881) except that the reaction mixtures contained
RNA poh merase (a gt from W, MeChire) at 50 um, ( TP at b py, unlabeled UTT at 2-5 .
W-P2PITP at 25 pm, and sometimes contained bovine serum albumin at 50 pu. After
electrophoresis on 8 m-urea/8%, polyacrylamide gels (Maxam & Gilbert, 1980) transcripts
were visualized by autoradiography on XAR-5 f:]m. fexsd protein was purified ag deseribed
by Brent & Ptashne (19811,
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3. Results
(a) Genelic studies

We originally identified the dind, dinf3, dinl) and dind” genes by a method that
allows one to probe the genome for transeriptional units that are expressed in
response to a given environmental stimulus (Kenyon & Walker, 1981). Random
cellular promoters were fused to the lac structural genes using the Mud {(Ap, lac}
operon fusion vector (Casadaban & Cohen, 1979). Cells that carried fusions of lac to
genes induced by DNA-damaging agents (din genes) were identified as colonies that
synthesized B-galactosidase in response to the S0S8-inducing agent mitomyein C.
i"l\lth()\lg]] the functions of these genes are not known, their regulation can be
stadicd by measuring the Jlevel of B-galactosidase produced under various
conditions. BRecause the Mud (Ap, lee) operon fusion vector generates operon
fusions, in which the wild-type g-galactosidase protein is translated from a hybrid
transeript, the levels of B-galactosidase in the fusion strains reflect the relative rates
of transeription in the fusion strains. In this section, we describe a genetic
experinent that analyzes the way in which the two SOS-regulatory clements, the
reed and lexd proteins, regulate din gene expression.

The SO8 response can be blocked by lexAS3 mutations, which alter the leaxd
protein in such a way that it cannot be cleaved by the recd protease as efficiently
as wild-type lead protein (Little el al., 1981). This mutation blocks the induction of
din pene expression {(Kenyon & Walker, 1981). Beeause the lexd protein is known
to function as a repressor, it is reasonable to assume that the lex A3 mutation blocks
induction because the lead protein represses a gene or genes necessary for din geno
expression, There are at least two ways in which the lexA43 mutation protein might
block din gene expression in uninduced cells. The lexd protein could directly
repress individual din genes. Alternatively, other cellular repressors might bind to
the din genes. Tn this case, lex A3 mutants might be uninducibie because the altered
lex A protein blocks the synthesis of sufficient amounts of recd protease to remove
the actual dén repressors. This appears to be the mechanism by which the lexds
mutation reduces the induction of prophage gene expression (Castellazzi el al.,
1972).

A genetic test can distinguish between these two possibilities (Brent & Ptashne,
1980) (Fig. ). If the lexd protein directly represses a particular din gene, then
removal of lexd protein should be a sufficient condition for expression. Under
normal inducing conditions the lexd protein is removed by the reed protease.
However, if the lexd protein has been inactivated by mutation, then recd protease
should no Jonger be necessary to activate the gene. Thus, celis that lack both recA
and feas proteins should produce high levels of B-galactosidase. If, on the other
hand, a din gene is repressed by a reed-sensitive repressor other than the lexA
protein, then the inactivation of the lexA protein would not necessarily lead to din
expression. In arecd ™ mutant, large amounts of non-functional recA protein would
he produced, but because the actual din repressor could not be cleaved, the gene
would not be expressed. In this case, cells lacking both reed and lead proteins
should produce low levels of -galactosidase.

Thus, in order to distinguish between these two possible situations, we
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Fia. 1. Synthesis of B galactosidase o fusion strains carrying mutations that inactivate the recd and
fexd proteins. Kxponentinl cultures growing in M9 minimal medium (Miller, 1972) were exposed to
18J/m? uv. The activity of f-galactosidase after 3h of continued ncubation was determined by

withdrawing samples and assaying for B-galactosidase as deseribed in Materials and Methods. Similar:

results were obtained when the w.v -sensitive reed mutants were treated with 2. J/m? of u.v. (not shown),
AL dind fusion strains: B3, din B fusion strains; (' dén /) fusion strains: 1, din ' fusion strajns. a. tewd
recAddl no wv s b lexd " reed 441 with wv. (The reed44 T mutation, formerly ealled f-7, causes the
spontancous induetion of the 808 functions al 42°C, hut not atb 30°C where these experiments woere

performed.); o, spr, reed 44/, no wv. s d, sprovec A 44T with vy e, spr ree A6 (reed 7). o av.; T, spr. -

recAd 56, with u.v,

constructed a set of din—-lac fusion strains in which both the recA and lead proteins -

had been inactivated by mutation. Funetional lead protein was removed hy

introducing a lexd mutation called spr. spr alleles are null mutations of the lexd :
gene since lexd amber mutations are spr alleles (Pacelli el al., 1979) and we have.

recently generated sproalleles by inserting the transposon Tnd in the lexd gene

(J. H. Krueger & G. ¢, Walker, unpublished results). As shown in Figure 1, cvery:

strain produces high levels of g-galactosidase. The finding that remaval of lexd
profein makes reed function dispensable is inconsistent with there being a recd-

sensitive din gene repressor other than the lexd protein, as well as with a more .
complicated model that was proposed earlier (Witkin, 1976), and strongly suggests

that the lexd protein directly represses cach din gene.

(b) Biockemical studies

The conelusion that the lexd protein directly represses each din gene is not the
only possible interpretation of the genetic studies. For exam ple, the data do not
rule out the possibility that the lead protein represses a gene that codes for an
activator of din transeription. 1t was therefore important to obtain direet evidence :
that the lexd protein interacts with these genes. To do this, we cloned the
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s, 2. Constrietion and structures of plasmids earrying the dind and din B regulatory regions. The
estriction sites indicated on the integrated Mud phage were determined by M. O0’Conner {personal
communication). Plasmids pGWaI0 and pGW5I1 carry the dind regulatory region, and plWs20 and
pGWSZ1 carry the dinfd regulatory regions. Structwres of plasmids were determined by standard
restriction analysis as outlined in the Figure.

regulatory regions of two din genes and determined the effect of purified lexAd
protein on their transeription in vilro.

(¢) Cloning of the dinA and dinB regulalory regions

To elone the dingd and din3 fusions, we took advantage of a BumHI site located
within the Mud phage about 4 kb downstream from the 3" end of the lacZ
gene. No additional BamH1 sites are located upstream in the Mud transcriptional
unit. 11, in addition. no recognition sites occurred between the end of the integ rated
Mud phage and the din promoters, then a single chromosomal BamHI {ragment
would be expected to contain the din—lec operon fusion.

Chromosomal BamHI fragments from the dind and dind fusion strains weve
cloned into the BamH] site of pBR322, and the ligation mixture was transformed
into strain GW1000, the lac™ parent of the din fusion strains (Fig. 2). Lac™
transformants were isolated from selective plates containing a lactose indieator. In
order to determine whether the cloned inserts carvied the din regulatory regions,
the transformants were tested for u.v. indueibility of f-galactosidase. In both cases,
the transformants showed indueible f-galactosidase expression (not shown). w.v.
inducibility is not a general property of cloned fusions, since Lac™ transformants
that did not show induction were obtained from other experiments.

Preliminary restriction maps of the cloned dind and dinB fusions are shown in
Figure 8. The regulatory regions were subcloned by deleting the sequences derived
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Fii 3. Restriction maps of fragments carrying the dinAd and din B regulatory regions. Shaded are

represent: Mud phage sequences. which extend approximately 300 bp upstream from the Hind1] site,

‘The approximate positions of the dinAd and din B promoters (1) are indicated.

from the Mud phage as outlined in Figure 2. The dinA subclone contains a 28 kb
bacterial fragment carrying the dind promoter, and the dinB subclone carries a
31 kb insert fragment,

{d) Locations of the dinA and dinB promoters

The approximate positions of the promoters on these fragments were determined

by n vitro transeription experiments. The 2-8 kb dinAd insert fragment was isolated

and transeribed dn vifro. When the intact fragment was transeribed, a high
molecular weight smear was ohserved. The smear probably resulted from breakag
or slight degradation of a high molecular weight transeript. The sensitivity of th
assay was greatly increased hy cleaving the insert fragment with various restriction
enzymes before transeription. After digestion with a wumber of restriction
endonucleases, a single smaller transeript was observed. A Hinfl digestion of the
msert fragment resulted in the synthesis of a transeript of about 130 bases. The
individual Hinfl fragments were isolated and transeribed individually. The
promoter was found to be located on a 540 base-pair fragment. I'n order to
determine the distance of the dinA promoter from the site of Mud insertion, a Hinfl
restriction map was obtained {see Fig. 3). From the Jocation of the 540 bp fragment
within the cellular sequences, we conclude that the din.d pramoter is likely to lie
about 1300 by upstream from the site of Mud insertion.

‘The 3-1 kb fragment carrying the dini3 regulatory region was found to contain
three BstEH restriction sites, as shown in Figure 3, These three BsiI1 fragments
were purified, digested with various restriction endonucleases, and transeribed. The
only strong promoter carried by any of the insert fragments was found to be located
on the 1480 base-pair Hind111-BstlSH fragment. Among the inserl fragments, this
one is closest to the position of Mud insertion, Again, a single major transcript. was
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ohserved. When the Hindl11-BstBH  fragment was cleaved with Tagl and
transeribed in vilro a 400 base-pair runoff transeript was observed. The individual
Pagh fragments were isolated and transeribed in witro. One of these fragments
(670 by directed the synthesis of this 400 bp transcript. The position of this
fragment within the BstI2{T-HindlTl fragment was determined by labeling the
RetlEti-Hindl§T {fragment at one end, and then measuring the sizes of the
fragments generated by partial digestion with Tagl. The 670 by fragment was
posit-imm(il furthest from the HindlI] site (sec Fig. 4), indicating that insertion of
the Mud phage ocenrred about 800 bp downgtream from the dinfd promoter,

The functions of the dind, dind?, dinl) and dink gene products are not known. It
i mteresting to note that both the dinAd :Mud and dinB::Mud insertions
oecurred at a distance of about 1 kb from the promoters of these genes. Tt s possible
that the dind and dinB3 fusion strains do not display striking mutant phenotypes
pecause the insertions in these genes do not result n loss of their functions. The
availability of cloned sequences should facilitate the construction of additional
dind and dinfi mutations that might reveal the biological roles of these genes.

- + - +

i, £, Enhibition of transeription of the dind and dinf8 genes by purified {lexd protein. Fragments
Learing the dind and dinl} promoters were isolated and transeribed as described in the text (and in
Materials and Methods), A pBR322 Hindi1/leolR] fragment, carrying the g-lactamase promoler was
alse isolnted and included in the reaetion mixtures. INA was present al 1 X 1077 min the transeription
reaetions. and fexsd protein was omitted (- or inciuded {+}at 5 x 1077 ML Similar results were oblained
with concentrations of lexd protein as low as 23 107% 3. The concentration of functional lexd protein
Present in the reactions may be averestimated. as the pereentage of active lead protein in the
preparation is unknown. amp. ampicillin resistance gene,




Uninduced celis

dinA ,
e

DNA DNA
damage repair

Repair f ?

Repair
-~

_. Filamentation

-+ Mutagenesis

505-induced cells

T, 5. Oatling of $he bacterial S0S respense. The individual damage-inducible genes (indieatod by
filled regions on the cirele) are located at their approximate map positions on the K. cofi chromosome.
Molecules of Tewd repressors (small filled circles) bind to regulatory scquences on the din genes and block
their expression. ‘Fhe reed protein {open diamond). is synthesived at low levels in untreated cells, bul -
does not display significant protease activity. After SOS-indueing treatments the recd protein interacts
with an unidentified cofector (represented heve as single-stranded 1YNA; see Phivicky & Roberts, 1981).
and acquires a specific protesse activity. The shaded dismonds represent these molecules of reed
protease. The reesd protease catalyzes the cleavage of lewsd molecules; the fexd ceavage products are
represented by half-civeles. The derepression of the 08 genes leads Lo their expression.

{e) In vitro franscriplion of the dinA and dinB genes
The effect of lead protein on the in vitro transeription of the dind and dinl3 genes
is shown in Figure 4. In this experiment, fragments carrying the dind or dink
promoters were present in reaction mixtures that also contained a Hindl[-EeoRl
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fragment from pBR322 containing the 5" portion of the ampicillin resistance gene.
Both DNA fragments were present at relatively low concentrations (1 nmol), to
avoid perturbing the concentration of free protein by its binding to DNA. When
puriﬁcd fead protein (1 %1077 a) is pre-equilibrated with the DNA before addition
of RNA polymerase and triphosphates, transcription from the dind and dinB
promoters is blocked. Concentrations of lexd protein as low as 2x107%n
offectively inhibit transcription {(data not shown; lower concentrations were not
tested). The effect of lex A protein is specific for transcription of the dind and dini3
promoters, because transcription of the B-lactamase gene is unaffected. These
results confirm that the din 4 and din B genes are dircetly repressed by lexA protein.

4. Discussion

We have previously identified a set of genes, called din genes, whose expression is
stimulated by agents that induce the SOS response (Kenyon & Walker, 1981). The
results presented in this paper indicate that each of these genes is directly repressed
by the same repressor, the lexd protein. When this protein is genetically removed
from cells, the rate of transcription of each gene inereases dramatically. In the
absence of the lexA protein, the recA protease is no longer necessary for their
expression. Furthermore, purified lexd protein inhibits the transcription of at least
two of these genes in »ifro.

By genetic experiments similar to those described here, we have previously
oblained evidence suggesting that the damage-inducible genes wird and wmuC
whose products function in INA repair and mutagenesis, as well as the lead gene
itself, are also directly repressed by the lexd protein (Kenyon & Walker, 1981 ;
Bagg et al., 1981 Brent & Ptashne, 1980). Furthermore, we have shown that the
tex A protein binds to specific operator sequences near the promoter of its own gene
and the reed gene (Brent & Ptashne, 1981), and the protein has been shown to bind
to operator sites near the promoters of the wrd and werB genes (A, Sancar,
unpublished data; W. 1), Rupp, personal communication). The protein also appears
(by genetic criteria) to repress the sfid (Huisman & IYAri, 1981) and himd
(H. Miller et al., 1981) genes, whose products function in filamentation and site-
specific recombination, respectively.

Figure 5 outlines the basic strategy by which the bacterial cell appears to induce
co-ardinately the collection of SOS functions in response to DNA damage. In
undamaged cells the lead protein binds to the regulatory regions of more than 10
cellular genes, and inhibits their transeription. When the cell’s DNA is damaged,
the rec | protein acquires protease activity and begins to cleave molecules of lexA
repressor. As the level of lexd protein falls, the various genes are derepressed, and
their products are synthesized. These products participate in a set of metabolic
Processes, some of which are physiologically unrelated, and which are recognized as
the various SOS functions.

In the screen for mitomyein C-regulated din-lac fusions, 10 independent. Mud
insertions mapping within five din transeription units were obtained (Kenyon &
Walker, 1981). These din genes were identified solely on the basis of their
En(:luvil_)ilit-y by mitomyein C, with no requirement that they be controlled by the
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recA and lexA proteins, or that they function in the SOS response. Yet each of thega
genes appears by genetic (and in some cases biochemical) criteria to be repressed by
the lexA protein. The finding suggests that if additional mitomyecin C-inducible
genes exist that are not repressed by the lexd protein, then their frequency
probably much lower than the frequency of lea-repressed genes, :

A number of observations suggest that certain fine-tuning mechanisms operate
within the framework depicted in Figure 5. For example, certain SOS-inducing
treatments (mating unirradiated F7 cells with wv.-irradiated Hivs (George el al |
1974} and infecting restricting hosts with unmodified DNA { Dharmatingam &
Goldberg, 1980)) induce only a subset of the SOS8 responses. One possible
explanation for this behavior is that it is a consequence of different binding
affinities to different operator sites (Brent & Ptashne, 1981).  Additional
observations suggest that not all the parameters that influence din gene expression
have been identified. One particularly puzzling finding is the ohservation that one.
of the din genes (dinD)) shows a prolonged lag time before the onset of g
galactosidase induction al relatively high doses of u.v. (60 J/m?}, but is induced as
quickly as the other din genes at lower doses (15 J/m?) (K enyon, 1981). The way in’
which the cell can differentially regulate the expression of genes and processes
within this single regulatory network is the central unsolved problem. :

! iy

We express our appreciation to 1) Kimelman, K. Zinn, A. Hochsehicld, L. Gluarente, K.
Perry, 8. Elledge, J. Krueger, J. Szostak, A. Mitchell, J. Burr and our other colleagues for
their helpful discussions and assistance. We thank L. Withers for her help in preparing the
manuseript. This work was supported by grant no. NTH-1-ROT-(GM28988-02 to G.CLW. Trom
the National Institnte of General Medical Science and by grant no. PCM-81-10168 to M.P.
from the National Science Foundation. (. K. was supported by a Johnson and Johnson
Associated Industries Fellowship for part of this work. G.CCW. was a Rita Allen Seholar.

REFERENCES

Bagg, A, Kenyon, (). & Walker, (3. . (1981). Proc. Nat. Acad. 8ci., 184,78, 5749
Brent, R. & Ptashne, M. (1980). Proe. Net. Acad. Sei., U8.A. T, 19321936,
Brent, R. & Plashne, M. (1981}, Proc. Naf. dcad. Sci., U.8.4. 78, 42044208,
Casadaban, M. d. & Cohen, 8. N. (1979). Proc. Nat. Aead. Sci., 11.8.4. 76, 4530-4533.
Castellazzi, M., George, J. & Buttin, G. (1972). Mol. Gen. Genet, 119, 153174,
Clewell, . B. & Helinski, D. R. (1970). Biochemistry. 9, 44284440,
Dharmalingam, K. & Goldberg, B. G, (1980). Mol. (en. (fenel. 178, 5158,
Emmerson. P.T. & West, 8. C. (3977, Mol. Glen. Genet. 155, 77 -85,
Fogliano, M. & Schendel, P. F. (1981). Nutwre (London), 289, 196-198. Y
George, J., Devoret, . & Radman, M. (1974). Proe. Nal, Acad. Sci., US.A. 71, 14d- 147,
Gottesman, 8. {1981). Cell, 23, 1-2,
Gudas, L. J, & Mount, D. W, (1977). Proc, Nat. Acad. Sei.. US.A. 74, 52800284
Huisman, O. & 1At R, (1981). Noture (London j, 290, 797794,
Kenyon, C. J. (1980). Proc. Nal. Aead. Sei., U.S.4. 77, 2819-9893.
Kenyon. I J. (198}, Ph.1). thesis, Massachusctts Institute of Technology.
Kenyon, CJ0 & Walker, G, (L (1981), Nature {London), 289, 808810,
Little, J. W, & Harper, J. E, (1979). Proc. Nal. Acad. Sed., US8.A.76, 61476151, =
Little, d. W., Mount, I). W. & Yanisch-Perron, (. R. (1981). Proc. Ne. Acad. Sei., U18.4.78.0

41994203, B
Maniatis, T., Jeffrey, A. & van de Sande, H. (1975). Biochemistry, 14, 37873704,

Maxam, A. M.
Melintee, K. (1
AMiller, HO 1L K
Miller, . H. (16
Spring Ha:
Pacelli. 1. 7., 1
Phizicky, 5. M
Radman, M. (1§
R., eds), b
Roberts, J. W,
4719,
Within, K. (107




e. Yeteach of th
1 1o be repressed by
omycin C-inducible:

their frequency j

=
rechanisms operate:
rtain SO8-inducing.:
Hfrs {George ¢ ol,
(Dharmalingam &
wes. One possibl
E different bindin
1981).  Additiona
lin gene expressiop
wervation that one’
e the onset of 8
), hut is induced
L1981). The way i
sries and process
roblem.

ield, L. Guarente, K
- other colleagues for
help in preparing the
R8-02 to (GL.CW. from
CM-B1-10168 to M.P
ohnson and Johnsor
Rita Allen Scholar.

184 T8, 57495753
21936,
4208

76, 4530-4533.
33-174.

5871, 144147,

52805284,

logy.

614761531
lead. Sei., 11.8.4.78.

3787

DAMAGE-INDUCIBLE GENES

Maxam, A, M. & Gilbert, W. (1080). Methods Knzymol. 65, 499--560.

Melntee, Ko (1977}, Proc. Nal. Acad. Ser., U.S.A. 74, 5275-5279.

Miller, H. F. Kirk, M. & Echols, H. (1981). Proc. Nab. Acad. Sei., 8.4, 78, 67546758,

Miller, J. H. (1972). Iaperiments in Molecwdar Genetics, Cold Spring Harbor Laboratory, Cold
Spring Harbor, New York,

Pacelli, 1. 4., Edmiston, 8. H. & Mount, 3. W. (1979). J. Bacteriol. 137, 568-573.

Phigicky, E. M. & Roberts, J. W, (1981). (Cell, 25. 254-268.

Radman. M. (1973). Tn Moleculur Mechanisms for the Repair of DN (Hanawalt, P. & Setlow,
R., eds), pp. 365368, Plenum, New York.

Roherts. J. W, Roberts, C. W. & Craig, N. L. (1978). Proc. Nt Aead. Sei, US. A, 75,4714~
4719,

Witkin. 1. {1976}, Bucleriof. Rev. 40, 869-007.

Lduted by S. Brenner




