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”We shall not cease from exploration

And the end of all our exploring

Will be to arrive where we started

And know the place for the first time.”

T. S. Eliot

from ”Little Gidding”, Four Quartets
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Abstract

We would like to understand how proteins and enzymes interact with DNA. We
describe here our studies of the Mrr methylation dependent restriction system, DNA
single- and double-strand break repair in E. coli, and substrate recognition by the
EcoRI endonuclease.

Many species of bacteria make restriction-modification systems to destroy foreign
DNA that enters the cell. These systems usually consist of an endonuclease that
cleaves a specific DNA sequence and a methylase which modifies the DNA to protect
the host chromosome. We observed that when foreign site-specific methylases are ex-
pressed in E. coli, the SOS DNA repair response is induced. This DNA damage is
inflicted by E. coli restriction enzymes that cleave adenine (Mrr) or cytosine (McrB)
methylated DNA. The genes encoding four of the five known E. coli restriction sys-
tems lie clustered together, perhaps to coordinate or sequester the cellular defense
system. Several of these restriction systems differ between E. coli species, suggesting
that their action may establish species boundaries.

The EcoRI endonuclease cleaves DNA molecules at the sequence GAATTC. This
enzyme is well characterized biochemically, the sequence of its gene is known, and the
X-ray crystal structure of an FcoRI-DNA complex has been solved at 3 A resolution.
(McClarin, et al., 1986). EcoRI serves as a paradigm for other restriction enzymes
and as a model of DNA-protein interactions.

We took a genetic approach to study the FcoRI endonuclease. We first asked if
EcoRI DNA double-strand breaks are repaired in E. coli. To this end, a series of
temperature-sensitive EcoRI endonuclease alleles were isolated. Temperature shifts
with these alleles revealed that in vivo DNA scission induces the E. coli SOS DNA
repair response. However, neither SOS induction nor recombination are required to
repair these lesions. DNA ligase is required and may suffice to repair EcoRI breaks in
the E. coli chromosome.

An in vivo DNA scission assay was devised based on the finding that DNA breaks
induce the SOS response. SOS induction was monitored with strains carrying the lac-
tose operon fused to an SOS inducible promoter. After DNA scission, these strains
produce 3-galactosidase and form blue colonies on X-Gal medium. With this blue
colony phenotype as a screen, two approaches were taken to isolate EFcoRI mutants

altered or disrupted in substrate specificity. First, amino acids (E144, R145, R200)



implicated in substrate binding by the crystal structure were subjected to site-
directed mutagenesis. Of 50 of the 60 possible substitutions, several alleles retain
weak endonuclease activity which, in vivo and in vitro, is of wild-type specificity.
Therefore the simple hydrogen bond model proposed from the crystal structure is
insufficient to explain substrate recognition and additional interactions must partici-
pate in the substrate-enzyme complex.

In the second approach, mutants of an EcoRI TS allele were isolated which condi-
tionally induce the SOS response and impair cell growth in spite of the normally pro-
tective methylase. In wvitro, these mutant proteins exhibit enhanced cleavage activity
at EcoRI* sites, sequences which differ by one nucleotide from the normal recognition
site and are also cleaved by the wild-type enzyme under altered buffer conditions.
Four of the five mutations of this type lie at the DNA-protein interface and may
directly alter or disrupt substrate recognition. One other (H114Y) lies far from the
binding and cleavage sites. This mutation falls three amino acids away from a previ-
ously described mutation, E111G (King, et al., 1986, 1988), which severely impairs
cleavage activity without altering DNA binding. These two mutations support a
model whereby DNA scission by the EcoRI endonuclease is allosterically activated
upon substrate binding: we suggest that the E111G mutation inhibits this conforma-
tional change while the H114Y mutation renders it more facile such that additional

DNA sequences act as allosteric effectors and trigger cleavage.



Chapter 1

| Introduction

I would like to know how proteins and DNA interact. Since several proteins which
bind DNA are now understood in some detail, I concentrated instead on enzymes
which interact with DNA. Although DNA-binding proteins and DNA-binding en-
zymes might be expected to share some features, we anticipated that important
differences would arise from the need to coordinate binding with catalysis. We chose
to study the EcoRI endonuclease for several reasons. Its gene was cloned and se-
quenced, its purification and biochemical characterization had been well descriBed
and, at the outset of this work, the crystal structure of an EcoRI-DNA complex was
being solved.

Although EcoRI is most famous for its part as a reagent of molecular biology, its
true role in life is to cleave DNA molecules at the sequence GAATTC and thereby to
defend its host bacterium against invasion by foreign DNA molecules (Hedgpeth, et
al., 1972). Its partnel; in this endeavor, the EcoRI methylase, recognizes the same
DNA sequence and alters it by transferring methyl groups from S-adenosyl
methionine to the N6-position of the central adenine on each strand (Rubin &
Modrich, 1977). This chemical modification blocks scission by the endonuclease and
protects the cellular DNA from destruction. Many species of bacteria elaborate simi-
lar enzymatic defense systems, called restriction-modification systems, which act as a
sort of bacterial immune system to destroy foreign DINA that enters the cell (Roberts,

1976).
Restriction-Modification systems

Bertani and Weigle first described the phenomenon of restriction and modification
(Bertani & Weigle, 1953). They observed that stocks of X\ phage prepared from E.

coli strain C grew poorly when propagated on a different strain, K-12. This effect



was named restriction. Rare phage that escaped restriction produced progeny which
now grew with equal efficiency on either host. That these survivors of K-12 infection
were not mutants could be demonstrated by passaging them again on the E. coli C
host and showing that they regained sensitivity to restriction. In some way they were
transiently altered or modified during growth on E. coli K-12. We now know that
specific enzymes form the molecular basis underlying this epigenetic phenomenon
(Arber, 1974; Roberts, 1976). Restriction results from the action of an endonuclease
that recognizes a specific DNA sequence and cleaves there or elsewhere. Modification
is the work of a methylase which recognizes the same DNA sequence and methylates
it to protect the host chromosome from endonuclease action. Phage resistant to res-
triction (modified) occur when the methylase modifies each phage-borne recognition
site prior to endonuclease action.

Based on the properties of the purified enzymes, restriction modification systems
fall into three classes: type I, type II, and type III (Bickle, 1987). Type I systems are
the most complex. They consist of three subunits (R:réstriction, M=modification,
and S=specificity) which form a pentameric (R2MQS) multifunctional enzyme, exhi-
bit complex cofactor requirements, cleave at random sites distant from their recogni-
tion sites, unwind the DNA to form a loop between their sites of recognition and
cleavage, and are inactive after a single round of DNA scission. Type Il systems are
the most mysterious: they consist of two subunits, R and M, which form a methylase
of subunit M alone and a methylase-endonuclease complex containing both subunits.
More curiously they require but do not hydrolyze ATP as a co-factor during DNA
scission, cleave at unique sites but yield partial digests that do not go to completion,
and modify only one DNA strand raising the conundrum of how the unmethylated
daughter molecule produced after replication is protected. Type II systems are the
simplest. The endonuclease is typically a homodimer which is distinct from and
shows no sequence homology to its partner, a monomeric methylase. This difference

in subunit arrangement may arise from the nature of the recognition sites. The en-



donuclease usually binds a palindromic DNA sequence and cleaves both strands sym-
metrically. The methylase’s typical substrate is hemimethylated DNA that arises
after replication and hence is asymmetric because it already bears one methyl group.
Thus as a monomer, the methylase is well suited for its principal task of simply
methylating the one remaining strand. Each enzyme requires a single cofactor: Mg+2
for scission and S-adenosylmethionine (SAM) for methylation.

Most restriction enzymes cleave unmethylated DNA and their action is blocked
by DNA methylation. The first exception was the type II restriction enzyme Dpnl
from Streptococcus pneumoniae, which cleaves the sequence GATC only when methy-
lated at the N6 position of both adenines (Lacks & Greenberg, 1977). While studying
cloned restriction-modification systems from bacterial species other than E. coli, we
and others (Blumenthal, et al., 1985; Kiss, et al., 1985; Raleigh & Wilson, 1986;
Noyer-Weidner, et al., 1986; Heitman & Model, 1987) observed that expression of the
methylase genes alone was detrimental and in some cases lethal to E. coli. We
showed that these foreign methylases induce a DNA repair system, the SOS response
(see chapter 3). In contrast, several methylases indigenous to E. col (ﬂde, dam,
dcm) produce the same chemical modifications as these noxious methylases yet do not
induce the SOS response. Since this effect requires sequence specific methylation, it
suggested that restriction rather than DNA repair might be the cause. Using a
foreign methylase, we isolated an E. colt mutant in which SOS is not induced by
adenine methylation and showed that the wild-type locus (mrr) behaves as a restric-
tién system which cleaves adenine methylated DNA. Concurrently, Lisa Raleigh and
co-workers demonstrated that cell lethality by cytosine methylases was due to the
merA and merB loci, previously shown to encode restriction systems that cleave DNA
containing 5-hydroxymethyl cytosine (Revel, 1983; Raleigh & Wilson, 1986). We
showed that, as for the mrr locus, SOS induction by cytosine methylases was also at-
tributable to restriction, in this case by the merB locus. These findings suggest that

when foreign methylases are expressed in E. coli the chromosome becomes methylated



and subsequently suffers scission by the Mrr, McrA, or McrB restriction systems.
SOS induction enhances cell growth under these conditions, suggesting that the pro-
ducts of SOS induced genes repair these DNA double-strand breaks.

Two other examples of methylation dependent restriction systems have been
described (Sladek, et al., 1986; MacNeil, 1988). These enzymes may be widespread in
nature since first, they are parsimonious and. require only a single enzyme and second,
they would not have been detected by the usual screens for restriction enzymes.
Whether or not these systems are related to the type I, I, or III restriction-
modification systems awaits purification and characterization of the enzymes. By the
present classification scheme, they already differ drastically by lacking methylation

activity, and hence might be more appropriately termed type IV restriction systems.

DNA Repair

DNA repair in E. coli is carried out by large number of enzymes whose synthesis
is either constitutive or induced by DNA damage. Two sets of inducible DNA repair
genes have been described: the SOS response and the adaptive response (reviewed by
Walker, 1984, 1985). Alkylating agents activate the adaptive response and the in-
duced products mediate repair of alkyl-DNA lesions. The SOS response is a globally
altered physiological state that arises after DNA damage (by UV light, mitomycin C,
or nitrosoguanidine for example) or inhibition of DNA replication (i. e. nalidixic acid).
SOS induction results from a cascade of events which activate a set of genes whose
products slow cell division and repair DNA. After DNA damage, the RecBCD or
RecF proteins (or other pathways) produce an intermediate (probably single-stranded
DNA) that activates the RecA protein to a form called RecA . RecA” then stimu-
lates the autodigestion of the LexA protein, the common repressor of the SOS genes,
inducing the SOS genes. Genes under control of the LexA repressor include lezA it-
self and also recA (recombination and SOS induction), uvrABC (excision repair),

umuCD (error-prone repair), recNQ (Irino, et al., 1986) and ruv (mediate the RecF



pathway of recombination with recFJO), sfiA (inhibitor of cell division), himA
(subunit of THF), ssb (single-strand DNA binding protein), and dinABDF (damage in-
ducible genes of unknown function). Several other SOS induced functions, such as X
and the colicin antibiotics, are not present in all strains. In the case of \ lysogens,
the X\ cI repressor is subject to RecA* sponsored autodigestion. X\ induction requires
a higher dose of DNA damage compared to LexA regulated genes. This ensures that
repair will be stimulated at low doses of DNA damage, whereas at higher doses A will
be induced and thereby escape the dying cell.

DNA double-strand breaks stimulate recombination in E. coli and yeast, and
recombination is generally thought to repair DNA breaks (Resnick, 1976; Szostak, et
al., 1983; Thaler & Stahl, 1988). The double-strand break repair model suggests that
an intact copy of the severed DNA acts as a template for recombinational repair
(Szostak, et al., 1983). This requires either a diploid genome or multiple copies of the
chromosome in a haploid. Repair of DNA scissions has been studied previously using
~-ray lesions (Krasin & Hutchinson, 1977, 1981). In E. coli, prior induction of the
SOS DNA repair response enhances the repair of ~-ray cleaved DNA. Two SOS pro-
teins involved in recombination, RecA and RecN, and multiple copies of the genome
are required to repair v-ray DNA scissions, suggesting that recombination repairs
these lesions. RecA mutant strains are also more sensitive to scission by the X\ ter-
minase endonuclease, again implicating recombination in repair (Murialdo, 1988). Li-
gation may also repair some +-ray breaks (Weibezahn & Coquerelle, 1981).

The model describing repair of y-ray breaks may be compromised because ~-ray
lesions include not only breaks but also nicks, base adducts, and oxidized proteins
(Friedberg, 1985). After 4-ray treatment, single-strand nicks are 10-20 fold more
abundant than breaks. Furthermore, DNA scission by ~-rays (and the radiomimetic
bleomycin) generally shatters the sugar residue, releasing the attached base and leav-
ing behind blunt termini with 5’-phosphoryl and 3’-phosphoryl or 3’-phosphoglycolate

ends which cannot be ligated (Henner. et al.. 1983; Giloni, et al., 1981). To repair



such a lesion by ligétion would first require processing to produce a 3’-hydroxyl; even
so, direct ligation would result in the loss of at least one basepair. Thus, complete
restoration of the damaged sequence probably requires recombination.

In contrast, type II restriction endonucleases cleave DNA to yield staggered or
blunt double-strand breaks with 3’-hydroxyl and 5’-phosphoryl termini (Roberts,
1976). Using a set of temperature sensitive EcoRI mutants (chapter 4), we find that
although DINA scission by EcoRI induces the SOS response, neither this induction nor
recombination are required for repair (chapter 5; Heitman, et al., 1989a). DNA ligase
is necessary and may be sufficient to repair EcoRI staggered breaks in the E. colt
chromosome. Since E. coli DNA ligase cannot or poorly ligates blunt termini,
different mechanisms may be required for their repair. We suggest that the nucleoid
or higher order structure of the E. coli chromosome (Worcel & Burgi, 1972) holds the
severed DINA such that each end is religated to its appropriate partner.

EcoRI scissions clearly activate both the A\ Red and chi-mediated RecBCD recom-
bination pathways (Stahl, et al., 1983; Thaler, et al., 1987a, 1987b). If ligation
repairs EcoRI breaks, how do they stimulate recombination? Our findings suggest
that these ends act as transient entry points for recombination machinery and are
then resealed. By this means, recombination results from but does not repair the
break. Because the RecBCD complex requires DNA ends for its recombination activi-
ty, we suggested that the cell may make an endonuclease to stimulate recombination.
In fact, Mahan and Roth (1989) recently suggested that RecBCD enters the DNA at

DNA double-strand breaks which occur during recombination.
DNA-Protein Interactions
DNA-binding proteins

The double helix model for DNA suggested that its complementary base paired

structure was the key to faithful maintenance of the genome (Watson & Crick, 1953).
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However, the mechénics who transcribe, modify and maintain this structure (by tran-
scription, recombination, replication and repair) are DNA binding proteins. The ways
they interact with DNA remain a central question of molecular biology.

Sequence comparisons of many site-specific DNA binding proteins has revealed
two conserved structural motifs: the helix-turn-helix (Pabo & Sauer, 1984) (also en-
compassed within the homeodomain) and the zinc finger (Miller, et al., 1985) ( both
reviewed in Schleif, 1988). Although genetic and biochemical evidence argue that the
zinc finger domain binds DNA, there is as yet no crystal structure of a zinc finger
containing protein. Genetic and X-ray crystallographic analysis reveal that the
helix-turn-helix motif does in fact bind this class of dimeric proteins to DNA by pro-
jecting one a-helix from each subunit into adjacent major grooves of the DNA. Se-
quence discrimination results from hydrogen bonds, van der waals interactions, and
avoidance of steric clash between functional groups of the protein and the nucleotides
and backbone of the DNA.

High resolution structures of DNA-protein co-crystals of the phage 434 repressor
(Anderson, et al., 1987; Aggarwal, et al., 1988) \ cI protein (Jordan & Pabo, 1988),
and E. coli trp repressor (Otwinowski, et al., 1988) suggest that amongst proteins of
the helix-turn-helix family, the details of specific DNA sequence recognition differ.
Within the X\ ¢-DNA complex, the DNA is of B-conformation and while some con-
tacts to the sugar-phosphate backbone position the recognition helix, sequence
discrimination is by hydrogen bonds and van der waals contacts to the nucleotides.
In contrast, the DNA to which the 434 repressor binds is distorted and sequence
discrimination by contacts to the nucleotides is augmented by the ability of specific
DNA sequences to undergoe conformational deformations that allow further contacts
to the backbone. Similarly, the DNA within the ¢rp repressor-operator complex devi-
ates from B-form. Furthermore, the protein makes no direct contacts to the base
pairs of the DNA, but rather binds through solvent mediated hydrogen bonds to the

bases and extensive contacts to the backbone. The specific predictions of these



DNA-protein interaction models have been well corroborated by genetic (Kelley &
Yanofsky, 1985; Wharton & Ptashne, 1987; Benson, et al., 1988; Bass, et al., 1988;
Benson & Youderian, 1989) and biochemical analysis (Koudelka, et al., 1987; Nelson
& Sauer, 1986; Klig, et al., 1987). These findings suggest that while these DNA bind-
ing proteins share a common structural element which allows them to project an a-
helix into the major groove, they take advantage of whatever contacts are available
and differ significantly in the detailed interactions this helix makes with the DNA. In
this respect DNA-protein interactions resemble antigen-antibody interactions.

Many DNA binding proteins do not carry either the helix-turn-helix or the zinc
finger motif. These include sequence specific DNA binding proteins such as Mnt and
Arc, which bind DNA with their N-terminal domains of unknown structure (Knight
& Sauer, 1989), the non-specific DNA binding protein HU of Bacillus stearothermo-
philus, whose X-ray crystal structure reveals a lobster like structure which enwraps
the DNA at a concave base between two anti-parallel -ribbons (Tanaka, et al.,
1984), and the single-stranded DNA binding protein of phage 1, gene V, which car-
ries aromatic residues thaf intercalate between the base pairs (Brayer & McPherson,

1984).
DNA-binding enzymes

While enzymes which interact with DNA may share some features of simple DNA
binding proteins, they may employ different structural motifs to coordinate their
binding with catalysis. Notably, a DNA-enzyme co-crystal structure of the EcoRI en-
donuclease shows that the DNA backbone is significantly distorted as is the case with
the 434 and trp repressors (McClarin, et al., 1986). However, the enzyme lacks the
helix-turn-helix motif. Instead (as described below) the protein bears two a-helices on
each subunit which project steeply into the major groove, an arrangement which may
be necessary to accommodate a shorter DNA recognition site (6 BP versus 17-18 BP

for the repressors). Bovine pancreatic DNase [ binds through an exposed loop which



projects into the minor groove to make extensive contacts to the phosphodiester
backbone which also significantly distort the DNA (Suck, et al., 1988). The Klenow
fragment of DNA polymerase I is made of two DNA binding domains that correspond
to two different enzymatic activities (Ollis, et al., 1985; Freemont, et al., 1988). The
3’-5’ exonuclease domain interacts with single-stranded DNA by intercalating aromat-
ic residues, like gene V protein, which are superimposed upon a catalytic site of acidic
and metal binding residues reminiscent of the active site of another enzyme, Staphylo-
coccal nuclease. The polymerase DNA binding domain lies within a deep crevice
covered by a flexible domain that may allow the enzyme to surround the DNA and
project two of its a-helices into the major groove of the DNA in a way similar to the
related helix-turn-helix motif. Thus DNA binding enzymes do appear to borrow some

features of simple binding proteins.
The EcoRI restriction-modification system

Our ability to manipulate and study DINA molecules depends upon a special class
of enzymes, the restriction enzymes, which recognize and cleave within specific DNA
sequences with exceedingly high substrate fidelity. We have studied one such en-
zyme, the EcoRI endonuclease, both as a model of DNA-enzyme interactions and to
understand how it recognizes its substrate with such precision. Our interest was in
part motivated by the idea that if we understood how the protein recognizes its sub-
strate, we might be able to design restriction enzymes with new specificities.

| The EcoRI endonuclease is the paradigm for all the type II restriction enzymes.
Although well characterized biochemically and crystallographically, when we began
this work few mutants had been described (Jen-Jacobsen, et al., 1983). We therefore
took a genetic approach to dissect the mechanism of DNA recognition by the EcoRI
enzyme.

The EcoRI endonuclease cleaves double-stranded DNA molecules at the sequence

GAATTC and confers upon its host bacterial cell the ability to destroy foreign DNA
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molecules (such as viruses) that enter the cell (Hedgpeth, et al., 1972) (see figure 1-1).
Its compatriot is the EcoRI methylase, which protects the host chromosome from des-
truction by adding methyl groups to the recognition site (Rubin & Modrich, 1977).
The EcoRI endonuclease is a symmetric homodimer of known sequence which requires
Mg+2 as a co-factor for enzymatic activity (Newman, et al., 1981; Greene, et al.,
1981). Its reaction kinetics (Jack, et al., 1982), DNA binding properties (Terry, eé al.,
1983, 1985), activity with oligonucleotides containing modified nucleotides (Brennan,
et al., 1986a; McLaughlin, et al., 1987), and stereochemistry of cleavage (Connolly, et
al., 1984) have been well described. They suggest that the enzyme initially binds
DNA non-specifically, diffuses in a one-dimensional search to find its recognition site,
interacts specifically with six nucleotides imbedded within a 10-12 nucleotide span
covered by the enzyme, undergoes an allosteric conformational change induced by
binding substrate (King, et al., 1986, 1988; McClarin, at al., 1986), and catalyzes
strand scission by sequential cleavage with release of the doubly cleaved product as
the rate limiting step. Cleavage proceeds with inversion of configuration at the scis-
sile phosphodiester bond, indicative of an odd number of reaction steps which is .con—
sistant with cleavage by a hydroxyl ion rather than a covalent enzyme-DNA inter-
mediate. Furthermore, it has been observed that under altered buffer conditions
(higher pH, low salt, low ionic strength buffer, the presence of glycerol or organic sol-
vents (DMSO), or with Mn "2 instead of Mg+2 as co-factor) the enzyme cleaves at
additional sites, related to the wild-type substrate by one or more nucleotide substi-
tutions. This activity is called EcoRI* activity (Polisky, et al.,, 1975; Hsu & Berg,
1978; Malyguine, et al., 1980; WoodBury, et al., 1980; Gardner, et al., 1982; Rosen-
berg & Greene, 1982).

In contrast to the endonuclease, the EcoRI methylase is a monomer which ca-
talyzes methyl transfers in independent events (Rubin & Modrich, 1977). Although
both enzymes bind the same DNA sequence by interactions in the major groove, they

show no sequence homology. Methylation protection and nucleotide analog studies
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Figure 1-1. The EcoRI Recognition Site. The EcoRI endonuclease and methylase
recognize this palindromic hexanucleotide DNA sequence. DNA scission occurs
on both strands between the guanine and the adenine at the scissor positions.
Methylation is at the N6-position of the central adenines, indicated by the aster-

icks.
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reveal that these enzymes do not bind this sequence in the same way. In some cases,
they interact with different functional groups on the same nucleotide and in others,
bind to opposite members of a basepair. (Modrich & Rubin, 1977; Lu, et al, 1981;
Brennan, et al., 1986b).

We now know about the endonuclease-DNA interaction in some detail. The cry-
stal structure of aﬁ EcoRI endonuclease-DNA complex (solved to 3 A resolution in
the absence of Mg+2 to prevent cleavage) reveals two a-helices in each monomer (the
inner and outer helices) which carry amino acids that project into the major groove
and interact with the purine nucleotides of the recognition site (Frederick, et al.,
1984; McClarin, et al., 1986). Glutamic acid 144 and arginine 145 lie at the end of
the inner a-helix and each, from opposite subunits, spans and makes two hydrogen
bonds with the central adenines (gAAttc). Arginine 200 lies at the end of the outer
helix and makes two hydrogen bonds to the outer guanine nucleotide (Gaattc). Con-
tacts to the right and left halves of the palindromic substrate are symmetric. Thus
for the dimer, a network of twelve hydrogen bonds form the substrate binding pock-
et.

Previously, conservative substitutions of these substrate binding amino acids have
been described (glul44asp, argl45lys, arg200lys) (Wolfes, et al., 1986; Greene, et al.,
1987). These mutations reduce enzymatic activity but do not alter substrate
specificity. Since mutants bearing conservative amino acid substitutions may make
contacts similar to the wild-type enzyme, we wished to test whether other amino acid
substitutions at these three positions would alter the substrate specifity of the en-
zyme. To this end we developed a simple and sensitive in vivo plating assay for en-
donuclease activity.

Our earlier finding that EcoRI action induces the SOS response suggested a sim-
ple in vivo DNA scission assay. SOS induction can be conveniently monitored with
strains in which the lactose operon has been fused to an SOS inducible promoter

(Kenyon & Walker, 1980). After DNA damage, these strains make 3-galactosidase,
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which can be readily detected by the formation of blue colonies on indicator medium
containing the chromogenic substrate X-gal. We have employed this blue colony
phenotype to probe substrate recognition in two ways. First, the phenotypes were
determined for site-directed EcoRI mutants altered in the substrate binding pocket
(see chapter 6). These changes did not alter the substrate specificity of the enzyme in
vivo or in vitro. Thus the enzyme-substrate interaction is not explicable by the sim-
ple hydrogen bond model predicted from the crystal structure. The enzyme must
make additional contacts to recognize its substrate. These may be interactions with
either the pyrimidines of the recognition site or the unusual conformation of the
sugar-phosphate backbone observed in the co-crystal structure (Frederick, et al.,
1984).

We have also isolated mutants which cleave DNA in spite of the presence of the
protective methylase (see chapter 7). In vitro these mutants exhibit enhanced activi-
ty at EcoRI* sites. Four of five mutants of this type result from amino acid changes
at the DNA-protein interface, near to but distinct from the amino acids implicated in
substrate binding by the crystal structure. The other lies in a region of the protein
distant from both the binding and cleavage sites. This mutation lies three amino
acids away from another interesting mutation (E111G) (King, et al., 1986, 1988),
which does not alter sequence specific DNA binding but completely blocks DNA scis-
sion. It has been suggested that EcoRI scission is allosterically activated by substrate
binding, and that the E111G mutation disables the allosteric coupling between the
binding and cleavage sites. We suggest that the H114Y mutation shifts the protein
towards the allosterically activated conformation, allowing less than perfect sub-
strates to act as allosteric effectors and trigger promiscuous cleavage by the mutant
enzyme.

Restriction enzymes may differ from simple binding proteins because their shorter
recognition sequences demand a more compact recognition domain. Additionally,

binding proteins must often bind several related operators which differ in sequence,



while restriction eniymes require strict sequence recognition to avoid damaging the
cellular DNA. Restriction enzymes attain their high fidelity through extensive con-

tacts to the substrate and by coupling binding to cleavage through allosteric activa-

tion.
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Chapter 2
Materials and Methods

I. Bacterial strains

The bacterial strains used in this study are described in Table 2-1. The majority
are isogenic with strain K38 (originally S26 of A. Garen) whose complete genotype
and ancestry are described more fully in Bachman (1987). Strains were constructed
by P1 transduction using P1 Cm" ¢/r100 as previously described (Russel & Model,
1983). To more easily manipulate markers, we frequently employed nearby Tn10
insertions (for example srl300::Tn10 for recA), isolated tetracycline resistant
transductants, and then scored for the desired marker phenotype. RecA, recB, and
lexA3 mutant strains were identified by their sensitivity to UV irradiation, and recN
mutants by sensitivity to mitomycin C. In some cases strains harboring Tn10 inser-
tions were cured of tetracycline resistance by quinaldic acid selection (Maloy & Nunn,
1981). Tn5 insertion mutagenesis was as described by Kleckner et al. (1975) using in-

fection with >\467 (

cI857 6221 Oam29 Pam80 rez::Tn5). Strains for assaying SOS in-
duction carry the dinD1::Mu dI(Ap’ lac) marker (Kenyon & Walker, 1980). SOS in-
duction was monitored in some cases by growing colonies on YT plates supplemented
with 35 ug/ml X-gal and scoring for blue color intensity. X-gal plates were used
while fresh (< 3 days) as the intensity of blue color produced on this indicator medi-
um decreases as the media ages. For (-galactosidase assays, bacteria were grown in
K120 minimal media (Epstein & Kim, 1971) supplemented with 0.2% glucose and
0.4% casamino acids and assayed as described by Miller (1972).

Mu dI(Apr lac) fusions provide a convenient measure of gene regulation (Casada-
ban & Cohen, 1979). However, Mu d fusions confer temperature sensitivity, render
host strains unstable due to secondary transposition, and undergo zygotic induction

and transpose when transduced by phage P1. To circumvent these problems, the

dinD1::Mu dI(Ap" lac) fusion in GW1040 (Kenyon & Walker, 1980) was made tran-



Table. 2-1 E. colt Strains

Strain

Genotype

Comments, construction, or source

Strains obtained elsewhere

AB2470

AR120

ER21
GC3217

GM33
GM1874

GW1000

GW1040

GW1060

HB101 .

JC13519
JM101

JM103mutD

JM109

K38
K91
K560
K561
K871
K902
K1019
K1053

KS391
LE392

MM294
N1626
N2603
N2604
N3087
SP254

X2904

recB21

N99 eI defective X lysogen
afT Agal nadA::Tn10

lacZ replaces \ left arm

T11 (prevents cro expression)
Acll-uvrB

E. coli B su” DNase”

F~ tif-1 sfiA11 thr leu pro

his arg ilv*® gal str

F~ dam3 sup85(amber)
GW1040 damj mutS456

GC3217 pro™ lacA(U169)

GW1000 dinD1:Mu dI(Ap" lac)

GW1000 wvrA215:Mu dI(Ap" lac)

hsdS20 [r

ara-14 proA2 ch Y1 galK2 rp.sLQO
xyl-5 mtl-1 supE44 mrr mchB

lezA8 malE: Tn10

F’ traD$6 proAB™ lacl? ZAM15/
supE thi A(lac- proAB}

F’ traD36 proAB lacI9ZAM15/

lacpro tht strA s EE endA sbeB15
F’ traD36 proAB™ lacl1ZAM15/

recAl endAl gyrA96 tht hsdR17

HfrC phoA(Am) (\)

K38 (\7)

K38 Alac

K38 lac?

K561 recA56 srl800::Tn10

K38 supE recA56 srl300::Tn10
K561 1lvY864::Tn10 rep71
BW313 dut ung thil relA spoT1/
B’ lysA

HfrH lacMS286 1180d1llacBK1 thi
supE supF hsdR’

metB trpR lacY tonA

F~ endA1 thil hsdR17 supE44
lig4

lig”

lig ts7

tyrA::Tn10 IN(rrnD-rrnE)1

F~ recN262

thyA::Tn10

CGSC#2470
Howard-Flanders & Theriot, 1966

from A. Schatzman

from L. Silver

parent of the GW1000
strain series

from M. Marinus

from M. Marinus

(Craig, et al., 1984)

from G. Walker

(Kenyon & Walker, 1980)
from G. Walker

(Kenyon & Walker, 1980)
from G. Walker

(Kenyon & Walker, 1980)

Boyer & Roulland-Dussoix,
19699

Yanisch-Perron
et al., 1985
J. Makris

Yanisch-Perron
et al., 1985

Russel & Model, 1983
K38 cured of A\

Kunkel, 1985

Konrad, 1977

from F. Barany
Gottesman et al., 1973
Gottesman et al., 1973
Gottesman at al., 1973
CGSC #6662
Picksley, et al., 1984
CGSC #6665



Strains constructed for this study

JH5 GW1040 Ts ™ GW1040 cured of
temperature sensitivity
JH11 HB101 recA™ HB101 P1 transduced to recA”

and Tet" from K590°

and cured of Tet".
JH20 K91 lezA3 K91 P1 transduced to

lezA3 and Tet®

from JC13519.

JH27 K91 recA56 K91 P1 transduced to recA56
and Tet" and cured of Tet"
JH30 K91 lezA3 malE? lacl! lacZ::Tn5 K91 P1 transduced to

lezA8 and malE::Tn10 from
JCl3519a, cured of Tet",

and transduced from GCZ438b.
JH35 JH5 recA™ sr1800::Tn10 JH5 P1 transduced to Tet®
and recA™" from K590°.
JH39 JH35 srl? tetd JH35 cured of Tet”
JH43 JH39 /F’ lacl! lacZ:Tn5 JH39 mated with GC2438°.
JH56 JH39 mcrB1 hsdR2 JH39 P1 transduced

to Tet® from

ER1351€ and cured of Tet".
JH59 JH39 recA56 srl ? JH39 P1 transduced

to srl300::Tn10 and

recA56 from JC10240

(from A. J. Clark),

and then cured of Tet".

JHS63 JH56 /F’ lacl? lacZ::Tn5 JH56 mated
with GC2438
JH69 HB101 recA” srl? JH11 P1 transduced
dinD1:Mu dI(Ap" lac)
Tyt
JH71 JH69 277202::Tn10 JH69 P1 transduced
from ER1351°.
JH74 SP254 tyrA:Tn10
JH76 JH39 mrr2:Tns Tn5 insertion that blocks
SOS induction by Hhall methylase.
JH82 JH39 mcrB1 hsdR2 z7202::Tn10 JH39 P1 transduced
to Tet" from ER1351°.
JHS83 JH39 mrr2::Tnb 257202::Tn10 JH76 P1
transduced to Tet"
from ER1351°.
JHS84 JH39 z7202::Tn10 as JH83
JH94 AB2470 thyA748::Tn10 AB2470 P1 transduced to
thyA748::Tn10
from X2904 (from B. Bachman);
still carries recB21.
JH100 K561 recB21 thyA::Tnl10 K91 P1 transduced
from JH94.
JH104 JH43 recB21 thyA::Tn10 JH43 P1 transduced
from JH94.
JH107 K91 lacZ::Tn5 lacl? K91 P1 transduced
from JH30
JH109 JH107 dinD1:Mu dI(Ap" lac) JH107 P1 transduced from
JH117 JH39 recB21 thyA::Tn10 JH39 P1 transduced from JH94.

JH119 JH76 recB21 thyA::Tn10 JH76 P1 transduced from JH94.



JH120

JH121
JH122
JH123
JH124
JH125
JH129
JH133
JH134
JH135
JH137

JH138

JH139

JH140

JH141

JH144
JH145
JH152
JH153

JH154

ER21 lacZ::Tnb

JH39 merB4::Tn10

ER21 P1 transduced from
dinD1::Mu dI(Ap" lac) Ts™
and JH5

JH76 P1 transduced

to Tet" from ER1487f

JH39 merB4::Tn10 hsdR2 mrr2:Tnb5 as JH121

JH39 merB4::Tni10 hsdR2
JH39 mrr2::Tn5 merB4::Tn10
AB1157 rfa-550 lacZ”
alkA51:Mu dI(Ap" lac)

JH39 hsdR2 2j7202::Tn10
LE392 mrr K* 2//202::Tn10
LE392 mrrg 277202::Tn10
LE392 mrr2:Tn5 hsdR”
K560 dinD1:Mu dI(Ap" lac)

JH137 rep71 ilvY864::Tn10

as JH121

as JH121

spontaneous lacZ
derivative of MV1571
from M. Volkert.

JH76 P1 transduced

to Tet" from ER1351°.
LE392 P1 transduced
from JH71

LE392 P1 transduced
from JH76

LE392 P1 transduced
from JH769

K560 P1 transduced

to Ampr from JH39.
JH137 P1 transduced
from K 1019, selected for Tet”,
and screened for f17, £2°.

GW1000 dinD1::Mu dIl734(Kanr lac)GW1000 infected with

K560 dinD1:Mu dI1734(Kan" lac)

JH140 rep71 1lvY864::Tn10

K91 recN262 tyrA16::Tn10
K91 recB21 thyA::Tn10

JH69 (\)

MM294 cIT Agal nadA::Tn10

JH39 lezA3 malE::Tn10

MudI 1734 as described in methods.
K560 P1 transduced

to Kan® from JH139.

JH140 P1 transduced

from K1019

as for JH138.

K91 P1 transduced

from JH74.

K91 P1 transduced

from JH94.

MM294 P1 transduced

from AR120 with selection

for Tet’.

JH39 P1 transduced from JC13519

% JC13519 carries lezA3 malE::Tn10 (from A. J. Clark).

b

Strain GC2438 (from S. Gottesman (Huisman, et al., 1984)) served as the donor, either by P1 transduc-

tion or mating, of the lacI? lac Z::Tn5 markers carried on its F” episome.

® Strain K590 carries the recA” allele linked to a sr/800::Tn10 insertion (from M. Russel).

- Strain JC10240 carries the recA56 allele linked to the sr/300::Tn10 insertion (from A. J. Clark).

¢ Strain ER1351 carries the hsdR2 and mecrB  markers linked to a Tn10 insertion at 99 minutes

(277202::Tn10) (from E. Raleigh).

fStrain ER1467 (from E. Raleigh) carries the AsdR2 and mcrB4::Tn10 alleles.

9 The mchB and mrrg alleles have weak or no activity.
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sposition defective as follows. The Mu dI(Apr lac) phage encodes a temperature sen-
sitive muC repressor; at the non-permissive temperature, unrepressed replication and
kil function are lethal to the host. We selected 42°C survivors of GW1040, and then
screened for healthy colonies which still synthesized 3-galactosidase in response to mi-
tomycin C. One of these mutants, JH5, contains a defective Mu d fusion which tran-
sposes at a greatly reduced frequency at 42°C. Strain JH5 served as the parent in
further strain constructions (see Table 2-1).

II. DNA manipulations and plasmid constructions

Plasmids used in this study are described in Table 2-2. Plasmid DNA was
prepared by a non-denaturing lysozyme/triton method (Zinder & Boeke, 1982) or by
alkaline lysis (Maniatis, et al., 1982). DNA fragments were isolated from agarose gels
and electroeluted. Other DNA manipulations were performed as described by Mani-
atis et al. (1982). In vivo methylase activity was quantified by measuring the extent
to which plasmid-borne restriction sites were protected from cleavage by the cognate
restriction endonuclease (or an isoschizomer known to be inhibited by the methylase).
Hhall methylation was tested by Hinfl digestion, PaeR7 methylation with Xhol diges-
tion, Mspl methylation with Hpall digestion, dam methylation with Mbol digestion,
and BsuRI, M. Spr, and BspRI methylation with Haelll digestion. All methylase
clones, with the exception of uninduced pJH49 as described in the results, rendered
the appropriate plasmid borne restriction sites completely resistant to cleavage.

Several plasmids conferred only ampicillin resista.n.lce. To study these plasmids in
strains which carried a Mu dI(Ap" lac) fusion, we inserted a different antibiotic resis-
tance gene. Shapira et al. (1983) constructed plasmids in which the chloramphenicol
or kanamycin resistance genes are flanked by polylinkers to form versatile gene
cassettes. We used the chloramphenicol resistance gene cassette derived from
pSKS114 to construct pJH1 by inserting the cassette into the Pstl site of pTP166

(Marinus, et al., 1984). Similarly pJH51 was derived from pBamHI 2-50 (G. Wilson)



Table 2-2. Plasmids

Plasmid Genotype/Description Construction, reference, or source

misc.

pGL101 lacUV5 Amp" Guarente et al., 1980
pKC30 A PL NT Rosenberg et al., 1983
pSKS101 Kan® Amp"® Shapira et al. 1983
pSKS114 Cam' Ampr Shapira et al. 1983

Adenine Methylases

pJC1 M.EcoRI Cam" from S-C. Cheng (Cheng & Modrich, 1983)
pJH1 Ptacl-dam Cama® Cam" cloned in the Pstl
site in pTP166 (from M. Marinus)
Marinus, et al., 1984.

pJH40 laeUV5-M.Hhall Ampr M.Hhall cloned in the Pvull site
in pGL101.

pJH49 lacUV5-M.Hhall Cam” Cam” cloned in the
Pstl site of pJH40.

pJH586 M.Pstl Ampr Cam” Cam” cloned in the EcoRI site

in pME101 (from R. Walder)
Walder, et al.,1984.

pPAOM.177 M.PaeR7 Kan® from J. Brooks

pSK5 M.Hhall Tet® from H. Smith (Schoner et al., 1983)

Cytosine Methylases

pES2 M.BspRI Tet® Amp" from A. Kiss (1983)
pHaelll 1-1 M.Haelll Tet" Amp"® from G. Wilson
pJH51 M.BamHI Amp" Cam” Cam" cloned in the Sall
site of pBamHI 2-50 (from G. Wilson).
pJH53 M.Hhal Cam” Cam” cloned in the Pstl
site of pHhal 2-1 (from G. Wilson).
pMER3 M.Mspl Tet" Amp" from R. Walder
Walder, et al., 1983.
pR215 M.EcoRII Tet" from A. Bhagwat
pSU11 M.BsuRI Tet" Amp" from A. Kiss (1983)
pSU21 M.Spr Tet® from A. Kiss (1983)

EcoRI RM Plasmids

pAN4 EcoRI restriction-modification system Newman et al.,1980

pCS497 EcoRIRT M* Amp"

pJH10 pAN4 R M::Kan" Kan" cassette clone in the
Bell site of pAN4

pJH12 pJH10 (TS0) with EcoRI site filled in

pJH13 Sall fragment deleted from pJH12 ‘

pJH14 TS0 mutation cloned into pAN4 (RtSNI+)

pJH15a pJH10 with f1 [G region clockwise in Clal site

pJH15b pJH10 with f1 IG region counter-clockwise in

Clal site



pJH16a/b
pJH17

pJH19

pJH20
pJH23

pJH25

pJH34
pJH70
pJH71
pJH72
pJH74
pJH75
pJH78a/b
pJH80a/b
pJHS81
pJHS82

pJH83
pJH84
pJHS85
pJHS886
pJHS87
pJHS9

pJHI8
pJH99
pJH100
pJH101
pJH102

pJH104
pJH105
pJH115
pJH116

pJH113
pJH114

pJH117
pJH118
pJH119
pJH120

pJH121
pJH122
pJH123

pJH124
pJH125

pJC1 with f1 IG insertion at the Clal site
pJH15b with a BamHI linker

at the Puvul site 5’ to the endonuclease gene
pJH17 with a Xhol linker at the Smal

site 3’ to the endonuclease gene

A of BamHI to Bg/ll segment of pJC1
Sall EcoRI endonuclease

cassette in pUC7

Pyull EcoRI endonuclease

cassette in the Smal site of pUC18
pCS497 with Kan" cassette at Pstl site
BamHI to HindIIl deletion of pJH19
BamHI to BglII deletion of pJH19

BamHI to Pstl deletion of pJH19

BglIl fragment of pJH15b deleted

TS5 mutation in pJH15a

pAN4 with f1 IG insertion at the Clal site
TS6 mutation in pJH76a/b

TS8 mutation in pJH15a

pAN4 Byl site filled in (R” M ™)

R200P mutation in pAN4

R200S mutation in pAN4

R200V mutation in pAN4

R200K mutation in pAN4

R200C mutation in pAN4

pAN4 with a Bglll-Hpall fragment
carrying X\ P; inserted at the

Ndel site (filled in) just 5’ to the EcoRI
endonuclease gene that also destroys the
BygllI site on the end of the PL

bearing fragment

R200P mutation in pJH89

R200S mutation in pJHS89

R200V mutation in pJH89

R200K mutation in pJH89

R200C mutation in pJH89

mutations R56Q, H114Y, R200K in pJH15b
mutations R56Q, A138V, R200K in pJH15b
mutations R56Q, A138T, R200K in pJH15b
mutations R56Q, R200K in pJH15b

mutations R56Q, V1661 in pJH15b
mutations R56Q, A138T in pJH15b

mutations R56Q, R200C in pJH15b

mutations R56Q, A138V, R200C in pJH15b
mutations R56Q, H114Y, R200C in pJH15b
mutations R56Q, A138T, R200C in pJH15b

A of the BamHI to Pstl fragment of pJC1
pBR322 with the EcoRI site filled in

pCS497 with a Cam' cassette

inserted at the BamHI site

pJH15b (RA2 mutation) EcoRI site destroyed
pJH15b (TS6 mutation) EcoRI site destroyed
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by inserting the cassette at the Sall site, pJH53 from pHhal 2-1 (G. Wilson) by insert-
ing at the Pstl site, and pJH56 from pME101 (Walder, et al., 1984) by inserting at
the EcoRI site. pJH34 and pJH123 bear Kan" (at the Pstl site) and Cam' (at the
BamHI site) resistance gene insertions in pCS497.

The Hhall methylase gene was cloned under control of the inducible lacUV5 pro-
moter in plasmid pGL101 (Guarente, et al., 1980) as follows. The 960 base pair
EcoRI fragment from pSK5 (Schoner, et al., 1983) carrying the Hhall methylase gene
was isolated, filled in with the Klenow fragment of DNA polymerase I, and blunt-end
ligated into pGL101 which had been digested with Pvull and treated with calf intesti-
nal phosphatase. The antibiotic resistance of the resulting plasmid (pJH40) was
changed from ampicillin to chloramphenicol by inserting the chloramphenical resis-
tance gene cassette from pSKS114 into the Pstl site of pJH40, yielding pJH49.

Plasmid pAN4 is a pBR322 derivative which encodes the EcoRI restriction-
modification system and confers ampicillin resistance (Newman, et al., 1981). The
EcoRI methylase gene of pAN4 was inactivated by inserting a kanamycin resistance
gene (BamHI fragment) (Shapira, et al., 1983) into the Bell site Within the methylase
gene (see Fig. 4-1) to yield plasmid pJH10. Plasmid pJC1 is a pACYC184 derivative
which encodes the EcoRI methylase and chloramphenicol resistance (Cheng &
Modrich, 1983). Plasmid pJH15a/b was constructed by ligating Clal linkers onto a
Bglll fragment encompassing the f1 intergenic region (nucleotides 5486-5941, kindly
provided by N. Davis) and inserting this fragment into the Clal site of plasmid pJH10
(see Fig. 4-1). Plasmids pJH15a and b differ only in the orientation of the inserted f1
intergenic region. Replication from the f1 +strand origin is clockwise for pJH15a and
counter-clockwise for pJH15b. pJH34 (R+Mts) was derived from pCS497 (carries a
RTM® version of the EcoRI restriction system, constructed by S. Chang and S.
Cohen and provided by M. Casadaban) by inserting a BamHI fragment carrying the
kanamyecin resistance gene (Shapira, et al., 1983). Since plasmids pJH10, pJH15a,

and pJH15b are pBR322 derivatives, they each carry one EcoRI site. In some cases
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(TSOARI (pJH12), TS6ARI (pJH125), and RA2ARI (pJH124)) this site was destroyed
by treating plasmid DNA with EcoRI endonuclease, the Klenow fragment of the DNA
polymerase I and deoxyribonucleotides to render the ends flush, and DNA ligase.

To construct the set of deletions of the EcoRI endonuclease gene shown in figure
2-1, we inserted a BamHI linker into the Pvul site upstream of the EcoRI endonu-
clease gene and a Xhol linker downstream at the Smal site of plasmid pJH15b. The
resulting plasmid (pJH19) was partially cleaved with HindIIl, Bglll, or Pstl (sites
internal to the EcoRI gene), ligated to BamHI linkers, digested with BamHI and reli-
gated. To select for the desired deletion and against deletions with endpoints at sites
other than within the endonuclease gene, we selected deleted plasmids which were vi-
able in the absence of the methylase plasmid (endo’) but still conferred resistance to
both kanamycin and ampicillin. Screening a number of such colonies yielded the
deletion plasmids pJH70 (deletes N-terminal one-quarter of the endonuclease gene to
HindlIlI site), pJH71 (deletes N-terminal one-half to the BglI site), and pJH72 (deletes
N-terminal three-quarters to the Pstl site). An additional pJH15b deletion (pJH74,
Ampr Kans) was constructed which spans from the Bg/Il site within the endonuclease
gene to the Bglll site in the kanamycin resistance gene and thus removes the the C-
terminal half of the endonuclease gene.

The EcoRI endonuclease gene of plasmid pJH10 (Heitman et al., 1989) was ex-
cised as a 1.9 kb Pvull fragment, and ligated into the Smal site of plasmid pUCI18 to
yield plasmid pJH25, or alternatively ligated to Sall linkers and ligated into the Sall
site of pUC7 to yield plasmid pJH23. The resulting plasmids carry the endonuclease
gene flanked by convenient restriction sites. The endonuclease gene was excised as a
BamHI-Sall cassette from pJH25 and ligated into DNA of the M13mp9 and J1
(=MP9 with the EcoRI site filled in) phages that had been linearized with BamHI
and Sall and treated with calf intestinal phosphatase (CIP). Strain JM101/pJC1
(lac]q EeoM™ supF) was transfected with the resulting DNA and plated in top agar

containing X-Gal (40 ug/ml and IPTG at 1 mM) on solid medium containing X-gal
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Figure 2-1. Deletions of the EcoRI Endonuclease Gene. As described in the text,
Al (pJH70), A2 (pJH71), and A3 (pJH72) bear a BamHI linker at the deletion
endpoint while A4 retains its BglIl site. These unique restriction sites were used

to linearize the deletion plasmids for heteroduplex deletion mapping.
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and IPTG. Phage that made white plaques were isolated. Phage J3-2 is the EcoRI
endonuclease gene cloned in phage M13mp9, and J2-2 is cloned in phage J1.

Alternatively, the EcoRI endonuclease cassette was excised from plasmid pJH23
with BamHI and ligated into the BamHI site of M13mp18 phage DNA linearized with
BamHI and treated with CIP. Phage J9-9 bears the endonuclease gene under control
of the lac promoter of phage M13mp18 while phage J9-8 carries the insert in the op-
posite orientation. The FEcoRI site of phage J9-9 was destroyed by sequential treate-
ment of phage RFI form DNA with EcoRI, the Klenow fragment of DNA polymerase
I + dNTPs, and T4 DNA ligase to yield phage J11.

III. Random mutagenesis and mutant screens

Cells bearing plasmids pJH10 (or pJH15b) (R+ M) and pJC1 (R° M+) were mu-
tagenized either spontaneously or with nitrosoguanidine as described (Miller, 1972).
The endonuclease and methylase plasmids were separated by treating a plasmid DNA
mixture with BamHI to linearize pJC1 but spare the endonuclease bearing plasmid.
Since linear DNA transforms FE. coli poorly, cells transformed by this DNA often fe-
ceive pJH10 without pJC1. In practice, about 10% of the surviving colonies receive a
mutant derivative of pJH10 while the remaining 90% are co-transformed by both
plasmids.

Alternatively, the plasmids were separated by selectively packaging the endonu-
clease plasmid (pJH15b) with f1 helper phage. After cells were transduced with these
lysates, we also observed a background of transductants harboring both plasmids.
Since plasmids pJC1 and pJH10 (or pJH15a/b) carry regions of homology, we
thought this might be attributable to packaging of interplasmid recombinants. This
can not account for the entire background of pJC1 transductants, since we found
that plasmid pJC1 could be packaged by f1 helper phage (~ 10° TPs/ml compared to

1010 TPs/ml for pJH15b) from cells bearing only pJC1, even though this plasmid

does not carry an f1 packaging signal and is not known to exist in a single-stranded
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DNA form. In any event, following mutagenesis or using the host strain JH4 and
helper phage R189 (described below), greater than 90% of transduced colonies re-
ceived a plasmid carrying a mutant endonuclease.

To produce a mutagenized transducing particle lysate of pJH15b, cells harboring
both pJH15b and pJC1 were mutagenized and then grown for one hour, diluted, in-
fected with f1 helper phage, and grown overnight in soft agar. Plasmid transducing
particles were separated from f1 helper phage by transduction of a rep” host, JH138,
which supports plasmid but not phage replication. Alternatively, we employed an
amber suppressing host (JH4) and a helper phage carrying a gene II non-sense muta-
tion (R189), and subsequently transduced a non-suppressing host (K91) which does
not allow growth of the mutant helper phage.

Temperature-sensitive (TS) endonuclease mutants were isolated as follows. The
endonuclease bearing plasmid was mutagenized and separated from the methylase
plasmid (as described above) and then introduced into cells lacking the methylase.
Cells which acquire a wild-type copy of the endonuclease suffer DNA degradation and
die. Survivors carry endonuclease mutants with reduced activity. By initially plating
these survivors at 42°C and subsequently replica-plating to growth at 42°C and 30°C,
we found that many (* 30%) of the surviving colonies were cold-sensitive for growth.
These cold-sensitive colonies harbor temperature-sensitive endonuclease mutants. In
some cases we employed an SOS::lacZ host strain since many TS mutant endonu-
cleases show residual activity and induce the SOS response at 42°C. The reduced ac-
tivity endonuclease mutant RA2 was isolated by screening for a mutant that was vi-
able in strain JH137 without the FcoRI methylase and which induced the SOS
response at all temperatures.

EcoRI endonuclease mutants with enhanced EcoRI* activity were isolated by mu-
tagenizing plasmid pJH15b carrying the TS6 allele in vivo with nitrosoguanidine and
introducing the purified plasmid DNA into an SOS::lacZ fusion strain expressing the

EcoRI methylase. We then screened for colonies which made blue colonies on X-gal
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indicator media which were stable and TS for the blue colony phenotype.

Site-directed mutagenesis is described below.
IV. Mapping and sequence analysis

Mutations were mapped by either of three methods. Restriction fragments from
wild-type and mutant plasmids were ligated and the ability of the hybrid to restrict X
phage at the non-permissive temperature (42°C) was determined after transformation.
For star EcoRI mutants we scored induction of the SOS response. Alternatively,
single-stranded mutant DNA was annealed to double-stranded restriction fragments
from wild-type. After transformation, the frequency of marker rescue to wild-type
(R+) was determined by replica-plating to plates seeded with ~ 106 >‘vir per plate or
by cross-streaking individual transformants against >\vir that had been spread as a
line on the plate with a 0.2 ml pipette and allowed to dry. The frequency of marker
rescue varied from ~ 0.5 to ~ 10 %. Finally, in some cases we employed heteroduplex
deletion mapping (Shortle, 1983) with a set of EcoRI deletions. For this method
BamHI linearized DNA of the EcoRI endonuclease deletion plasmids pJH70, pJH7i,
or pJH72, or Bglll treated pJH74 was annealed to Clal treated mutant DNA, and the
transformants which result from this DINA were scored by cross-streaking against \
(for TS mutants) or plating on X-gal indicator media (for star mutants).

The implicated region for each mutation was sequenced by the dideoxy nucleotide
method (Sanger, et al., 1977). In several cases (TS6, TS9, RA2, R200K, R145K,
R145K + Y193H, and all the EcoRI star mutants) the entire gene was sequenced.
Sequencing templates were either single-stranded plasmid DNA isolated after helper
phage infection or denatured (collapsed) double-stranded plasmid DNA. In one case
(TSO) the relevant region was sub-cloned into M13mp18 to produce single-stranded
template DNA for sequencing. Sequencing primers are listed with other oligonucleo-
tides in table 2-3 and shown in figure 2-2. We employed six primers: four which

were equally spaced to cover the coding strand (pJH15b packaged strand) and two for




Table 2-3. Oligonucleotides

Name Sequence Length Use
JOHE1 AAATAACAGTGGAAACATGG 20 R1 primer 1
JOHE2 GTCGATCTAAXNNATTTAATATACC 25 R200X mutagen
JOHE3 GATAGTATAAAGAAAACAG 19 R1 primer 2 (replaced by 17)
JOHE4 GGGAAAAGAGGAGATCAAG 19 R1 primer 3
JOHE5 GGTTAGATCGACTAACTGC 19 R1 primer 4
JOHES$ GATTACTATTTATAGGC 17 R1 primer for R200
JOHE? GATCTCGA 8 BglIl or BamHI to Xhol adapter
JOHES GTCGATCTAACCTATTTAATATACC 25 R200R
JOHEY CTTATGAGATCTXNNGATAGCATTACC 27 E144X mutagen
JOHE10 CTTATGAGAXNNTTCGATAGC 21 R145X mutagen
JOHE11 GTCGATCTAACGCATTTAATATACC 25 R200A mutagen
JOHE12 GTCGATCTAACTXATTTAATATACC 25 R200EQ mutagen
JOHE13 GTCGATCTAAATXATTTAATATACC 25 R200HD mutagen
JOHE14 GTCGATCTAAAOOATTTAATATACC 25 R200FYIN mutagen
JOHE15 GATTTAATGGTTGCTGG 17 A138V
(JOHE16 GTGATATTTTTTATGTTAACAAGG 24 Hpall site in IG)
JOHE17 GATAGTATAAAGAAAACAG 19 R1 primer 2 again
JOHE18 GTGGCTCTCAGAGAGC 16 R1 primer for E144,R145
JOHE19 CTTATGAGATCTTTCGATAGCATTACC 27 E144,R145 wild-type
JOHE?20 GTCGATCTAACTTATTTAATATACC 25 R200K mutagen
JOHE?21 GCTGCAGTTAGTTTATCTAA 20 R203K
JOHE22 GGTCTTGTTX1TGAGATATTTTCTG 25 [181VALS mutagen
JOHE23 CCTATTTAATX1ACCAGAATTATACTC 27 [197VALS mutagen
JOHE?24 GTTGTTCAGTTX2CCTATTTGACTG 25 L10ITVA mutagen
JOHE25 GCATTACCAGCA2NCATTAAATCTTG 26 A138NDGSRHYC mutagen
JOHE26 GGAGTTTGGCTCCAGCAACAAG 22 R1 primer 7
JOHE27 TCGCGAATTCGCG 13 R1 site binding oligo

N=ATGC; X=GC; 0=AT; 1=AC; 2=TC
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Figure 2-2. Sequencing Primers for the EcoRI Endonuclease Gene. Short (16 - 20
bp) oligonucleotides complementary to regions of the endonuclease gene were syn-.
thesized on a fully automated Applied Biosystems 380A DNA synthesizer and
used as sequencing primers without purification. Primers 1 (JOHE 1), 2 (JOHE3
or 17), 3 (JOHE4), and 4 (JOHES5) anneal to the non-coding strand (pJH15b
packaged strand) and prime at nucleotide positions 338, 535, 745, and 959 respec-
tively (Newman, et al., 1981). Primers 5 (JOHES) and 6 (JOHE18) anneal to the

coding strand (pJH15a packaged strand) and prime at nucleotides 973 and 811.
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the non-coding straﬁd (pJH15a direction) which prime just before the sequences en-
coding amino acids R200 or E144/R145.

For sequencing double-stranded DNA, 1-2 ug of plasmid DNA prepared by the
non-denaturing triton X-100/lysozyme lysis protocol of Zinder and Boeke (1982) was
electrophoresed on a 0.6 % agarose gel, and the RFI band was excised under long
wavelength UV irradiation and electo-eluted from the gel slice with an IBI electro-
elution apparatus. Although in some cases RFI form DNA is poorly recovered by
electroelution (~ 10 % yield), this procedure removes RNA and nicked and linear
plasmid DNA species which otherwise yield an unacceptable background to sequenc-
ing reactions. After ethanol precipitation, the DNA was base denatured with 20 ul of
0.2N NaOH for 10 min. at RT, neutralized by the addition of 20 ul distilled HQO, 2
ul 2M NH4AC, and 3 ul of 3M NaAc (pH=>5.1), and ethanol precipitated. Typically,
this amount of template was sufficient for 1-2 sequencing reactions. Sequencing gels
were fixed with 5 % acetic acid and 5 % methanol for 15 min. at RT, dried on What-
man 3M filter paper, and exposed to Kodak XAR film for 3 to 6 days at RT. All ni-
trosoguanidine (NG) induced mutations were attributable to the known mutagenic
pattern of NG (G to A transitions usually within GG or GA sequences) (Burns, et al.,
1987).

V. Site-directed mutagenesis

Uracil containing single-stranded pJH15a DNA, produced from the dut ung host
K1053, was mutagenized as described by Kunkel (1985). Because we found that ura-
cil containing templates lose activity upon prolonged storage, they were used within a
few days after isolation. Reaction conditions were as described (Russel & Model,
1986) using a series of degenerate oligonucleotides (listed in table 2-3) in which the
nucleotides of the codon for the amino acid we wished to mutate were replaced by a
mixture of nucleotides: 5-NNX-3', where N represents an equimolar amounts of all

four nucleotides and X is one-half each of G and C. These oligonucleotide mixtures
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are 32-fold degeneré.te and contain at least one codon for each of the 20 amino acids.
Several additional oligonucleotides which were less degenerate and encoded specific
desired changes (table 2-3) were used to isolate the remaining substitutions at the
R200 position. Separate annealing reactions were carried out at a series of different
temperatures (RT, 45 °C, and 65°C) (Goff, et al., 1987). The reaction mixture was
then introduced into a dut™ ung+ host (JH137) which destroys and thereby selects
against both the parental template strand and the helper phage (which remains
single-stranded since it is not complementary to the mutagenic primers).

After several rounds of purification by colony isolation, single-stranded DNA was
isolated following infection with f1 helper phage R176. Dideoxy nucleotide DNA
sequencing of random isolates revealed that in most cases, ~ 75% of colonies harbored
a mutant endonuclease gene. While mutations resulting from single-mismatches
predominated when oligonucleotides had been annealed at 65°C, with lower annealing
temperatures a greater proportion arose from double and triple mismatches. In gen-
eral, © 100 nucleotides spanning the mutated site were sequenced. In most cases mu-
tationsl were isolated more than once independently. With only one exception, in-
dependent isolates and mutants encoding the same amino acid with different codons
showed identical phenotypes. In the one case (R145K) where two isolates showed
different phenotypes, sequencing the entire gene revealed that the more active allele
carried a spontaneous suppressor mutation (R145K + Y193H). In all other cases to
ensure the identified single nucleotide changes confer the observed phenotype, we
subjected uracil containing mutant templates to site-directed reversion with an oli-
gonucleotide bearing the wild-type codon at the mutated position. With high fre-
quency (25-75%) every mutation regained the ability to restrict X phage to the same
extent as the wild-type enzyme. Thus we conclude that the observed phenotypes are
attributable to single point mutations.

VI. Cellular ertracts and protein purification
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Cell extracts containing the EcoRI TS endonuclease were isolated by resuspending
cell paste from 100 ml cultures (grown at 30°C) of strain K91/TS and pJC1 in a lysis
buffer (100 mM NaCl / 50 mM Tris-HCl (pH= 7.4) / 10 mM MgSO, / bovine serum
albumin at 1 mg/ml / 1 mM phenylmethylsulfonylfiuoride) permissive for EcoRI ac-
tivity and sonicating (6 X 20 sec) on ice. (Heitman, et al., 1989). After centrifuga-
tion for 20 minutes in a microcentrifuge and 3 hr at 100,000 X g, the supernatant was
mixed 1:1 with glycerol and stored at -20°C.

We initially tried to purify the site-directed EcoRI endonuclease mutants (chapter
6) expressed from the double plasmid system (pJH15a and pJC1) in strain JH137.
These mutants have very weak endonuclease activity which proved extremely difficult
to detect in the presence of cellular endonucleases. Instead, we over-expressed several
mutants by first rejoining the mutant endonuclease gene and the wild-type methylase
gene in plasmid pAN4. A fragment carrying the endonuclease mutation was then
sub-cloned into a vector that carries both the the endonuclease and the methylase
gene under control of the strong A PL promoter (pJH89). After thermal induction in a
cI857ts host strain (K1140), fhese plasmids expressed the endonuclease and methylase
enzymes to roughly 10% (5% each) of the total cellular protein. However, since these
site-directed mutants are temperature-sensitive in vivo, this did not seem a prudent
means of inducing expression. X can also be induced by chemical treatments such as
nalidixic acid (Mott, et al., 1985). However, the cI857 repressor is ind and cannot be
chemically induced. We obtained the cI” defective X lysogen host strain AR120
(Rosenberg, et al., 1983) and moved the defective X lysogen into an endA™ host
(MM294) by P1 transduction with selection for a linked marker (nadA::Tn10). The
resulting strain (JH153) effectively represses expression from X\ PL promoter, is chemi-
cally inducible, and makes little or no endogenous endonuclease. With this over-
expression system, the R200K and the R200C mutant proteins were purified by
measuring FcoRI specific endonuclease activity in column fractions. No endonuclease

activity was detectable in the crude lysates of strains expressing these mutants, prob-
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ably because the methylase is also present. However, after the first column a clear
peak of endonuclease activity was observed. The wild-type and the R200K and
R200C mutant enzymes were purified to homogeneity by phosphocellulose and hy-
droxylapatite chromatography, essentially as described (Cheng, et al., 1984) except
that the ammonium sulfate concentration step was usually omitted.

The wild-type and the TS6 enzymes and the star mutant enzymes described in
chapter 7 were purified without over-expression from cells bearing both pJC1 and the

mutant pJH15b plasmids.
VII. Enzyme assays and cleavage site mapping

A kinetic analysis of DNA scission by the wild-type enzyme and the R200K mu-
tant enzyme was performed. Substrate concentration was varied from 0.56 to 11.8
nm with a constant amount of endonuclease (111 pM for the R200K mutant and 12
pM for the wild-type enzyme). Reactions were conducted at 30°C (because the
R200K protein is at least TS in vivo) and portions were removed at time points up to
one hour. These partiz;l reaction products and linear DNA standards were displayed
on 0.6% agarose gels containing 0.5 % EtBr. Gels were photographed under UV
trans-illumination with Polaroid 665 positive-negative film. The negatives were
scanned with a Joyce-Loebl microdensitometer and the amount of product deter-
mined by comparison to linear standards of known concentration determined by spec-
trophotometric absorption at 260 nm. The amount of product was plotted versus
tifne and the initial reaction velocity determined for the linear portion of the curve.
The reciprocal of the initial velocity was then plotted against the reciprocal of the
substrate concentration to yield the kinetic constants Km and Vmax’ which are its
intercepts with the Y and X-axes respectively.

Two buffers were employed for restriction digests with the wild-type or mutant
EcoRI endonucleases. Normal or preferred EcoRI buffer contains: 100 mM Tris-HCI

at pH=7.5. 5 mM MgClz, 50 mM NaCl, and 100 pug/ml BSA. EcoRI* buffer condi-
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tions contain: 25 mM Tris-HCl, pH=8.5, 2 mM MgCl2, and 5% glycerol (from the
enzyme storage buffer). To map the sites at which the EcoRI star mutants cleave f1,
we first purified shorter restriction fragments of f1 (Hhal, Hpall, Hinfl, or Haelll), by
electrophoresis in 2% agarose gels followed by electoelution. These isolated frag-
ments were subjected to scission by the mutant endonucleases and the sizes of the
resulting fragments were calculated by comparing their migrational distance to the
plot of loglo(basepairs) versus distance migrated (in mm) for fragments of known
length. By a number of such digests, each site of cleavage could be located to a 10-20
bp interval. Within each of these intervals was a consensus EcoRI* site based on the
f1 sequence.

2p

To determine if these EcoRI* sites are in fact the sites of scission, uniquely g
end-labelled f1 restriction fragments were subjected to Maxam and Gilbert sequencing
reactions (Maxam & Gilbert, 1980; Eckert, 1987) and to cleavage by the wild-type
and mutant enzymes. Approximately 0.5 ng (1000 - 2000 cpm) of a 32p end-labelled
restriction fragment (see below) and 10 - 20 ng of purified enzyme were incubated for
1 hour at 30°C. The reactions were terminéted by incubation at 65°C for 15
minutes, followed by the addition of sodium acetate (to 0.3 M) and 10 pug carrier
tRNA. The reactions were divided and ethanol precipitated. One-half was
resuspended in 6 ul of 95% formamide, 0.1% xylene cyanol, and 0.39% bromophenol
blue. These samples were displayed on 6% - 8M urea sequencing gels. The other half
of the reactions were resuspended in 10 ul of 10% sucrose, 25 mM EDTA, 0.05% xy-
lene cyanol, and 0.05% bromophenol blue. These samples were electrophoresed under
non-denaturing conditions: 8 - 129% polyacryamide gels containing 1 X TBE buffer
(Maniatis, et al., 1982). The gels were dried to Whatman 3 mm paper and exposed to
Kodak XAR film at -70°C with intensifying screens.

VIII. End-labelling f1 Restriction Fragments.

To obtain short f1 restriction fragments labelled at only one end, we treated 2.5 -
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5 ug of CsCl purified f1 DNA with an excess of the first enzyme (100 - 200 units) for
2 - 4 hours at 37°C and then with 10 units of calf intestinal phosphatase (CIP) for an
additional 1 hour in the same restriction enzyme buffer. The reaction mixture was in-
cubated at 65°C and then extracted with chloroform and phenol and ethanol precipi-
tated. The resulting restriction fragments were end-labelled with 7-32P—ATP and po-
lynucleotide kinase (5 units) with incubation at 37°C for one hour. Following label-
ling the unincorporated label was removed by centrifuging the kinase reactions
though a short G65 spin column. The kinased fragments were chloroform and phenol
extracted and ethanol precipitated. To yield fragments with only one labelled end,
we treated with a second restriction enzyme and then separated the fragments on 2%
agarose gels. Fragments of the desired sizes were excised under long-wave illumina-
tion, electro-eluted, and ethanol precipitated. For the 291 bp Hinfl - Haelll frag-
ment, we first purified a mixture of the 345, 348, and 354 bp Hinfl fragments and
subsequently treated with Haelll to unveil the 291 bp fragment. By this means we
obtained the fragments listed later in table 7-2.

IX. Recombination Assay

To measure the frequency of recombination, we employed strain KS391 which
bears two copies of the lac operon containing non-overlapping deletions (Konrad,
1977). This strain is lac” but can revert to lac™ by recombination between the lac
deletions. When plated on lactose-tetrazolium indicator plates (Miller, 1972), red
colonies are formed which give rise to faster-growing white lac™ papillae. The
number of papillae is an indicator of the frequency of recombination. To avoid the
bias of differing colony sizes (larger colonies yield more papillae), in some cases small
discs of growth were produced by touching the tips of a multi-pronged applicator to

bacterial cultures and then to the surface of an agar plate.
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Chapter 3
The Methylation Dependent Restriction Systems Mrr and McrB
Sponsor SOS Induction by Site-Specific Methylases

Introduction

This chapter is adapted from Heitman and Model (1987).

The DNA from many organisms is chemically modified by methylation. This
post-replicational modification is the work of site-specific methylases, enzymes that
transfer methyl groups from S-adenosyl methionine to either adenine (N6-position) or
cytosine (C-5 or N4-position (Janulaitis, et al., 1983)) at specific recognition sites (Ra-
zin, et al., 1984). In general, DNA methylation supplements the information con-
tained within the primary nucleotide sequence. In higher eukaryotes, DNA methyla-
tion may help regulate gene expression since cytosine methylation at CG dinucleo-
tides is rare in expressed regions of the genome and prominant in inactive regions
(Doerfler, 1983; Cedar, 1984, 1988). For unicellular eukaryotes both cytosine and
adenine methylation have been described but their role is not known (Harrison, et al.,
1986). Prokaryotes also have both adenine and cytosine methylases. For example,
the bacterium Escherichia colt makes several methylases including: the dam adenine
methylase which participates in DNA mis-match repair, and the regulation of tran-
scription, replication, and transposition; the dem cytosine methylase whose function is
inknown; and the HsdM, EcoRI, and EcoRII methylases which are part of
restriction-modification systems (Marinus, 1984, 1987; Claverys & Lacks, 1986; Messer
& Noyer-Wiedner, 1988).

Many species of bacteria make restriction and modification enzymes to destroy
foreign DNA that enters the cell (Arber, 1974; Roberts, 1976). In general, two en-

zymes compose a restriction-modification system: an endonuclease or restriction en-
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zyme that cleaves a‘ specific DNA sequence, and a methylase that modifies the same
sequence to block cleavage by the restriction enzyme and thereby protect the cellular
DNA. Restriction-modification systems from various bacterial species have been
cloned in E. coli (reviewed in Wilson, 1988). We have studied the Hhall system of
Haemophilus haemolyticus (cloned by Mann, et al., 1978), and found that Hhall
methylase expression drastically inhibits growth of several standard E. coli K-12 lab
strains. Here we show that this results from insults to the DNA which elicit the SOS
DNA repair response. We find that, in general, methylases foreign to‘E. coli induce
the SOS response. Recognition of adenine methylated DNA requires the product of a
hitherto undescribed locus, which we name mrr, for methylated adenine recognition
and restriction. The mrr locus encodes a restriction system whose target is methylat-
ed DNA. We suggest that the mrr product is an endonuclease that cleaves adenine
methylated DNA, and that DNA scission induces SOS. Cytosine methylation also in-
duces the SOS response and this effect requires the mecrB locus which encodes an en-
donuclease specific for DNA containing 5-hydroxymethyl- (Revel, 1983), 5-
methylcytosine (Raleigh & Wilson, 1986), or N4-methylcytosine (Blumenthal, et al.,
1985). Three other examples of methylation-dependent restriction systems have been
described (Lacks & Greenberg, 1977; Sladek, ¢t al., 1986; MacNeil, 1988).

So far, E. coli contains five restriction systems (hsdRMS, mrr, mcrA, merB,
merC), four of which (mecrB merC hsdRMS mrr) map in a gene cluster at 98.5
minutes on the chromosome which we call the Ellis Island of E. coli to reflect its role
in monitoring DNA immigration. These genes may be clustered to coordinate the cel-
lular defense system in some way. T’wo well studied subspecies of E. coli, K-12 and
B, differ in at least three of these four loci (merB, hsdRMS, and mrr). Mutations of
this sort, which hinder or promote genetic exchange, may be common bacterial speci-

ation events.
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Results

Hhall Methylase Induces X\ Lysogens

The Hhadll restriction endonuclease and methylase are made by the bacterium
Haemophilus haemolyticus and recognize the sequence GANTC (where N=G, A, T,
or C)(Mann, et al., 1978). Scission occurs between the guanine and the adenine, while
methylation is at the N6-position of the adenine. The Hhall restriction and
modification genes have been cloned in E. coli (Mann, et al., 1978). Subsequently, the
two genes were cloned on separate compatible plasmids (Schoner, et al., 1983). We
obtained these plasmids with the aim of conducting a mutational analysis of the res-
triction and modification enzymes. However, when several standard laboratory
strains (K38, JM101, JM109) were transformed with the plasmid pSK5 which
expresses only the Hhall methylase (GmeANTC), the resulting colonies were flat,
translucent, mottled, and grew poorly, giving rise to faster-growing mutants. As
shown in figure 3-1, when these transformants were plated on a medium containing
X-gal, a chromogenic substrate which yields a blue dye when cleaved by (-
galactosidase, and IPTG, a gratuitous inducer of the lac operon, the colonies of
K38/pSK5 were ringed by blue haloes. Normally lac™ strains do not leak B-
galactosidase or the X-gal cleavage product and thus yield blue colonies with distinct
borders on X-gal/TIPTG plates. Therefore, the blue haloes induced by the Hhall
methylase were indicative of cell lysis.

As strain K38 is a \ lysogen, we thought that this cell lysis might be due to X in-
duction. Culture supernatants of strain K38 expressing the Hhall methylase contained
10-fold more phage than did strain K38 alone. Furthermore, when the Hhall methy-
lase plasmid pSK5 was introduced into strain K91, an isogenic derivative of K38
cured of A, the resulting colonies were no longer ringed by blue haloes. However,
these colonies still grew slowly and were translucent and mottled. Thus, besides

causing cell lysis through induction of X\ in a lysogenic strain, Hhall methylase exerts
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Figure 3-1. Hhall Methylase Causes Cell Lysis. Colonies of strain K38/pSK5
were grown on X-gal (30 ug/ml) IPTG (1 mM) indicator plates containing tetra-
cycline (25 pug /ml). The cellular enzyme [3-galactosidase cleaves the chromogenic
substrate X-gal to produce an insoluble blue dye. Usually neither S-galactosidase
nor the blue dye diffuse beyond the colony borders. The blue haloes observed
here are therefore indicative of cell lysis. The two colonies which lack blue haloes
are spontaneous mutants which have been cured of A\ or which carry Hhall or mrr

(described below) mutations.






40

a further deleterious effect on the cell.
Hhall Methylase Induces the SOS Response

X lysogens can be induced by DNA-damaging agents, such as mitomycin C or UV
light, which induce the SOS response. Induction of A\ and the SOS genes results from
RecA stimulated auto-digestion of their respective repressors, ¢/ and LexA. Kenyon
and Walker (1980) constructed a family of strains in which SOS inducible promoters
were fused to the lac operon using the Mu d(Apr lac) phage (Casadaban & Cohen,
1979). These strains make (-galactosidase in response to DNA damage and provide a
convenient assay for SOS induction. Strain GW1060 carries a uvrA::Mu d(Apr lac)
fusion. Transformation of this strain with plasmid pSKS5 resulted in increased (-
galactosidase expression (as measured by colony color intensity on X-Gal plates), indi-
cating that the Hhall methylase does induce the SOS response. Strains GW1010,
GW1030, GW1040, and GW1080 carry Mu d(Ap' lac) fusions to other SOS-inducible
promoters and gave similar results. By microscopic examination, cells expressing
Hhall methylase were filamented, another characteristic of SOS induction.

The effect of mutations in various DNA repair genes upon methylation sponsored
SOS induction was tested by introducing them into an appropriate derivative carry-
ing a dinD::lacZ fusion. The resulting strains were transformed with plasmid pSK5
and plated on X-gal indicator media. Blue colonies were scored as induced for the
SOS response, and white colonies were scored as uninduced. Mutations in either the
recA (JH59) or recB (JH104) loci blocked SOS induction by Hhall methylation. In
contrast, a mutation in the mis-match repair machinery (mutS456, strain GM1874)
did not alter SOS induction by Hhall methylase, suggesting that methylation does
not induce SOS by somehow disrupting mis-match repair. By the same criterion,
Hhall methylase did not increase J-galactosidase expression in a strain (JH125) har-
boring a Mu d(Apr lac) fusion to one of the adaptive response loci, alkA, which is in-

duced by other alkylating agents (data not shown) (Volkert & Nguyen, 1984; re-
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viewed in Walker, 1985).
Cloning the Hhall Methylase Under the lacUV5 Promoter

Transformation with a plasmid (pSK5) expressing the Hhall methylase causes
most E. coli strains to grow poorly and give rise to faster-growing mutants. To avoid
this selective pressure, the methylase gene was placed under control of the lacUV5
promoter, yielding plasmid pJH49 (see materials and methods, Chapter 2). Hhall
methylase expression was assayed by isolating plasmid DNA and testing its resistance
to digestion by Hinfl, an isoschizomer of Hhall which is also inhibited by Hhall
methylation (see fig. 3-2). pJH49 expressed a background level of enzyme sufficient to
methylate roughly one-half of the plasmid Hhall sites under the conditions used (lane
2, fig. 3-2). Some transcription from the uninduced lacUV5 promoter probably ac-
counts for the background level of expression from plasmid pJH49. IPTG induction
rendered plasmid pJH49 almost completely resistant to HinfI digestion (95% protec-
tion), indicating an increase in Hhall methylase (lane 5, fig. 3-2).

To assay SOS induction by this inducible plasmid, we constrﬁcted strain JH43, a
derivative of the Kenyon and Walker strain GW1040 (Kenyon & Walker, 1980).
GW1040 carries a Mu d(Apr lac) fusion to a locus induced by DNA damage, dinD
(din stands for DNA-damage inducible). Although the dinD gene product is unk-
nown, we chose this fusion because it has a low basal level of §-galactosidase and the
ratio of its induced /uninduced (-galactosidase levels is high. Strain JH43 was derived
from GW1040 as follows. The Mu d fusion was rendered transposition defective as
described in materials and methods, Chapter 2. The resulting strain, JH5, was trans-
duced with phage P1 grown on a recA” srl300::Tn10 strain to replace the tempera-
ture sensitive recA allele (¢if-1) originally carried by GW1040, cured of tetracycline
resistance by selection for quinaldic acid resistance, and mated with GC2438 to
transfer in the F’ episome carrying lacld, to yield strain JH43.

The 3-galactosidase levels in strain JH43 after mitomycin C treatment or expres-
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Figure 3-2. Hhall methylase expression by plasmid pJH49. Plasmid pJH49 DNA
was prepared from the lacI? strain K561 with and without IPTG induction of

Hhall methylase expression. Samples were digested with Hinfl or EcoRI and run
on a 0.6% agarose gel. pGL101 is the parent vector of pJH49, and here serves as

a control. U=undigested sample, H=Hinfl, and R=FcoRI



Plasmid: pGL101 pJH49 pJH49
IPTG: - + -
Digest: R HU R HU R HU

Lane: 9 8 7 6 5 4 3 21
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sion of Hhall methylase from pJH49 are shown in figure 3-3. Without IPTG induc-
tion, plasmid pJH49 made enough Hhall methylase to modify about one-half of the
plasmid-borne Hhall sites, and to induce SOS to 3-fold higher than background.
IPTG induction increased methylase expression so that nearly all plasmid-borne Hhall
sites were methylated and, correspondingly, SOS induction increased to 7-fold higher
than background. The increase in SOS induction after IPTG addition was somewhat
modest (due to the high basal level of methylase expression), but nonetheless reflects
the increased methylation at Hhall sites from 50% to essentially 100%.

In control experiments, a dose of mitomycin C of 1 ug/ml induced SOS 21-fold
higher than background. Greater SOS induction by mitomycin C than by Hhall
methylase may reflect a difference in the nature of the inducing lesions (since mitomy-
cin C causes DNA-DNA crosslinks, whereas we suggest that Hhall methylation leads
to DNA scission) or in their respective concentrations (a likely concern since mitomy-
cin C can act at nearly any DNA sequence while Hhall induced lesions are probably
no more frequent than Hhall sites). Other examples of partial or intermediate SOS

induction have been described (Walker, 1984).
Does the Cell Need to Turn on SOS in Response to Methylation?

We next tested the effect of Hhall methylase on the growth of isogenic recA™
(K561), and recA™ (K871, recA56 allele) strains. Growth (measured as ODg o) was
mildly inhibited in strain K561, a X lysogen (data not shown). Growth was greatly
inhibited in the recA56 strain: the culture doubling time increased by 40% within 6
hours after IPTG induction of methylase expression. However, methylase expression
did not decrease colony forming efficiency. Thus methylation is bacteriostatic and
not bacteriocidal. Strains carrying either a lezA3 (JH30) or a recB21 (JH100) allele
gave results similar to the recA56 strain. These three mutations all block SOS induc-
tion by methylation, suggesting that SOS is required to overcome some ill effect of

methylation.
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Figure 3-3. Kinetics of $-galactosidase induction in strain JH43 (lach dinD1::Mu
d(Ap" lac)) and JH43/pJH49. Cells were grown at 30° C in K120 minimal media
supplemented with 0.29% glucose and 0.4% casamino acids. Mitomycin C (1
pg/ml) or IPTG (5 mM) was added to cultures at t=0. Portions (100 pl) were
removed hourly and (-galactosidase activity was assayed as described (Miller,
1972). Cell density was determined by measuring the ODSOO' o, untreated JH43;
x, JH43 + 1 ug/ml mitomycin C; +, JH43/pJH49; *, JH43 /pJH49 + 5 mM

IPTG.
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Other Adenmine Methylases Induce SOS

Strain K38 carrying the Pstl methylase (CTGCmeAG) plasmid pJH56 made mot-
tled translucent colonies and grew poorly, giving rise to faster-growing mutants and
blue haloes on X-gal/IPTG media. Pstl methylase induced 3 to 5-fold more 3
galactosidase expression from the dinD1::Mu d(Ap' lac) fusion carried by strain JH43,
as measured by [-galactosidase assays (data not shown).

Similarly, when the dam methylase was over-expressed from the tacl promoter
(pJH1), SOS was induced to 2 to 4-fold higher than background, as measured with
the dinD1::Mu d(Apr lac) fusion. Similarly, the absence of dam methylase (dam mu-
tation) induces the SOS response to a similar degree (Craig, et al., 1984). However,
over- and under-expression of dam methylase are not analogous situations. The dam’
mutation renders cells 2-aminopurine (2-AP) sensitive (Craig, et al., 1984) and is invi-
able in combination with a recA mutation (Marinus & Morris, 1974). In contrast, we
find that over-expression of dam does not increase 2-AP sensitivity or kill the recA”
host K871 (data not shown). SOS induction by the dam mutation may be attribut-
able to DNA lesions from aberrant mis-match repair while over-expression of dam
may induce SOS by disrupting the regulation of DNA replication initiation from OriC
(Messer, et al., 1985).

In contrast, expression of the EcoRI methylase from plasmid pJC1 did not induce
SOS. K38 harboring plasmid pJC1 grew normally, and strain JH43 did not make in-
creased (-galactosidase in response to EcoRI methylation. Plasmid pPaoM.177
(Gingeras & Brooks, 1983) expressed the PaeR7 methylase (CTCGmeAG) at a level
sufficient to fully methylate the single PaeR7 site on the plasmid, but did not induce
SOS.

How was the Detrimental Hhall Methylase Originally Cloned?

The Hhall restriction-modification system (Mann, et al., 1978) was originally
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cloned in HB101, a hybrid strain containing regions of both the E. coli K-12 and E.
coli B genomes (Boyer & Roulland-Dussoix, 1969). We have shown that methylation
inhibits growth most strongly in recA mutant strains, and, surprisingly, HB101 car-
ries a recA mutation. Nonetheless, we found that the viability of HB101 is apparent-
ly unaffected by the presence of pSK5. In JH69, a recA” HB101 derivative carrying
the dinD1::Mu d(Apr lac) fusion, B-galactosidase levels were increased by mitomycin
C but not by Hhell methylase. .

HB101 is a genetic recombinant, and although most of its chromosome is from E.
coli K-12, minutes 98 to 100 are derived from E. coli B (Boyer & Roulland-Dussoix,
1969). The ability of HB101 to tolerate the Hhall methylase is perhaps attributable
to these E. coli B specific sequences. A lacZ::Tn5 dinD1::Mu d(Apr lac) derivative
(JH120) of the E. coli B strain ER21 was constructed. As with JH69, S-galactosidase
levels were increased by mitomycin C but not by the Hhall methylase. When strains
JH69 and JH120 were transduced with phage P1 grown on a K-12 donor strain carry-
ing a transposon insertion at 99 minutes (z77::Tn10, strain ER1351), a K-12 marker
that was 709 linked to the transposon enabled both strains to induce SOS in
response to Hhall methylation. This marker was also very tightly linked to the
hsdRMS loci at 98.5 minutes, which encode the E. coli host restriction system. This
locus is distinct from both the hsdR and mcrB genes, since mutations in either of
these loci did not block SOS induction by adenine methylation. We call this locus
mrr, for methylated adenine recognition and restriction. We designate the E. coli K-

12 allele mrr g or simply mrr, and the E. coli B allele mrr p.
Analysis of Tn5 Insertions that Block Induction of SOS by Methylation

We sought TnJ5 insertions in strain JH39 which would block SOS induction by
Hhall methylase but not by mitomycin C. A random library of 100,000 TnJ5 inser-
tions in strain JH39 were pooled, transformed with plasmid pJH49, and screened on

X-gal/IPTG plates. Our reasoning was that transposon insertions in genes needed to
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recognize adenine methylation would prevent induction of the Mu d(Ap" lac) fusion
and yield white colonies on X-gal/IPTG media. From a screen of 4600, 18 white or
light blue colonies were obtained; 12 were totally white, grew slowly on X-gal/IPTG
plates, and were presumably insertions in either recA, recBC, or the dinD1:: Mu
d(Apr lac) fusion. In contrast, 6 colonies were light blue and grew normally on X-
gal /TPTG plates. Mitomycin C still induced SOS in all six. One insertion that co-
transduced kanamycin resistance and the Mrr phenotype at high frequency was
further characterized (mrr2::Tn5, strain JH76). This insertion also blocked SOS in-
duction by the Pstl methylase, an adenine methylase, but not by several cytosine
methylases. Cells carrying the Tn5 insertion restrict A\ grown on strains which do not
provide EcoK modification, hence the host E'coRK restriction system (hsdRMS) is
unaffected by the mrr2::Tn5 insertion. Construction of a mrr2::Tn5 recB21 double
mutant (JH119) revealed that the mrr2::Tn5 insertion reversed the ill effects of aden-
ine methylation in a recBC" strain. Similarly, the mrr g allele blocked the ill effects

of adenine methylation in a recA” strain (HB101).
Mapping the mrr2::Tn5 Insertion

Preliminary mapping of the mrr2::Tn5 insertion by P1 transduction mediated 3-
factor crosses revealed that the Tn5 insertion was 45 to 50% linked to a Tn10 inser-
tion at 99 minutes (z77::Tn10) and very tightly linked to the hsdR and merB loci,
both near 98.5 minutes. However, these crosses gave conflicting results as to the gene
order (data not shown). To determine the gene order of this tightly linked cluster,
we employed a Tn10 insertion in the merB locus itself. The mcrB4::Tn10 insertion
was transferred by P1 transduction from the donor strain ER1467 (mcrB4::Tn10
hsdR2 mrr+) into the recipient strain JH76 (mch+ hsd™ mrr2:: Tn5) by selecting
Tet" transductants. From this cross, we find that the mrr2::Tn5 marker is 82%
linked to merB4::Tn10 (85/104 Kan®), and that hsdR2 is 94% linked to mcrB4::Tn10

(98/104 R") and 86% linked to mrr2::Tn5 (89/104 Kan°R™ or Kanrhsd+). Therefore,
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hsd lies closer to merB than does mrr, and mrr lies closer to hsd than to mcrB, estab-
lishing the gene order as mcrB hsdSMR mrr or mrr hsdRMS mcrB.

To further localize the mrr gene, a chromosomal EcoRI fragment carrying the
mrr2::Tn5 insertion was cloned into pBR322 by selection for kanamycin resistance.
Since Tn5 bears no EcoRI sites, the isolated fragment carries a portion of of chromo-
somal DNA (7 2 kb) flanking the Tn5 which, by restriction mapping, appears to lie
adjacent to the hsdR locus (see fig. 3-4). We also obtained a set of X clones that carry
inserts encompassing the region of the E. coli chromosome between 98 and 99
minutes (Donna Daniels, personal communication). As discussed below, two of these
X transducing phage carry the intact mrr gene (18-115 and 22-25) while one does not
(18-123). Phage 18-115 and 22-25 both carry regions of the chromosome that overlap
the 2 kb EcoRI fragment to which the mrr2::Tn5 insertion was localized. By compar-
ing the resulting fine structure map of this region with the map of the whole E. colt
chromosome (Kohara, et al., 1987), we find that mrr lies just clockwise to hsd with

the resulting gene order merB hsdSMR mrr 255::Tn10 (see figure 3-4).
The mrr Gene Product Restricts Methylated X\ in vivo

We suspected that the mrr gene might encode an endonuclease that cleaves DNA
containing N6-methyladenine. If so, the mrr locus should act, in vivo, as a classical
restriction-modification system (Arber, 1974). To test this, a \Y stock was prepared
from a strain making the Hhall methylase (JH83/pJH49, + 2 mM IPTG). This
methylated phage made 10 to 20-fold more plaques on a mrr’ (JH76) than on a mrr”
(JH39) host (see Table 3-1). In contrast, unmethylated phage plated with equal
efficiency on mrr” and mrr” strains. Thus, Hhall methylated X is restricted on a
mrr” host. Passaging these methylated phage on the mrr mutant strain JH83, to
remove the methyl groups, yielded phage which plated with equal efficiency on mrr?T
and mrr strains. Methylated phage that survived restriction by Mrr (plaques picked

from a JH39 lawn) also plated with equal efficiency. Hhall methylated phage are
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Figure 3-4. Map location of the mrr2::Tn5 insertion and fine structure of the hsd
region. X\ transducing phages 22-25, 18-115, and 18-123 carry cloned segments
that map in or near the hsd region (Donna Daniels, personal communication). As
described in the results, phage 22-25 and 18-115 carry the mrr gene. A limited
restriction map of the hsd genes has been described (Sain & Murray, 1980). The
more extensive and complete restriction map that appears here was constructed

and generously provided by Donna Daniels (personal communication).
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Table 3-1. Restriction of Methylated A’ by Mrr

Efficiency of Plating Relative to JH76.

of \? phage stock: on host strain:

first growth cycle |  second growth cycle JH39 (mrr+) | JH76 (mrr2::Tn5)
JHS83 - 1 1
JH83/pJH49 - 0.05-0.1 1
+IPTG*
JH83/pJH49 JHs3® 1 1
+IPTG
JHS3 /pJH49 JH39¢ 1 1
+IPTG

d
JH83/pJH56 . 0.1 1
JHS83/pJH58 JH39° 1 1

2 \Y was methylated in vivo by growth on a strain expressing the Hhall methylase (JH83/pJH49 +
IPTG).

b Hhall methylated \” was plated on strain JH83 to remove the methylation.

¢ Hhall methylated A" that survived growth on the mrr” strain JH39 were isolated and re-plated.
d 5t was methylated in vivo by growth on a strain expressing the Pstl methylase (JH83/pJH586).

¢ Again, the methylated A" was passaged to remove the methylation.
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therefore modified By passage on strains that do not express Hhall methylase. When
methylated phage that survived Mrr restriction were methylated a second time, they
once again became sensitive to Mrr restriction (data not shown). Pstl methylated X
gave similar results. Thus, the mrr gene behaves as a classical restriction-
modification system that, rather than being inhibited by methylation, specifically res-
tricts methylated DINA.

Apmrr Transducing Phage are Restricted on Hosts

Ezpressing Hhall Methylase

Our finding that methylated X\ is restricted by Mrr suggested that a A\pmrr
transducing phage might be restricted on hosts making the Hhall methylase. We
tested three X\ transducing phage carrying segments of the E. coli chromosome to
which mrr mapped (Donna Daniels, personal communication) for their ability to grow
in the presence of Hhall methylase. Two of these, 22-25 and 18-115 (see figure 3-4),
plated with greatly reduced efficiency (5 X 10'6) on strain LE392 (supE supF host re-
quired to grow phage 22-25) making the Hhall methylase compared to strain LE392
alone. We suggest that, upon infection, mrr is expressed at high levels, the Hhall
methylated host chromosome is degraded, and the subsequent cell death decreases or
prevents the production of progeny phage. In addition, the infecting phage may also
become Hhall methylated and suffer restriction by Mrr. Apmrr phage that survived
growth in the presence of Hhall methylase plated with equal efficiency in the presence
and absence of the methylase and presumably carry mrr alleles with reduced activity
(data not shown). We note that strain LE392 is mrr” and that this contributes to
the reduced plating efficiency of the A\pmrr transducing phage since phage 22-25 and

18-115 were less inhibited (10-2) by Hhall methylation in a mrr” LE392 derivative.
Effects of Cytosine Methylases on E. colt

Many plasmids which express cytosine methylases cannot be introduced into stan-
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dard E. coli strains (Kiss, et al.,, 1985; Blumenthal, et al., 1985; Raleigh & Wilson,
1986; Noyer-Weidner, et al., 1986). The locus responsible for this effect, merB, en-
codes a restriction enzyme that cleaves DNA containing 5-hydroxymethyl or 5-
methylcytosine (Revel, 1983; Raleigh & Wilson, 1986). We have found that after
transformation by plasmids expressing cytosine methylases, poorly growing colonies
arise that are induced for the SOS response. These transformants occur at low fre-
quency (~ 0.1 to 1% of merB™ strains) and upon restreaking or prolonged incubation
give rise to faster-growing variants which are not induced for the SOS response. In
most cases, the merB locus is required for this effect (see Table 3-2). In the same
fashion as adenine methylation, Hhal specific cytosine methylation in an merB™T
background appeared to be lethal in combination with a recA™ (JH59) or a recB mu-
tation (JH104), since no transformants could be obtained in the recA” or recB back-
ground. The mcrB mutation did not block SOS induction by the Hhall adenine

methylase.
Discussion

By three separate criteria (A prophage induction, cellular filamentation, and in-
creased expression of Mu d(Ap" lac) fusions to DNA damage inducible loci) we find
that many site-specific methylases induce the SOS DNA repair response when ex-
pressed in E. coli. In general, methylases foreign to E. coli (Hhall, Pstl, Mspl, and
others) induce the SOS response, while methylases indigenous to E. coli induce SOS
to a lesser extent (dam) or not at all (EcoRI, EcoRII). Methylases that induce the
SOS response also cause the cell to grow somewhat slowly. This slow growth may ar-
ise from unrepaired methylation dependent DNA lesions, or from SOS induction it-
self, since one of the SOS gene products is the SfiA protein, an inhibitor of cell divi-
sion (Huisman, et al., 1984). If one blocks SOS induction (using mutations in either
recA, recB, or lexA), the cell grows more poorly in response to methylation. Clearly

SOS induction counteracts some detrimental effect of methylation. On the other




Table 3-2. SOS Induction by Cytosine Methylases

Plasmid Methylase Speciﬁcitya Induces SOS?°
in merB” in merB”

pMER3 Mspl Meocaa yesc no
pHaelll 1-1 Haelll e eg yes® no
pR215 EcoRII C™®CA/TGG no no
pJH53 Hhdl ™ oo yes® yes
pJH51 BamHI GGAT™¢CcC yes no
pSU11 BsuRI ag™ og yes® no
pSU21 M. Spr GGCC, CCGG, GGA/TCC yes© no
pES2 BspRI ae™*co , yes© no

¢ M€C—5-methyl cytosine

b SOS induction was assayed by plating transformants

of strains JH43 and JH63 on X-Gal indicator medium. Blue colonies were scored as SOS induced, and
white as uninduced.

Transformation efficiency decreased relative to merB’ strain; yields small colonies.
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hand we have shown that certain mutations completely block the ill effects of methy-
lation and circumvent the need for SOS induction. Thus a mutation in the merB
locus allows normal cell growth without SOS induction in the presence of cytosine
methylation, and likewise, a mrr mutation blocks the deleterious effects of adenine
methylation. In the absence of McrB and Mrr activity, methylation itself has little or
no effect on cell growth.

We initially considered that DNA methylases might induce the SOS response if
the methylated bases are mutagenic. In fact, several types of DNA methylation (N3-,
N7-, and 06—methylguanine; N3-methyladenine; 02- and 0% methylthymine; and
02—methylcytidine) are mutagenic lesions which are repaired in most cases by
glycosylases (Walker, 1985). We have shown that Hhall methylated DNA contains
Nﬁ-methyladenine and no other unusually modified adenine residues (Heitman,
Model, Kuo, Phan, and Gehrke, unpublished results). N6-methy1adenine is not
known to be a mutagen and we find that the Hhall methylase has little or no mu-
tagenic effect (data not shown). The cytosine methylases we have studied produce 5-
methylcytosine, which is weakly mutagenic because it spontaneously deaminates to
thymine, producing GT mis-matches (Coulondre, et al., 1978). However, we cannot
attribute the SOS inductive effect to a direct mutagenic action of the modified base,
because we find that several other adenine (dam, EcoRI) and cytosine (EcoRII)
methylases do not induce SOS even though they produce the same chemical
modification as methylases which do induce SOS. SOS induction therefore requires
sequence specific methylation. It would be highly unusual for these modified bases to
behave as a mutagenic lesion in one sequence but not another. The only example
where this is known to occur is the sequence specific recognition of deaminated 5-
methylcytosine residues (GT mis-matches) by the very short patch (VSP) mismatch
repair system (Lieb, 1987). Even in this example the mutagenic base is not a se-
quence specific mutagen, but rather it is subjected to repair by a sequence specific

protein. We therefore turned our attention to sequence specific recognition systems.
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The merB locus (formerly called rgiB) was originally described as a restriction sys-
tem that cleaves DNA containing 5-hydroxymethylcytosine, which is present in
unglucosylated T-even phages (Revel, 1983). Recently it was shown that merB also
restricts DNA containing 5-methylcytosine (Raleigh & Wilson, 1986) and perhaps
N4-methy1cytosine as Welll since the N4-cytosine methylase Pvull (Januliatis, et al.,
1983) is sensitive to McrB restriction (Blumenthal, et al., 1985). We find that many
cytosine methylases induce the SOS response, and that this effect requires merB. It
seems likely that DNA double-strand breaks, caused by merB action, induce SOS.
These findings suggest that the normal substrate for McrB is methylated DNA, which
is ubiquitous. This answers the conundrum raised by the original description of McrB
which was: why does the cell make a restriction system for 5-hydroxymethyl cytosine
containing DINA since this substrate is only known to occur in T-even phage
glycosylase mutants isolated in the laboratory.

I should point out that it was previously observed that mcrB restriction of unglu-
cosylated T-even phage caused a weak induction of the SOS response (Dharmalingam
& Golberg, 1986). In this case, it is thought that SOS induction occurs because the
T-phage restriction products are degraded to single-stranded DNA that activates the
RecA protein. We suggest that the more robust SOS induction we observe is mainly
attibutable to DNA double-strand breaks in the chromosome and to a much lesser ex-
tent to restriction and degradation of the methylase expressing plasmid. This asser-
tion is supported by the finding that the magnitude of SOS induction by at least one
restriction system (EcoRI) is indepéndent of plasmid-borne recognition sites.

In separate experiments, we have found that temperature-sensitive mutants of the
EcoRI endonuclease induce the SOS response under conditions where in vivo DNA
scission occurs (Heitman, et al., 1989; Chapters 4 & 5). Therefore, DNA scission does
induce the SOS response. The adenine methylases dam, Hhall, and Pstl also induce
SOS. With Hhall and Pstl, this effect requires the mrr locus. SOS induction by dam

over-expression is independent of mrr (unpublished results) and may arise from aber-
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rant DNA replication since dam over-expression increases the rate of initiation from
OriC (Messer, et al., 1985). By analogy with McrB and EcoRI and based on our in
vivo evidence that mrr functions as a restriction system, we suggest that the Mrr pro-
tein is an endonuclease that cleaves DNA containing Nﬁ-methyladenine. A comparis-
on of methylated sequences that result in restriction and SOS induction suggest that
Mrr may recognize the methylated trinucleotides GT"®AC and C™CAG (see figure 3-
5). The notion that Mrr is an endonuclease is our simplest model. Alternatively, Mrr
could be for example, a sequence-specific glycosylase which cleaves N6-methy1adenine
to yield apurinic sites. Subsequent apurinic endonuclease action would convert these
apurinic sites into nicks, and since the methylated sites are palindromic, the net
result would be a DNA double-strand break. In fact, a perhaps analogous combina-
tion of uracil-N-glycosylase activity (ung+) and apurinic endonuclease acts as a res-
triction system against DNA containing uracil (Duncan, 1985).

Our model for the pathway from methylation to SOS induction is shown in figure
3-6 which depicts McrB and Mrr introducing lesions in methylated DNA. We suggest
that these lesions are DNA double-strénd breaks which are processed by the RecBCD
exonuclease or helicase activity to yield the SOS inducing signal, most likely single-
stranded DNA. SOS functions then allow normal cell growth to continue. The role
RecBCD plays here may be analogous to other known functions it performs including:
degradation of restricted DNA (Simmon & Lederberg, 1972), activation of SOS by
other inducing agents (McPartland, et al., 1980), and recombinational activity at Chi
sites (Stahl & Stahl, 1977). Some types of DNA double-strand breaks (y-ray breaks,
X terminase) require recombination functions for repair, and are probably repaired by
homologous recombination with an intact copy of the severed DNA (Stahl, et al.,
1983). If methylation dependent lesions are repaired in this way, the RecA and
RecBCD proteins may be required not only to induce the SOS response, but also to
participate directly in recombination mediated repair. Alternatively, SOS induction

may serve only to delay cell division and allow other SOS-independent repair func-
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Figure 3-5. Effects of Methylation on SOS induction. Putative recognition sites
for Mrr and McrB (RglB) are shown. Methylase recognition specificities are from

Smith & Kelly (1984).
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Figure 3-6. Model of pathway from methylation to SOS induction. Mrr and
McrB (RglIB) are shown causing lesions in methylated DNA. We suggest that
these are double-strand breaks which act as entry sites for the RecBCD complex.
Subsequent RecBCD helicase or exonuclease action produces a signal (probably
single-stranded DNA) that activates the RecA protein and induces the SOS

response.
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tions more time to act.

In contrast, DNA breaks by the EcoRI enzyme induce the SOS response but do
not require this induction for their repair (Heitman, et al., 1989). Our observation
that mrr restriction inhibits growth more severely in the absence of SOS induction,
argues that in this case SOS induction has a protective affect. Since EcoRI produces
staggered DNA breaks, the Mrr protein may instead cleave DNA to produce one of
the types of DNA breaks which are known to require SOS and recombination for
repair (3’-phosphate/lost base, cross-linked, protein bound, maybe blunt ends; see
chapter 5 for a more detailed discussion). Alternatively, Mrr may nick DNA because
we find that EcoRI mutants that nick DNA produce lesions that are repaired by SOS
induction and recombination (chapter 8). Lastly, the mrr system may be subject to
restriction alleviation, a phenomenon whereby SOS induction inhibits the activity of
some (hsd) but not all (not EcoRI or EcoRII) restriction systems (Day, 1977).

Our findings that Hhall or Pstl methylated X\ is restricted on mrr” strains, and
Apmrr transducing phage are restricted on strains expressing the Hhall methylase
clearly show that Mrr can restrict adeniné methylated DNA. This raises two interest-
ing points. First, the mrr locus maps adjacent to two other loci, hsdRMS and mcrB,
which also encode restriction systems. This clustering may be functional, to ensure
that E. coli infrequently divulges its means of marking its DNA, to increase the re-
gion of the chromosome that can be transferred without donating a potentially lethal
gene, or to perhaps in some way coordinate the cellular defense system. Second, Mrr
activity is found in E. colt K-12 but not in E. coli B. Similarly, the McrB activity in
E. coli B is weaker and differs in specificity from that found in K-12 (Revel, 1983),
and the hsdRMS loci have diverged to different specificities from a common ancestor
(Gough & Murray, 1983). Mutations of this sort, which inhibit or promote genetic
exchange, were perhaps responsible for the divergence of E. coli K-12 and B and may

represent a common event in bacterial speciation.
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Epilog

Since this chapter appeared.(Heitman & Model, 1987) there have been a number
of developments in the mrr/mer story. Mutational analysis and cloning confirmed
that the mecr and rgl systems are encoded by the same loci (Raleigh, et al., 1989).
However, the plot thickens because mcrB contains at least two complementation
groups (Dila & Raleigh, 1989), the DNA sequence of mcrB reveals three open reading
frames (Ross, et al., 1989), and the cloned locus produces up to three polypeptides of
disputed sizes (Ross, et al., 1987; Noyer-Wiedner, personel communication; So-
zhamannan & Dharmalingam, 1988). Thus the McrB enzyme may be a multisubunit
enzyme with different subunits or subunit arrangements for each type of substrate
(5-HOMeC, 5-MeC, and N4—meC). The complex arrangement of the mcrB function is
reminiscent of hsdRMS, and may explain why the McrB protein has been somewhat
recalcitrant to purification. Other methylation-dependent restriction enzymes (McrA,
Mrr) may be as complex.

In fact, several observations suggest that Mrr may be a multisubunit enzyme en-
coded by several genes. First is a consideration of the recognition specificity of Mrr,
which includes G™AC and C™®AG. Since a GC or CG basepair displays an amino
group in the minor groove while an AT or TA basepair does not, the enzyme could
recognize the sequence G/C ™®A G/C (where G/C= G or C) by probing the minor
groove. However, the sequence G™®AG is not restricted when it occurs in the se-
quence TCTGAG. Thus the recognition of both G™€AC and C™€AG is not easily
reconciled with one recognition domain. Since mutations can affect both specificities,
one possible explanation is a multi-subunit enzyme with one common subunit and
multiple recognition subunits.

In addition, a number of experimental observations suggest the mrr locus is an
unusual enzyme or encoded by more than one gene. First, Lisa Raleigh has found

that a previously described clone encompassing part of the hsd locus (pBG3, Sain &
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Murray, 1980) complements the Mrr phenotype of an mer hsd mrr deletion strain
and restores Mrr restriction of either Hhall or Pstl methylated \. However, we find
that this clone does not complement another mrr™ allele (mrr2::Tn5, strain JH76) for
phage restriction. These observations can be reconciled if the mrr locus is an operon
in which the TnJ5 insertion but not the deletion has a polar effect on a downstream
locus.

Second, Lisa Raléigh has fortuitously found a strain (GM2163 dam™ dem™ mcrB’
merCT mrr+) which restricts Pstl but not Hhall methylated X\ phage, thus splitting
the mrr recognition specificities. This strain may contain a mutation affecting a
subunit required for one specificity but not the other. Alternatively, since this strain
carries a dam™ mutation, its phenotype may be attributable to the recently described
restriction alleviation phenomenon observed in dam’ strains (Efinova, et al., 1988).
However, this explanation requires restriction alleviation to affect Mrr restriction of
some methylated sequences (Hhall) but not others (Pstl).

Third, while determining the identity of the DNA base modified by the P15
methylase (CAGCAG), Tom Bickle (personel communication) observed an activity
which could be the Mrr enzyme. They labelled a P15 site near the end of a DNA
fragment with the P15 methylase and SAM (BH), and then treated with DNA polym-
erase [ to do wandering spot DNA sequencing and follow the position of the label.
However, the commercial preparation of DNA polymerase I (Boehringer) was contam-
inated with an enzyme that released the radioactivity in a form which co-migrated on
TLC with dAMP, and that this activity could be separated from the DNA poll by he-
parin agarose chromatography. If this represents Mrr activity, it suggests that the
enzyme is some type of endonuclease. However, these observations are consistent
with several mechanistic models including: incision on both sides of the base, or the
combined action of a Mrr nick or break with the exonuclease activity of DNA polym-
erase [.

Lastly, we attempted to clone the mrr gene by screening a plasmid library for
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members which would complement a mrr™ host and restore induction of the SOS
response by the Hhall methylase (borne on a plasmid compatible with that of the li-
brary). We isolated a ~ 10.5 kb BamHI fragment from chromosomal DNA of the E.
coli K-12 strain K38 which clearly complemented the mrr g dinD1::Mu d(Apr lac)
host JH69 for the SOS induction phenotype. However, the cloned gene did not re-
store restriction of either Hhall or Pstl methylated )‘vir to the mrr B mutant or in-
crease restriction of either methylated phage in a wild-type mrr™ background.
Furthermore, by restriction mapping this cloned fragment does not correspond to the
map position of the mrr locus identified with the TnJ5 insertion and the mrr g allele.
Hence, this clone may identify a gene which acts as an extragenic suppressor when
over-produced. We have been unable to locate this fragment on the restriction map
of E. coli or \.

Several models could explain these observations. First, Mrr could contain several
subunits and a defect of one might be compensated by an increased amount of anoth-
er subunit. For example, the mrr p allele could produce a defective subunit which
poorly binds the other subunit. Alternatively, restriction by Mrr could occur in two
steps. The mrr p allele could encode a partially active product, and the decreased
number of DNA lesions it produces would require an increased level of some second
function, encoded by the cloned complementing gene, that processes the lesions to in-
duce the SOS response. For example, Mrr could be a glycosylase and the second
function an apurinic endonuclease. Either model makes the testable prediction that
the cloned gene would not complement a null mrr allele. Other approaches to define
the function of this other gene would be to map it by insertional disruption, to deter-
mine the phenotype of strains lacking the gene product (are they mrr?), and to se-
quence the gene and characterize its encoded product.

Further characterization of the merA, merB and mrr genes and their products
should enhance our understanding of both restriction-modification systems and the

mechanisms whereby proteins recognize methylated DNA.
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Chapter 4
Temperature Sensitive Mutants of the EcoRI Endonuclease

Introduction

The number of proteins for which both the primary amino acid sequence and the
crystal structure have been determined is growing rapidly. However we still do not
understand how proteins fold into their stabie tertiary structures, or why they chose
one particular structure. Algorithms allow one to deduce secondary structure from
the known primary sequence with some degree of accuracy (Chou & Fasman, 1974,
1978; Pongor & Szalay, 1985; Richards & Kundrot, 1988), however tertiary structure
can only be determined by X-ray crystallography. A genetic analysis of proteins with
known three dimensional structures may help elucidate the interactions which contri-
bute to protein stability and folding.

The structures of many proteins are plastic. For example, at several positions
within X\ repressor different amino acids are compatible with activity (Reidhaar-Olson
& Sauer, 1988; Bowie and Sauer, 1989); G-lactamase and several proteins of phage fl1
tolerate one or two amino acid insertions (Boeke, 1981; Barany, 1985); and mis-
suppression of (3-galactosidase nonsense mutants is often without consequence (Miller,
1979). In contrast, the amino acids of enzyme active sites can rarely be substituted
by non-conservative amino acid changes. Somewhere in between lie residues which
are important but not essential to protein function. Many should play a role in sta-
bilizing the tertiary structure and can be identified by isolating mutants with partial
or conditional activity.

A large collection of temperature-sensitive mutants have been previously
described in a protein of known structure, the T4 phage lysozyme (Grutter, et al.,
1983; Alber, et al., 1987a, 1987b). These mutations result from subtle to drastic ami-
no acid changes that lie at positions throughout the primary and secondary struc-

tures, mainly in one lobe within the bilobed enzyme. These sites are correlated with
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residues of low thermal mobility and solvent accessibility. In vitro, the purified mu-
tant proteins exhibit dramatic reductions in thermal stability. In several other exam-
ples of TS mutants (the S. cerevisiae protein Cdc28 (Lorincz & Reed, 1986), the E.
coli lac repressor (Miller, 1979), and the P22 tailspike protein (King, et al., 1987; Fane
& King, 1987)) the responsible mutations show a different pattern and fall at posi-
tions where the predicted secondary structure is in transition. However, in these
cases the protein tertiary structures and behavior in vitro are unknown.

We have isolated temperature sensitive (TS) mutants of the EcoRI endonuclease,
whose X-ray crystal structure is known to 3 A resolution (McClarin, et al., 1986). We
report here our findings that these TS mutations lie at positions within the X-ray cry-
stal structure where the protein secondary structure is in transition: the ends of a-
helices and (-sheets, turns and loops. Furthermore, when either of three amino acids
lying at the ends of two a-helices was altered by site-directed mutagenesis, substitu-
tions which were compatible with activity invariably conferred a temperature-
sensitive phenotype. These mutant proteins are TS for function in vive but not in vi-
tro, and therefore may be defective in folding. Our observations are in contrast to
earlier studies of phage T4 thermolabile lysozyme mutants (Grutter, et al., 1983). We
suggest that mutations which render protein folding TS may disrupt secondary struc-
ture transitions, while those that render function TS affect many additional positions.
Protein folding may be orchestrated by protein segments which direct neighboring

secondary structural elements to their correct tertiary configuration.

Results

Isolation of temperature sensitive EcoRI mutants

The EcoRI restriction-modification system consists of two proteins. The first is
an endonuclease that cleaves DNA at the sequence GAATTC (Hedgpeth, et al., 1972).
The second is a methylase which recognizes the same sequence and transfers methyl

groups from S-adenosyl methionine to the N° position of the central adenines on each
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strand (Rubin & Modrich, 1977). Methylation blocks endonuclease action and there-
by protects the host chromosome from destruction. By this means, unmethylated
foreign DNA is destroyed while the cellular DNA is protected.

Normally the genes for the two proteins lie adjacent to one another and may con-
stitute an operon (Newman, et al., 1981; Greene, e-t al., 1981). To selectively mu-
tagenize the endonuclease, the methylase and endonuclease genes were cloned on the
separate compatible plasmids shown in Figure 4-1. The procedure for isolating EcoRI
endonuclease mutants is described in detail in materials and methods (see also Heit-
man et al., 1989). Cells bearing both the endonuclease plasmid pJH10 (or pJH152/b)
and the methylase plasmid pJC1 were mutagenized spontaneously or with nitroso-
guanidine. The two plasmids were then separated by treating plasmid DNA with
BamHI to linearize pJC1 but spare pJH10, or by selectively packaging plasmid
pJH15a/b into f1 transducing particles with f1 helper phage. The mutagenized en-
donuclease plasmid was then introduced into a strain lacking the EcoRI methylase.
Cells that acquire a wild-type copy of the EcoRI endonuclease gene (R+ M) suffer
DNA destruction and die. Surviving colonies should therefore bear endonuclease mu-
tants. By initially selecting colonies which grow at 42°C and subsequently replica-
plating to 30°C and 42°C, we found that a high proportion (25-35%) of survivors
were cold-sensitive for growth. In all cases the cold-sensitive phenotype was attribut-
able to a plasmid-borne mutation mapping within the EcoRI endonuclease gene.
Thus these colonies express temperature (or heat) sensitive EcoRI mutants which are
partially or completely inactive at 42°C but become active and impair cell growth at
lower temperatures. Since EcoRI endonuclease activity is lethal to the cell, these TS
mutants confer cold-sensitive growth on the host.

Mapping and svequence analysts

To facilitate DNA sequencing, the mutations were mapped to one of the four

quarters of the endonuclease gene. Three restriction sites (HindIll, By, and Pstl)
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Figure 4-1. Compatible plasmid system. The EcoRI endonuclease and methylase
genes were cloned on the separate compatible plasmids shown here and described
in materials (see also Heitman, et al., 1989). Plasmid pJH10 is a pPBR322 deriva-
tive which confers ampicillin and kanamycin resistance, expresses the EcoRI en-
donuclease, and bears an interrupted version of the EcoRI methylase. The pJH10
derivatives pJH15a/b carry the f1 intergenic region which allows these plasmids
to be packaged in a single-stranded DNA form in f1 transducing particles after
their host cell is infected with f1 helper phage. Plasmid pJC1 is a pACYC184
derivative (kindly provided by Cheng & Modrich (1983)) which confers chloram-
phenicol resistance, expresses the EcoRI methylase, and is compatible with
plasmids pJH10 or pJH15a/b. We note that the plasmids share a large region of
homology including the entire methylase gene and three-quarters of the endonu-
clease gene. A deleted version of pJC1 (pJH20), lacking the region between its
BamHI site and the Pstl site in the endonuclease gene, was employed in some cir-

cumstances to reduce the region of homology between the two plasmids.
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are conveniently disposed at one-quarter, one-half, and three-quarters the length of
the endonuclease gene and served as end-points. As described in detail in materials
and methods, mutations were mapped by three methods: marker rescue using single-
stranded mutant DNA annealed to restriction fragments of wild-type, ligation of mu-
tant and wild-type restriction fragments, or heteroduplex deletion mapping (Shortle,
1983) with a set of known EcoRI deletions (see chapter 2, figure 2-1). Sequence
analysis of the identified region revealed the amino acid substitutions shown on the
crystal structure (McClarin, at al., 1986) in Figure 4-2 (see also the summary in table
4-4).

To avoid multiple mutations induced by some chemical mutagens, most of these
alleles were isolated spontaneously. Additionally, the entire gene was sequenced for
several mutants (TS6, TS9, TS14). One nitrosoguanidine induced allele (TS14) con-
tained two mutations (V971 and Y165F). By heteroduplex deletion mapping, the TS
phenotype was attributable to the V97 mutation.

Interestingly, 11 of 12 TS mutations fall at positions in the crystal structure
where the secondary structure is in transition. Thus ﬁutations TS6, TS8, and TS9
lie at the ends of a-helices, TS7 and TS17 lie at the end‘s of [(-sheets, and TS0, TS1,
TS2, TS3, TS12, and TS14 lie in loops or turns. We note that one TS allele results
from the substitution of a UGA stop codon at glycine 186. It is unlikely that the
opal protein fragment is active, since deletions which remove similar regions are inac-
tive and many TS mutations map to the distal region of the protein. This phenotype
probably occurs because even non-suppressing strains are known to weakly suppress
opal codons by inserting tryptophan.

Effects on cell growth of TS endonuclease expression

Table 4-1 summarizes the affects of these TS endonucleases on colony growth of
strain K91. As the temperature of growth is reduced to activate the mutant en-

zymes, the colonies ruffle at their borders. With increasing activity, the colonies be-
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Figure 4-2. Location of the TS EcoRI mutations on the crystal structure. TS
EcoRI endonuclease mutants were isolated as described in results. The responsi-
ble mutations were mapped by either ligation of mutant and wild-type restriction
fragments, marker rescue, or heteroduplex deletion mapping. The implicated re-
gion was then sequenced by the dideoxy chain termination method (Sanger, et al.,

1977). The protein structure shown here is derived from McClarin et al., 1986.
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Table 4-1. Affect of EcoRI TS Mutants on Colony Growth of Strain K91

Allele 30°C 34°C 37°C 42°C
TS0 - - +++ ++++
TS1 ++ +++++ +++++ +++++
TS2 - +++ +++++ +++++
TS3 ++ +++++ +4++++ +++++
TS5 - +++++ +++++ +++++
TS6 - + +++ +++++
TS7 +++ +++++ +++++ +++++
TS8 ++++ +++++ +++++ +++++
TS9 + +++++ +++++ +++++
TS12 - . + ++
TS14 + + +++ ++++
TS17 - ++++ +++++ +++++
TS0-RI(pJH12) - - +++ +-+++
ARI(pJHT71) +++++ +++++ +++++ +++++
none +++++ +++++ +++++ +++++

The term colony growth describes colony size, morphology, and efficiency of plating (E.O.P.).
Scoring is as follows:

+++++ = large, thick and round, EOP=0.5-1

++++ = medium-normal size colonies with ruffled edges EOP=0.1-0.5

++4+ = medium size colonies that are thin and mottled EOP=0.01-0.1

++ = small colonies, very flat and mottled EOP=0.001-0.01

+ = tiny colonies, very flat and mottled EOP=0.001-0.01

- = no viable colonies EOP < 0.0001
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come flat and translucent, and grow poorly, giving rise to faster-growing mutants.
By colony forming efficiency, 0.1 - 1 % of cells survive to form a colony at this level
of in vivo DNA scission. By microscopic examination, these cells are filamented. As
described below, cellular filamentation occurs because DNA scission induces the SOS
DNA repair response, and the product of one SOS induced gene, sfid, inhibits cell
division. At 30°C where the endonucleases are most active, some alleles are detri-
mental to cell growth but still allow colony formation (i.e. TS1, TS3) while others are
fully lethal (i.e. TSO, TS2). The lethal effect was not attributable to restriction at the
pJH10 EcoRI site and loss of the plasmid because a derivative lacking the EcoRI site
was as lethal as its parent which carries one EcoRI site (see table 4-1, TS0-RI deriva-
tive). Expression of the EcoRI methylase from plasmid pJC1 completely blocked the
lethal effects of these TS mutants.

X\ restriction by EcoRI TS mutants

To determine the level of DNA scission that the cell can survive, we determined
the activity of these TS endonucleases. Because the EcoRI methylase renders cells
expressing a TS endonuclease viable, endonuclease activity can be assayed by simply
measuring restriction of A phage growth at several temperatures (30°C, 34°C, 37°C,
and 42°C). As shown in Table 4-2, these mutants fall into two classes which were ob-
tained with roughly equal frequency. Class I mutants (TS0, TS6, TS8, and TS9) ex-
hibit increasing restriction activity with decreasing temperature of growth. For
several Class I mutants (TS0, TS6), at the most permissive temperature (30°C) the
mutant protein restricted A growth to almost the same extent as cells producing the
wild-type (WT) protein. In contrast, mutants of class II (TS1, TS2, TS3, TS5, and
TS7) do not restrict \ at any temperature although several are fully lethal to the cell
in the absence of the methylase. Thus, cell lethality is not strictly correlated with
restriction of phage growth (see discussion). EcoRI modified X plated with unit

efficiency in all cases (data not shown).



Table 4-2. Restriction of )‘vir by EcoRI TS Mutants

Allele 30°C 34°C 37°G 42°C
TS0 7X 107° 2 X 107 2x 107 2X 1072
TS1 1 1 1 1

TS?2 1 1 1 1

TS3 1 1 1 1

TS5 1 1 1 1

TS8 s4x 10t 3X 107 6 X103 0.8

TS7 1 1 1 1

TS8 1X 103 3X 1072 0.2 0.9

TS9 3xX 104 3X 1072 7X 107 0.5

WT 1X 10 4X107° 4X107° 4X107°
none 0.8 1.0 1.0 0.9

X plating efficiency was measured on strain K91 (TS# and pJC1). Since pJC1 expresses the EcoRI
methylase these strains are viable at all temperatures and allow one to measure the effects of the tempera-
ture sensitive restriction enzyme. Cells were grown at the indicated temperatures in X\ broth supplement-
ed with maltose, infected with X\, plated, and incubated overnight. The values listed above are the ratio
of the phage titer on the strain carrying the EcoRI TS allele divided by the titer on K91 alone at 37°C.
WT indicates the wild-type EcoRI restriction system K91 (pJH10 and pJC1) and none is strain K91 alone.
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For several mutants substantial restriction activity is present at temperatures
where the cell would remain viable without the methylase. For example, cells bearing
the TS6 allele remain viable at 37°C even though they show reduced colony forma-
tion effiency (=0.01) and form smaller, flat, slowly growing colonies. When the
methylase is present, cells bearing the TS6 mutant grow normally and restrict the
growth of X\ phage 200-fold. Since in general one observes 10-fold restriction per
recognition site (Murray and Murray, 1974), 200-fold restriction reflects scission at
roughly two sites out of the five EcoRI sites in A\. If the chromosome of the cell
suffers a similar degree of scission, the cell must survive a substantial amount of DNA
damage. Our earlier findings (Heitman, et al., 1989; Chapter 5) suggest that they do
so by actively repairing these DNA breaks. Because restriction of phage growth actu-
ally monitors the competition between the endonuclease and the methylase for
phage-borne recognition sites, the level of restriction provides only a minimum esti-
mate of the endonuclease action present in cells which lack the protective methylase.
Furthermore, as discussed in more detail in Chapter 8, EcoRI endonuclease may not
have equal access to A and chromosomal DNA. |

SOS induction by TS mutants

As will be described in more detail in Chapter 5, in vivo DNA scission by the
EcoRI enzyme induces the SOS DNA repair response (see also Heitman, et al., 1989).
All of the TS alleles described here induce the SOS response, as monitored by in-
creased (-galactosidase expression in the SOS::lacZ fusion strains JH137 or JH138
(described in Table 4-3). Although some TS mutants restrict X (class I) and others do
not (class II), under conditions where cell growth is impaired to similar extents mu-
tants of both types induce comparable levels of 3-galactosidase expression. Thus the
cell lethality of these TS mutants correlates with their ability to induce the SOS
response. Expression of the EcoRI methylase from the compatible plasmid pJC1

completely blocked SOS induction by these TS endonucleases.



Table 4-3. Colony Growth and SOS Induction by EcoRI TS Mutants in Strain JH138

Allele 30°C 34°C 37°C 42°C
TS0 - - +DB +++MB
TS1 +DB +++++LB +++++LB +++++LB
TS2 - +++MB +++++LB +++++LB
TS3 - +++MB +++++LB +++++LB
TS5 - +++++LB +++++LB +++++LB
TS6 - - ++DB +++++LB-MB
TS7 - +DB +++DB +++++LB
TS8 ++DB +++++LB +++++LB +++++LB
TS9 - +++MB-DB +++++LB +++++LB
TS12 - - +DB ++MB-DB
TS14 - - +DB ++++MB
TS17 - ++MB-DB ++++LB-MB +++++LB
ARI(pJHT71) +++++LB +++++LB +++++LB +++++LB

The term colony growth describes colony size, morphology, and efficiency of plating (E.O.P.).
Scoring is as follows:

+++++ = large, thick and round, EOP=0.5-1

++++ = medium-normal size colonies with ruffled edges EOP=0.1-0.5
+++ = medium size colonies that are thin and mottled EOP=0.01-0.1
++ = small colonies, very flat and mottled EOP=0.001-0.01

+ = tiny colonies, very flat and mottled EOP=0.001-0.01

- = no viable colonies EOP < 0.0001

Colony color was determined on fresh (< 3 days old) indicator

medium containing 35 pg / ml X-gal.

LB=light blue colonies; MB=medium blue colonies; DB=dark blue colonies.
The background level of B-galactosidase expression in the

dinD1:Mu dI(Ap" lac) strain JH138 is slightly higher

than in strain JH137 due to the rep71 allele.
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Site-directed mutants confer a TS phenotype

As part of an analysis of the EcoRI substrate binding we employed site-directed
mutagenesis to isolate all 20 possible amino acids at position 200 (WT=arginine), 17
changes at position 144 (WT=glutamic acid) and 13 at position 145 (WT=arginine)
(see Chapter 6 and methods for isolation procedure). These three amino acids lie at
the ends of two a-helices which project into the major groove of the DNA and hydro-
gen bond to the nucleotides of the recognition site (McClarin, et al., 1986). As will be
described in detail elsewhere (see Chapter 6), we find that three mutants (arg200lys,
gluld4asp, and glul44cys) are lethal in the absence of the methylase in strain JH137.
All three exhibit a TS phenotype in an HB101 derived strain (JH69) which is less sen-
sitive to DNA scission than JH137. Several additional mutations at each position
(arg200cys, ser or val; glul44ser or gly; argl45lys or cys) are not lethal to the cell but
nonetheless confer a TS endonuclease phenotype as monitored by their ability to in-
duce the SOS response and increase expression in the SOS::lacZ fusion strain JH138.
All other changes at position 200 and many others at positions 144 and 145 confer a
null phenotype. We conclude that mutations specifically engineered at points where
the protein secondary structure is in transition also confer a TS phenotype.

Enzymatic activity of TS alleles

To determine if the in vivo actions of these mutants (cell lethality, SOS induc-
tion, phage restriction) correlate with activity, DNA cleavage was measured n vivo
and in vitro. In vivo DNA scission will be described more fully in Chapter 5, but
briefly: when cells containing plasmid pJH10 bearing the TS0, TS3, TS6, or TS9 al-
lele, the plasmid is cleaved at its EcoRI site upon shift to temperatures permissive for
endonuclease action (Heitman, et al., 1989). In contrast, with the arg200lys mutant,
we observed little or no plasmid cleavage in vivo (data not shown).

To determine activity in vitro, cellular extracts were prepared under conditions

where the mutant proteins should have maximal activity (see Chapter 2, materials
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and methods). DNA cleavage was measured at 30°C, the temperature at which the
mutant endonuclease are most active in vivo. With plasmid pUC18 (or \) DNA as
substrate, EcoRI specific cleavage activity could be readily demonstrated for those
mutants which restrict X in vivo (class I). For example, figure 4-3 shows that extracts
from cells expressing the TS0 mutant yield activity comparable to cells expressing the
WT protein, while the class II mutants TS3 and TS8 exhibit greatly reduced activity
(5% and 1-2% respectively). In fact for four of the five class II mutants which are
unable to restrict X, little or no endonuclease (<1% to 2% of WT) was detectable.
The only exception was TS3, which showed ~ 5% of WT levels. Thus the level of en-
donuclease activity in vitro is correlated with the amount of A\ restriction in vivo.
None of the TS mutants were more active under EcoRI* buffer conditions (data not
shown).

To determine if these mutant proteins exhibit a TS phenotype in vitro, extracts
of the wild-type and several mutant enzymes were incubated for 1 hour at 42°C prior
to DNA cleavage assays. No marked decrease in activity was detectable in subse-
quent cleavage reactions conducted at either 30°C or 42°C (to prevent any renatura-
tion). Similar findings were observed with the purified wild-type and TS6 mutant en-
zymes. We conclude that the TS phenotype of these mutants is only manifested in
vivo and suggest that the mutations may therefore affect folding of the protein to its

stable tertiary structure.
Discussion

We have described a set of TS EcoRI endonuclease mutants. These mutants fall
into two phenotypic classes: ones which restrict phage and exhibit endonuclease ac-
tivity in vitro (class I), and others which do not restrict phage and have little or no n
vitro activity. The cell lethal affect of these mutants correlates with the extent of
SOS induction at intermediate temperatures but not with their ability to restrict \ or

cleave DNA in vitro. Cell lethality is monitored in the absence of the methylase,
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Figure 4-3. In vitro DNA cleavage by TS EcoRI mutants. Cell extracts were
prepared from strains expressing an EcoRI TS mutant and the EcoRI methylase
grown at 30°C. Extracts were incubated with 250 ng of RFI form pUC18 DNA
for 20 minutes at 30°C and the reaction products were displayed by electro-
phoresis on a 0.6 % agarose gel containing 0.5 pug/ml EtBr. Lane a: untreated
plasmid DNA; lane b: commercial EcoRI; lanes ¢, f, i, I: 1 ul of the indicated ex-
tract; lanes d, g, j, m: 1 ul of a 1:10 extract dilution; lanes e, h, k, n: 1 ul of a

1:100 extract dilution.
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Table 4-4. Properties of EcoRI TS Mutants

Allele Mutation Sequence Change Mutagen lethal® restricts” active®
WT - - - yes yes 100 %¢
TS0 T2611 ACT...ATT NG yes yes 100 %
TS1 C218Y TGT...TAT spon no no 1-2%
TS2,TS10 G78D GGC...GAC spon,NG yes no <1%
TS3,TS16 L263F CTC...TTC spon,NG no no 5%
TS5 A235E GCA...GAA spon yes no <1 ‘go
TS6 R56Q CGA...CAA spon yes yes 10 %
TS7 G186UGA GGA.. TGA spon no no <1%
TS8 M1571 ATG...ATA spon no yes 1-2%
TS9 M2551 ATG..ATT spon no yes 10 %
TS12 P90S CCT...TCT NG yes ND ND
TS14 V971, Y165F GTC.ATC,TAC.TTC NG no ND ND
TS17 R105K AGA... AAA NG yes ND ND
SDé R200S AGG...AGC SD no no -
sD27 R200V GTC(GTG) SD no no 4
SD39 R200K AAG SD yes no "4
SD64 R200C TGC(TTG) SD no no -
SD122 E144D GAA...GAC SD yes no ND
SD131 E144G GGC(GGQG) SD no no ND
SD167 E144S TCG SD no - no ND
SD175 E144C TGC SD yes no ND
SD195 R145K AGA..AAG SD no no ND
SD204 R145C TGC SD no no ND
SD207 R145UAG TAG SD no no ND
SD227 R145K AAG SD no no ND

2 Affect of TS endonucleases expression in the absence of the methylase on colony growth of stain K91
(TS alleles) or the K91 related strain JH137 (site-directed alleles).

. As described in results and Table 4-2, strains expressing mutant endonucleases and the EcoRI methylase
were tested for restriction of A phage growth.

° DNA cleavage activity by cell extracts was measured in vitro with plasmid pUC18 or X phage DNA as

substrate.

These mutant proteins have been purified to homogeneity and their cleavage activity determined in vi-
tro. See results for a more detailed description.
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while the measuremént of phage restriction requires the presence of the methylase to
protect the host cell. Thus X restriction represents a competition between the en-
donuclease and methylase. If the class II mutants cleave DNA at a much reduced
rate compared to the WT enzyme, the phage may be fully modified by the EcoRI
methylase before the mutant endonuclease has time to act. In contrast, cell lethality
was measured in the absence of the methylase. In this case, the chromosome of the
cell is always unprotected and even a slow endonuclease may have ample time to kill
the cell.

DNA sequencing revealed that the amino acid alterations responsible for the TS
phenotype range frérn minor (i. e. valine to isoleucine) to drastic (i. e. alanine to glu-
tamic acid) amino acid substitutions which lie at different positions within the protein
primary structure. By comparison with the known three dimensional structure of the
EcoRI enzyme (McClarin, et al., 1986), these mutations in general lie at points where
the secondary structure is in transition: the ends and beginnings of a-helices and -
sheets, loops, and turns. The only exception is the TS5 mutant, which bears an ala to
glu substitution within a 3-sheet. These findings are not attributable to mutagen
specificity or mutagenic hotspots for the following reasons. We have isolated spon-
taneous point mutants which should arise from a variety of sources, and we rarely
found the same allele twice. Furthermore, the significance of this pattern of distribu-
tion is supported by the similar phenotypes of a set of site-directed mutations that lie
at the ends of two a-helices. In each of these cases, those amino acid substitutions
that retained enzyme activity also rendered the protein temperature sensitive. We
conclude that amino acid substitutions in regions of secondary structure transition
frequently render the EcoRI endonuclease thermosensitive. For TS mutations lying
at the ends of a-helices, we suggest that they may perturb the protein structure by
disrupting those residues which mark the helix boundaries (Richardson & Richardson,
1988; Presta & Rose, 1988). Not all mutations at regions of secondary structure tran-

sition will render the protein temperature sensitive, since two mutants which exhibit
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enhanced EcoRI* activity (Y193H and E192K; described in Chapter 7) carry substitu-
tions at the end of a (-sheet but are not TS.

These findings raise the question of whether substitutions within helices and
sheets would confer a null, silent, or reduced activity but not a temperature-sensitive
phenotype. We have isolated two null mutants not described here. One is a substi-
tution within a (-sheet (prol64leu) and the other is a nonsense mutation (Q233UAA).
A set of null and partial activity mutants has been described by Yanofsky et al.
(1987). They observed that null and decreased activity mutations often fall within
helices and sheets. However, they did not check their mutants for a TS phenotype,
and one of their partial activity mutations (arg 56 gln) is in fact a TS mutant (=TS6
described here).

To determine the in vitro activity which corresponds to the in vivo action of these
TS EcoRI mutants, cellular extracts were prepared from cells expressing both the mu-
tant endonuclease and the EcoRI methylase. These partially purified mutant en-
zymes cleave DNA in vitro at EcoRI sites with reduced activity compared to the
wild-type protein. However, the activity of those mutaﬁts tested (TS0, TS6, and
TS9) was not temperature sensitive in vitro. We suggest that these mutations confer
a TS phenotype in vivo because they disrupt folding of the protein. Once synthesis
and folding are complete, the mature protein is not sensitive to thermal denaturation
in vitro.

In contrast to our findings, earlier studies of TS T4 phage lysozyme mutants
found that many TS mutations often fell within a-helices and 3-sheets (Grutter, et
al., 1983; Alber, et al., 1987a, 1987b). These mutations render function TS n vivo,
and markedly decrease the thermal stability of the folded protein ¢n vitro. Further-
more the responsible amino acid substitutions fall at many positions within the pri-
mary and secondary structure of the protein but in general alter residues with low
thermal mobility and solvent accessibility. Apparently these internal residues form

interactions which restrict their movement and contribute to the thermal stability of
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the native protein. TS mutants of another protein of known tertiary structure, gene
V protein of bacteriophage f1, also fall both at many positions within the primary se-
quence, but their biochemical nature is unknown (Terwilliger, 1988). In contrast, TS
mutants of several proteins of unknown tertiary structure (the Cdc28 protein of yeast
(Lorincz & Reed (1986), lac repressor (Miller, 1979), and phage P22 tailspike protein
(King, et al., 1987; Fane & King, 1987)) often lie within regions where the predicted
secondary structures are in transition. In the case of phage P22 tailspike protein,
these TS mutations are often defective for protein folding. We find that TS muta-
tions of EcoRI also lie at regions of secondary structure transition and that these mu-
tant proteins are TS in vivo but not in vitro.

Our findings suggest that TS mutations that alter protein folding result from a
different pattern of amino acid substitutions than TS mutations which render the na-
tive protein structure less stable. However, why do proteins differ with the frequency
at which the two types of TS mutations occur? The explanation must be some
feature of protein structure or function. Proteins can have either rigid or flexible
structures. For example, proteins whicﬁ undergo conformational changes require a
flexible structure that can assume more than one final tertiary configuration. These
proteins require hinges that permit their structures to interchange. Because secon-
dary structural elements are rigid, protein loops, bends and turns are the most likely
points of flexibility. If these structures mediate both folding and flexibility, they also
have to exist in more than one conformation and therefore may be more sensitive to
mﬁtations. This predicts that proteins which undergo conformational changes may
be more susceptible to a different pattern of TS mutations than enzymes or proteins
which have more rigid tertiary configurations.

Our collection of TS mutants also bears on the structure and function of the
EcoRI enzyme itself. For example, the R105K mutations lies at the DNA-protein in-
terface and may alter an electrostatic interaction to the DNA backbone. This residue

also lies very near the scissile phosphodiester bond and may form part of the enzyme
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active site. The R56Q and G78D mutations lie in a region of the protein thought to
allosterically couple binding with cleavage, based on mutations which separate bind-
ing from cutting (E111G, A, V, Q) (King, et al., 1986, 1987) or allow promiscuous
cleavage (H114Y) (see Chapter 7). Several mutations lie at the subunit-subunit inter-
face (at least T261I and Y263L) and may affect dimerization or communication
between subunits.

In addition to their implications for protein structure and function in general and
the action of the EcoRI endonuclease in particular, this collection of TS EcoRI en-
donuclease mutants has proven useful to show that DNA double-strand breaks induce
the E. coli SOS DNA repair response (see Chapter 5 and Heitman, et al., 1989), to
analyze the mechanism of double-strand break repair in E. coli (Heitman, et al., 1989;
Chapter 5), and to conditionally express EcoRI mutants which cleave DNA sites not
modified by the EcoRI methylase (Chapter 7). These mutants may prove useful for
studying DNA structure, chromosomal architecture, and DNA repair, both in E. coli

and in other organisms.



82

Chapter 5
Repair of the E. coli Chromosome After In Vivo Scission

by the EcoRI Endonuclease
Introduction

This chapter is adapted from Heitman, Zinder, & Model (1989).

Many bacteria make restriction and modification enzymes to degrade foreign
DNA that enters the cell (Roberts, 1976). Generally, methylation protects the cellu-
lar DNA from cleavage, whereas unmethylated foreign DNA is destroyed. Two obser-
vations suggest that other mechanisms, in addition to methylation, ensure the integri-
ty of the cellular DNA. First, E. coli can be transformed at normal efficiency by
plasmids encoding a restriction-modification system. After DNA uptake, the cell
must prevent or survive DNA damage until the chromosome is protected by methyla-
tion. Second, several restriction endonucleases have been cloned without their cog-
nate methylases, and extracts from these strains contain endonuclease activity
(Gingeras & Brooks, 1983; reviewed in Lunnen, et al., 1988). Although it has beeﬁ
suggested that gene regulation must delay or reduce endonuclease expression to pro-
tect the cell in these situations (Mann, et al., 1978; Walder, et al., 1984; Bouguelerat,
et al., 1984; Kiss, et al., 1985), this has been demonstrated only for the phage-borne
P1 restriction system (Arber, 1974). Alternatively, the cell could repair DNA double-
strand breaks.

DNA double-strand breaks stimulate recombination in Escherichia coli and yeast,
and it is generally thought that recombination repairs DNA breaks (Thaler & Stahl,
1988; Szostak, et al., 1983; Resnick, 1976). The repair of DNA scissions has been stu-
died previously using 4-ray lesions (Krasin & Hutchinson, 1977, 1981). In E. coli, pri-
or induction of the SOS DNA repair response enhances the repair of y-ray cleaved
DNA (Krasin & Hutchinson, 1981). Two SOS proteins involved in recombination,

RecA and RecN, and multiple copies of the genome are required to repair DNA bro-
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ken by ~-rays, suggésting that recombination repairs these lesions (Krasin & Hutchin-
son, 1977; Picksley, et al., 1984). Ligation may also repair some ~-ray breaks
(Weibezahn & Coquerelle, 1981).

A model for DNA scission repair based on ~-ray lesions is compromised since
these lesions include breaks, nicks, base adducts and oxidized proteins (Friedberg,
1985). Furthermore, +-rays (and the radiomimetic bleomycin) break DNA by shatter-
ing the sugar residues, releasing the attached base and leaving behind blunt termini
with 5’-phosphoryl and 3’-phosphoryl or 3’-phosphoglycolate ends which cannot be
ligated (Henner, et al., 1983; Giloni, et al., 1981). Even if these ends were repaired by
phosphatase or exonuclease processing to a 3'-hydroxyl and subsequent ligation, at
least one basepair of information would be lost.

In contrast, restriction endonucleases cleave DNA to yield staggered or blunt
double-strand breaks with 3’-hydroxyls and 5’-phosphates as termini (Roberts, 1976).
To address the repair of this type of DNA scission, we have delivered staggered
double-stranded DNA breaks with the EcoRI endonuclease, which cleaves within the
DNA sequence GAATTC (Hedgpeth, et al., 1972). DNA double-strand breaks (in-
cluding EcoRI breaks) clearly stimulate recombination by several pathways (M. Stahl,
et al., 1983; F. Stahl, et al., 1986; Thaler, et al., 1987a, 1987b). We find that when
the E. coli chromosome suffers scission by the EcoRI endonuclease, the SOS DNA
repair response is induced. However, strains blocked in SOS induction (lezA3 mu-
tant) or SOS induction and recombination (recA56 and recB21 mutants) are not
more sensitive to DNA scission, while strains deficient in DNA ligase (lig4, lig ts7 mu-
tants) are 1000-fold more sensitive. We suggest that neither SOS induction nor
recombination is required to repair EcoRI severed DNA. DNA ligase is required and
may suffice to repair EcoRI mediated cleavage of the chromosome. Thus, although
recombination is stimulated by DNA breaks, it need not be the means by which they
are repaired. These findings further suggest that restriction-modification systems

may not only inhibit but also promote genetic exchange (Arber, 1979), perhaps by
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stimulating recombination in ways similar to in vitro cloning manipulations (Chang &

Cohen, 1977).

Results

Isolation of EcoRI temperature sensitive alleles

As described in Chapter 4, we isolated a series of temperature- sensitive condi-
tional mutants of the EcoRI endonuclease. We note that the endonuclease activity of
these mutants is temperature (heat) sensitive and, because they kill the cell, the
phenotype of their host strain is cold-sensitive growth. Thus strains bearing these al-
leles form colonies at 42°C (permissive temperature for cell growth) but grow poorly
and in some cases die at lower temperatures non-permissive for growth (see Chapter
4, table 4-1). Expression of the EcoRI methylase from the compatible plasmid pJC1
completely blocks the lethal endonuclease activity. Many of these TS EcoRI mutants
restrict growth of A phage when the methylase is present to ensure cell viability (see
Chapter 4 table 4-2).

| In Chapter 4 we concentrated on the implications of these TS EcoRI mutants for
protein structure and EcoRI endonuclease function. Here we employ these mutants
to deliver DNA double-strand breaks to the E. coli chromosome and study their
mechanism of repair. We begin by considering the enzymatic action of the TS mu-
tants.

In vivo DNA cleavage by the TS0 allele

The EcoRI TS mutants were isol.ated in plasmid pJH10, which carries one EcoRI
recognition site. Thus plasmid pJH10 should be cleaved in cells bearing a TS EcoRI
allele after shift to temperatures permissive for endonuclease action. As shown in
Figure 5-1, when cells expressing the TS0 allele (T261I) were shifted from growth at
42°C to 37°C or 30°C, plasmid pJH10(TS0) DNA was degraded (lanes 7 and 8).

However, the linear cleavage product was not seen even when DNA was prepared by



Figure 5-1. In vivo DNA scission by the EcoRI endonuclease. Strains
JH11(pJH10(TS0) and pJC1), JH11(pJH10(TS0)), and JH11(pJH12) were grown
at 42°C until OD600=0.2, the culture was divided and portions were grown at
42°C, 37°C, and 30°C for 3 hours. Strains harboring both plasmid pJH10(TS0)
and pJH12 (TSARI site) form normal colonies at 42°C, poorly growing colonies at
37°C, and die at 30°C. DNA was prepared by the alkaline lysis method (Mani-
atis, et al.,, 1982). Lanes 1 and 2 are controls showing uncut (U) and EcoRI cut
(R) pJH10(TS0). DNA from 3 to 5-fold more cells was loaded in lanes 7, 8, 10,
and 11 (non-permissive temperatures) compared to lanes 6 and 9 (permissive tem-
perature). The band labelled X often appears during the preparation of DNA by
alkaline lysis and may be improperly renatured (”collapsed”) plasmid. Plasmid

pJH10 and pJH12 have one and no EcoRI sites respectively.



Plasmid: pJH10(TS0) | pJH10(TS0)| pJH10(TS0)| pJH12
+ pJC1
Treatment: U R|42 37 30|42 37 30|42 37 30°C

Lane: 1 2 3 4 5 6 7 8 9 10 11
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a non-denaturing précedure (Zinder & Boeke, 1982) or from a recB™ host which lacks
exonuclease V, the major endonuclease of E. coli (data not shown). The cleavage and
subsequent degradation occured in vivo, since plasmid pBR322 DNA added exo-
genously during plasmid preparation did not suffer degradation (data not shown).
Chromosomal DNA was also degraded as DNA cleavage products larger than the
linear plasmid were observed when DNA was prepared by either alkaline lysis (Fig.
5-1, lanes 7, 8, 10, and 11) or non-denaturing methods (data not shown). In contrast,
a TS0 derivative lacking the EcoRI site (pJH12) remained supercoiled and intact
(lanes 10 and 11) and likewise, expression of the EcoRI methylase from plasmid pJC1
conferred resistance to this in vivo degradation (lanes 4 and 5). Similar results were
obtained with alleles TS3 (L263F), TS6 (R56Q), and TS9 (M255I) or with a filamen-
tous phage (J9-9, an M13mp18 derivative) carrying an EcoRI recognition site and the
EcoRI endonuclease gene expressed from the lac promoter (described in Appendix 1).
In this latter case, both the RFI form of the phage and the chromosome were degrad-
ed when endonuclease expression was induced with [PTG after infection. This
cleavage was not observed with a derivative.lacking the EcoRI site or when cells ex-
pressing the EcoRI methylase were infected (data not shown). We conclude that
DNA scission occured in vivo at EcoRI sites, and that the linear DNA molecules were
degraded.

As a further measure of the cleavage activity of these mutant proteins, cell ex-
tracts were prepared under conditions where endonuclease activity should be maximal
(see Chapter 2, Materials and Methods) and DNA cleavage of X and pUC18 DNA was
assayed in vitro (as shown in Chapter 4, figure 4-3). Cells expressing the TSO mutant
protein yielded EcoRI specific endonuclease with activity comparable to cells express-
ing the wild-type protein, while extracts containing the TS3, TS6, or TS9 mutant
proteins showed decreased activity compared to wild-type (5, 10 and 10% activity
respectively, data not shown). Furthermore, when purified to homogeneity the wild-

. : s . 6
type and TS6 mutant proteins did not differ in specific activity (2 - 4 X 10
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units/mg). We conclude that these EcoRI mutants display DNA scission activity in
vivo and in vitro and proceed to an analysis of the in vivo consequences of this type

of DNA lesion.

In vivo DNA scission induces the SOS response

Our earlier finding that Mrr or McrB restriction induces the SOS response sug-
gested that DNA scission might, in general, induce SOS (Chapter 3; Heitman &
Model, 1987). To test this, plasmid pJH10(TS0) was introduced into strain JH39,
which carries the lac operon fused to the DNA damage inducible locus dinD (Kenyon
& Walker, 1980). As shown in Figure 5-2, when strain JH39/TS0 was shifted from
42°C to 37°C, the ﬂgalaétosidase expression from the dinD1::Mu dI(Apr lac) fusion
increased 6 to 8-fold above background. This induction was completely blocked by
plasmid pJC1 which expresses the EcoRI methylase, since strain JH39/TS0 and pJC1
formed white colonies on X-Gal indicator medium at all temperatures. Temperature
shifts of strain JH39 alone did not affect 3-galactosidase levels. When strain
JH39 /TS0 was shifted from 42°C to 30°C, growth ceased rapidly with no increase in
B-galactosidase expression. Apparently under these conditions the cell is killed before
the SOS response is induced. Induction by DNA scission was observed with all the
TS mutants. A plasmid encoding the wild-type endonuclease and a temperature sen-
sitive EcoRI methylase (pJH34) gave similar results. In this case, strains harboring
this plasmid are viable at 30°C but grow poorly at 34°C and die at 37°C or 42°C.
Similarly, strain JH39/pJH34 made increased levels of S-galactosidase at 30°C (medi-
um blue colonies on X-gal medium) and 34°C (dark blue, poorly growing colonies), in-
dicative of SOS induction. Thus SOS induction reflects endonuclease activity and is
not a special property of the TS endonucleases.

In control experiments, a dose of mitomycin C of 1 ug / ml induced the SOS
response 20- to 22-fold above background, compared to the 6- to 8-fold induction

with DNA scission by the EcoRI mutants. This may result from a difference in the
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Figure 5-2. Kinetics of §-galactosidase induction in strain JH39 (dinD1::Mu
dI(Ap" lac)) and JH39(pJH10(TS0)). Cells were grown at 42°C in K120 minimal
medium supplemented with 0.2% glucose and 0.4% Casamino Acids (Heitman &
Model, 1987). Cultures were shifted from 42°C to 37°C or Mitomycin C was ad-
ded to 1 ug/ml at T=0.5 hr. Samples (200 ul) were removed and (-galactosidase
activity was assayed as described by Miller (1972). Symbols: O,
JH39(pJH10(TS0)) at 42°C; @, JH39(pJH10(TS0)) at 37°C;J, JH39 at 37°C;M,

JH39 plus 1 pug/ml of Mitomycin C.
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amount or in the nature of the inducing lesion. Thus we note that DNA scission by
both the EcoRI or the Mrr restriction system (Heitman & Model, 1987) activates the
SOS response to similar levels.

SOS induction is not required for DNA scission repair

We next asked whether the repair of DNA scission requires SOS induction. We
tested SOS induction after DNA scission by the TS0, TS3, TS6, and TS9 alleles in
dinD1::lacZ fusion strains carrying mutations known to block SOS induction by some
(recB21, strain JH117) or all agents (recA56, strain JH59; lezA3, strain JH154). In
contrast to the parent strain JH39, which on X-gal medium yielded blue colonies indi-
cative of SOS induction at temperatures where DNA scission occured, the recAS56,
lexA3, and recB21 mutant strains produced white colonies and thus do not induce the
SOS response after DNA scission.

We also tested the sensitivity of mutant strains to DNA cleavage by the TS3
(L263F), TS6 (R56Q), or TS9 (M255I) EcoRI allele, expressed from plasmid pJH15b.
Two isogenic strain series were constructed. One carries the Mu d fusion and enabled
us to also assay SOS induction as described above (JH39 (wt), JH59 (recA56), JH117
(recB21 thyA::Tn10), JH154 (recN), and JH158 (lezA3). The other lacks any Mu d
lysogen (K91 (wt), JH27 (recA56), JH20 (lexAS3), JH145 (recB21), and JH144
(recN262)) because the Mu Gam protein can bind to and protect DNA ends (Akroyd
& Symonds, 1982; Thaler, et al., 1987¢). In practice, we observed no protective effect
of the Mu d lysogen when isogenic Mu d™ and Mu d” strains were subjected to DNA
scission (see Chapter 8, figure 8-1). The rec/N262 strain was included since the RecN
protein plays a role in the repair of y-ray induced DS-DNA breaks (Picksley, et al,,
1984). Sensitivity to DNA scission was measured qualitatively by determining colony
forming efficiency and growth at 42°C, 37°C, 34°C, and 30°C (as in Table 4-1,
Chapter 4). By this assay, the repair defective strains were no more sensitive to DNA

scission than their isogenic wild-type parent.
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Alternatively, sensitivity to DNA breaks was measured more quantitatively by
determining colony forming efficiency at the permissive temperature (42°C) following
incubation for increasing time at the non-permissive temperature (30°C) (as described
in Fig. 5-3). Sensitivity was measured over a range of doses at which 10'4 to more
than 50% of wild-type cells survive. As shown in Figure 5-3, the isogenic recA” and
recA strains JH39 and JH59 do not differ in sensitivity to DNA scission by the TS6
allele. Similar affects were observed with logarithmic and stationary phase cells.
Similarly, Figure 5-4 shows that other SOS, recombination, or repair defective mu-
tants (recA (JH27), recB (JH145), recN (JH144), and lezA (JH20)) were also no more
sensitive to DINA scission than their isogenic wild-type parent (K91). Thus by both
methods, DNA scission sensitivity is not increased by mutations that prevent SOS in-
duction or recombination. SOS induction and cell lethality did not require a plasmid
borne EcoRI site, as derivatives lacking the EcoRI site yielded similar results (data
not shown).

DNA ligase mutants are sensitive to DNA scission

These findings suggested that EcoRI scissions are repaired by mechanisms other
than SOS and recombination. To address this possibility, we tested strains deficient
in DNA ligase activity for sensitivity to DNA scission. In this case, the host strains
carry temperature-sensitive ligase alleles (lig4 and lig ts7) (Gottesman, et al., 1973;
Konrad, et al., 1973), so a plasmid encoding an EcoRI allele with weak activity at all
temberatures (RA2=¢gly19 to asp) served to deliver DNA breaks. The lig4 strain
N1626 carrying the plasmid pJH15b(RA2) grew normally at 30°C. However, when in-
cubated for increasing time at 42°C where the activity of the mutant DNA ligase is
greatly reduced, the colony forming efficiency of strain N1626/RA2 was decreased up
to 4000-fold compared to the lz'g+ strain N2603/RA2, N1626 bearing the control
plasmid pJH71, or N1626/RA2 also carrying the methylase plasmid pJC1 (see Fig. 5-

5). When we tried to introduce the RA2 allele into a strain carrying the more severe
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Figure 5-3. Sensitivity of Isogenic recA” and recA” Strains to DNA Scission.
Cultures were grown at 42°C to stationary or logarithmic phase, serially diluted, |
and 20 ul portions were spotted on solid medium. Colony formation was chal-
lenged by prior incubation for increasing time at the non-permissive temperature
for colony formation (30°C), followed by growth at the permissive temperature
(42°C). The number of colonies was determined and the fraction surviving was
calculated. Symbols: JH39/TS6 (recA+) stationary phase (O); JH59/TS6
(recA’) stationary phase ({0); JH39/TS6 (recA +) logarithmic phase (@);

JH59/TS6 (recA’) logarithmic phase ().
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Figure 5-4. Sensitivity of Repair Defective Strains to DNA scission. Sensitivity
to DNA scission was measured as in figure 5-3. Symbols: Strain K91/TS6 (wild-
type) (@); K902/TS6 (recA’) (M); JH20/TS6 (lezA3) (O); JH145/TS6 (recB21) (A).
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lig ts7 allele (N2604), the transformation efficiency was reduced 1600- to 2400-fold
compared to the control plasmid pJH71 or 1100-fold compared to transformation of
the isogenic lz'g+ strain N2603. Again, expression of the EcoRI methylase reversed
the lethal effect of the RA2 allele. Similar results were obtained with a derivative
(RA2ARI, pJH124) which lacks the plasmid borne EcoRI site. RecA™ and recA”
strains were transformed at equal efficiency by plamsid pJH15b (RA2) (data not
shown).

Discussion

We have isolated a set of temperature sensitive conditional alleles of the EcoRI
endonuclease. Strains hérboring these mutants are viable at 42°C, but grow poorly
or die at lower temperatures. Under semi-permissive conditions, intracellular sub-
strates with EcoRI recognition sites suffer cleavage, while those lacking sites or bear-
ing modified EcoRI sites are spared. This in vivo DNA scission induces the SOS DNA
repair response. Expression of the FcoRI methylase prevents both cell killing and
SOS induction by these alleles. Neither cell killing nor SOS induction requires a
plasmid borne EcoRI site. We conclude that in vivo DNA scission at EcoRI sites in
the chromosome induces the SOS response and at higher doses kills the cell.

Some earlier observations bear on our findings. For example, Tn10 transposition
induces X\ lysogens suggesting that DNA scission by transposase may act similarly
(Roberts & Kleckner, 1988). In dam mutants or after treatment with colicin E2 or
bleoﬁlycin, DNA lesions including single and double strand breaks occur and the SOS
response is induced (Craig, et al., 1984; Smith & Oishi, 1978). In this latter case, the
nature of the inducing lesion is not known. Previously it was demonstrated that E.
coli repairs DNA double-strand breaks that occur in X DNA after an incorporated ra-
dioactive phosphorus atom decays (Ogawa & Tomizawa, 1967; Tomizawa & Ogawa,
1967). The repaired breaks may actually be two nicks held together by the interven-

ing sequence because 28% of all decay induced breaks remained annealed at 15°C and
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Figure 5-5. Sensitivity of lig4 mutant to DNA scission. Sensitivity to DNA scis-
sion was measured as in figure 5-3, however in this case the temperature shift was
to inactivate the mutant DINA ligase rather than to activate the endonuclease.
Here cultures were grown at 30°C, and colony formation was challenged by prior
incubation for increasing time at 42°C, followed by growth at the permissive tem-
perature (30°C). The number of colonies was determined and the fraction surviv-
ing was calculated. Symbols: @, N1626(RA2); I, N2603(RA2); O, N1626(RA2
and pJC1);

0, N2603(RA2 and pJC1).
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the same proportion (26%) of total breaks were repaired. Decay induced lesions in
the E. coli chromosome required RecA for repair and were repaired much more
efficiently than breaks borne by an extrachromosomal molecule (Tomizawa &
Ogawa, 1968).

To determine the amount of EcoRI endonuclease which cells can survive, we as-
sessed the relative activity of the temperature sensitive alleles at different tempera-
tures by measuring restriction of phage \ growth. Restriction was measured in the
presence of the EcoRI methylase since, in its absence, in vivo DNA induces cellular
filamentation which interferes with X\ infection. With the TS6 allele as an example,
we find that when 1% of the wild-type restriction activity remains according to X
plating efficiency (at 37°C EOP=6 X 103 for TS6 and 4 X 10 for wild-type), in the
absence of methylase poorly growing colonies are formed (E.O.P.=0.01 to 0.1).
Phage \ bears five EcoRI recognition sites. Four of these result in 10-fold restriction
per site, while the other site (sR2) is restricted only 3-fold (Murray & Murray, 1974).
From the observed level of restriction, we can calculate the expected frequency of
cleavage for a A\ borne EcoRI site using the formula (l—X)Il — Y, where Xzfrequenéy
of cleavage, n—=the effective number of EcoRI restriction sites on X\ (n=4.3) and
Y=number of phage surviving restriction. We find that at ~ 1% the wild-type level
of restriction (6 X 10_3) where cells grow poorly, the expected frequency of cleavage is
0.7. If the EcoRI sites of the E. coli chromosome suffer a similar frequency of cut-
ting, this predicts an average of 460 of the 659 known EcoRI sites (Kohara, et al.,
1987) are cleaved per chromosome. Since 1% of cells survive this level of DNA scis-
sion, either the cell rapidly repairs DNA breaks, or phage X DNA is more sensitive to
EcoRI cleavage than the E. coli chromosome. We note that this analysis may un-
derestimate the extent of damage to the chromosome, since we measured restriction
of X\ in the presence of the methylase whereas cell lethality of the TS alleles was in
the absence of the methylase.

Because EcoRI scission induces the SOS response, we wondered whether blocking
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this induction would increase cell sensitivity to DNA cleavage. SOS induction results
from a cascade of events which can be interrupted by mutations at several points (for
a review see Walker, 1984, 1985). After DNA damage, the RecBCD or RecF proteins
(or other pathways) produce an intermediate (probably single-stranded DNA) which
activates the RecA protein to a form called RecA*. RecA>k then stimulates the auto-
digestion of the LexA protein, the common repressor of the SOS genes, to induce the
SOS response. Strains carrying the recA56 or lezA3 alleles cannot cleave the LexA
repressor to induce the SOS response. We found that DNA scission did not induce
the SOS response in recA and lezA8 mutant strains. However, the absence of SOS
induction did not increase the sensitivity of these strains to DNA scission. Thus SOS
induction is not required to repair DNA cleaved by EcoRI. In strains lacking the
RecBCD helicase activity, SOS is induced by some agents (mitomycin C, UV) but not
others (nalidixic acid) (McPartland, 1980). SOS induction after DNA scission
proceeds via the RecBCD pathway, but a recB21 mutant strain was not more sensi-
tive to DNA scission. A model for RecBCD mediated SOS induction by EcoRI scis-
sion is presented in Figure 5-6. DNA breaks may simply a'llow entry of the RecBCD
complex and then be resealed. While the RecBCD proteins exhibit potent exo- and
endonuclease activity in vitro, under in vivo conditions RecBCD is more active as a
helicase (Taylor & Smith, 1980). Translocation and unwinding by the trapped heli-
case would produce SS-DNA to activate the RecA protein. RecBCD could produce a
gap or nick at chi sites to escape the DNA. In this way, the SOS response could be
induced by DNA breaks but plays no part in their repair.

In addition to their role in SOS induction, the RecA and RecBCD proteins parti-
cipate in homologous recombination. RecA and recB mutant strains are not more
sensitive to EcoRI mediated DNA scission, suggesting that these breaks do not re-
quire recombination for repair. These results are in marked contrast to the observa-
tions that, compared to isogenic recA™ strains, recA mutant strains are 104-fold

more sensitive to 4-ray irradiation and other DNA damaging agents (UV light, mito-
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Figure 5-6. Pathway for SOS Induction by DNA Scission. Here we see the
RecBCD helicase entering a DNA double-strand break which is then repaired by |
DNA ligase. The trapped RecBCD complex moves along the DNA, unwinding
and producing SS-DNA which binds to and activates the RecA protein to RecA*.
The RecA* protein then activates the SOS response. By this means, SOS induc-
tion by DNA scission need play no role in the repair of the inducing lesion.

RecBCD may escape the DNA by creating a gap or nicking at chi sites.
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mycin C) (Picksley, et al., 1984) and 105-fold more sensitive to cleavage by another
endonuclease, \ terminase (Murialdo, 1988). Our results are not attributable to
different doses of DNA cleavage, since over a range of doses at which 10_4 to more
than 50% of recA™ cells survive, isogenic recA  cells are not more sensitive. Further-
more, a strain lacking the RecN protein, which plays a role in the repair of ~-ray in-
duced DNA breaks (Picksley, et al., 1984), was not more sensitive to EcoRI mediated
DNA scission. These results may be explained by the difference in the nature of the
breaks, since y-ray cleavage releases a base and leaves non-ligatable termini (Henner,
et al., 1983; Giloni, et al., 1981), while EcoRI scission produces staggered breaks with
ligatable termini. In the case of \ terminase, the protein remains tightly bound to
one end of the DNA after cleavage (Feiss, et al.,, 1983). This lesion may also require
recombination for repair.

Since DNA ligase is necessarily involved in DINA repair processes by playing an
important role in rejoining DINA molecules, we expected it to play a role here. As
described in Results and figure 5-5, conditional DNA ligase mutations conferred ex-
treme sensitivity to DNA scission. Strains bearing the lig4 allele exhibit reduced
DNA ligase activity at 30°C (35% of wt levels) and 42°C (< 1% wt levels) with no
loss in cell viability. The lig ts7 allele more severely impairs ligase activity (5% of wt
at 30°C) and does not support cell growth at 42°C (< 1% wt level) (Gottesman, et
al., 1973; Konrad, et al., 1973). An EcoRI endonuclease allele with reduced activity
(RA2) could not be introduced into a lig ts7 strain and dramatically reduced the c;)lo-
ny formation efficiency of a lig4 strain. Thus the cell is extremely sensitive to DNA
scission when ligase activity is reduced to 5% to < 1% of wild type levels. We con-
clude that DNA ligase is required and may be sufficient for the repair of these
double-strand DNA breaks.

These findings raise the question: if DNA ligase repairs these DNA breaks that
occur amongst the 659 EcoRI sites in the chromosome, how does DNA ligase know

which ends to ligate together? We suggest that the tertiary or nucleoid structure of
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the chromosome (Worcel & Burgi, 1972) may hold severed ends in proximity and pro-
mote their ligation. An interesting experimental prediction is that sensitivity to
EcoRI breaks should be increased in mutant strains which lack unbiquitous DNA
binding proteins (such as IHF or HU) thought to fold the E. coli chromosome (re-
viewed in Drlica & Rouviere-Yaniv, 1987; Pettijohn, 1988). It is known that the sedi-
mentation properties of isolated E. coli nucleoids are not altered when up to 50
double-strand breaks are delivered by in vitro ~4-irradiation (Lydersen & Pettijohn,
1977), arguing that some higher order structure is imposed upon the broken DNA.
Alternatively, the cell may simply heal each break as fast as it is formed thus solving
the problem of which ends to ligate together. In addition, some proteins (Mu Gam,
RecA) are known to bind DNA ends and could assist DNA ligase (Akroyd & Sy-
monds, 1986; Register & Griffith, 1986).

Plasmid-borne staggered or blunt DNA double-strand breaks are repaired when E.
coli is transformed with linear DNA (Conley & Saunders, 1984; Winans, et al., 1985;
conley, et al., 1986a, 1986b). Normally linear DNA transforms poorly because it is
rapidly destroyed by exonucleases. Mutant strains which lack the RecBCD exonu-
clease and carry suppressor mutations which render them recombination proficient
(recBCD™ sbcA or sheBC mutant strains for example) are efficiently transformed by
linear DNA when the plasmid shares homology with the chromosome and can stably
integrate (Winans, et al., 1985). Although these mutant strains do not support
efficient plasmid replication, under selective pressure they do maintain plasmids
which do not share chromosomal homology (Kobayashi & Takahashi, 1988). Thus
the finding that linear DNA integrates more frequently than it recircularizes suggests
that plasmid borne double-strand breaks are usually repaired by recombination rather
than ligation. Plasmids bearing a DNA double-strand gap are repaired by gene
conversion using the RecE homologous recombination pathway which is active in
these recBC™ sbcA mutant strains (Kobayashi & Takahashi, 1988). In recBCD+

hosts, linear plasmid DNA circularizes and yields transformants at 1% the frequency
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observed with circular DNA. Transformation is largely dependent on recombination
functions and deleted plasmids often occur (Conley & Saunders, 1984; Conley, et al.,
1986a, 1986b). Infecting phage that suffer EcoRI cleavage are restricted and do not
form plaques. At a low frequency they can be repaired by recombination with an en-
dogenous intact prophage (Stahl, et al., 1977). These findings are in contrast to our
observations that EcoRI breaks in the chromosome require ligation but not recombi-
nation for repair. This difference is further underscored by the observations that
transformation by linear DNA (Conley & Saunders, 1984) and phage restriction (un-
published data) are not affected by DNA ligase mutations. Thus plasmid- or phage-
borne DNA double-strand breaks are treated differently than chromosomal breaks.
We suggest that small DNA molecules (plasmids and phage) lack the higher order
structure of the chromosome. After DNA scission their DNA ends may be more ex-
posed to nuclease degradation which prevents ligation and necessitates repair by oth-
er less effective means.

DNA double-strand breaks or ends stimulate recombination in E. coli and in
yéast (Thaler & Stahl, 1988; Szostak, et al., 1983) and sister chromatid exchanges in
CHO cells (Morgan, et al., 1988). In E. coli DNA breaks (including EcoRI breaks) ac-
tivate the A\ Red pathway, chi-mediated RecBCD recombination, and the RecE and
RecF pathways (M. Stahl, et al., 1983; F. Stahl, et al., 1986; Thaler, et al., 1987a,
1987b, 1987c). DNA that is transferred by transduction or conjugation is in a linear
double- or single-stranded DINA form prior to recombination. Similarly, in yeast and
certain mutant strains of E‘f:colz', linear DNA readily transforms cells by recombining
into the chromosome (Orr-Weaver, et al., 1981; Winans, et al., 1985). Furthermore,
DNA scission has been proposed to initiate yeast meiotic recombination in general
(Szostak, et al., 1983), as it does in the specific case of mating type switching after
HO endonuclease cleavage (Strathern, et al., 1982). In fact, Sun et al. (1989) recently
demonstrated that a DNA double-strand break occurs at the yeast ARG4 concomi-

tant with commitment to meiotic recombination.



101

It has been suggested that DNA breaks may promote exchange after exonuclease
processing to a strand invasive substrate which increases recombination at the break,
or by allowing recombinases entry to stimulate recombination away from the break
(Thaler, et al., 1987b). Our findings suggest that EcoRI DNA breaks act as transient
entry points for the RecBCD complex and are then resealed. Because RecBCD re-
quires DNA ends for its recombination activity, there may be an EcoRI cellular ana-
log to provide RecBCD entry points. In fact, Maban & Roth (1989) have recently
argued that the recombination process itself may generate DNA double-strand breaks
that act as RecBCD entry points.

DNA double-strand breaks are repaired and stimulate recombination in the yeast
Saccharyomyces cerevisiae (Friedberg, 1988). Perhaps the most familiar example oc-
curs when the HO endonuclease inflicts a DNA double-strand break at the MAT
locus, provoking recombination between the silent and expressed cassettes to switch
mating type (Strathern, et al, 1982). DNA scission by the Flp recombinase behaves
similarly (Jayaram, 1986). Another example (which was an important technical inno-
vation as well) was the finding that DNA double strand breaks markedly enhance in-
tegration of a plasmid at a region of homology in the chromosome (Orr-Weaver, et
al., 1981). Furthermore, a mutation (rad52) has been described which increases sensi-
tivity to 4-irradiation (Resnick, 1969). rad52 strains are sensitive to a single ~-ray in-
duced DNA break (Ho & Mortimer, 1973; Ho, 1975; Resnick & Martin, 1976), do not
switch mating type and are in fact killed by the single break that occurs at MAT
(Malone & Esposito, 1980; Weiffenbach & Haber, 1981), and are not transformed by
linear DNA (Orr-Weaver, et al., 1981). Since RADS52 is required for mitotic and mei-
otic recombination (reviewed in Haynes & Kunz, 1981), these findings implicate
recombination in the repair of DNA breaks. Furthermore, the double-strand break
repair model suggests that not only are breaks repaired by recombination, but that
DNA scission initiates genetic recombination (Szostak, et al., 1983). However, the ac-

tual picture is now more complicated than this simple model predicts (Stahl, et al.,
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1986).

Barnes and Rine (1985) studied the consequences of DNA breaks elicited in yeast
by expression of the EcoRI endonuclease. They conditionally expressed the endonu-
clease from the tightly regulated GAL1 promoter on a low copy number CEN
plasmid. In this system, repression was sufficient to allow cell survival in the absence
of the EcoRI methylase. They concluded that rad52 mutants were much more sensi-
tive than RAD52 strains to EcoRI mediated breaks. However, these findings were
somewhat compromised because the EcoRI expressing plasmid that was more lethal
in rad52 mutants also carried one EcoRI site. When they subsequently measured the
rate at which RAD52 and rad52 mutant strains were killed by EcoRI expression from
a plasmid without an FcoRI site, they found that RAD52 and rad52 strains did not
differ in sensitivity to EcoRI breaks (Rine & Barnes, 1986). Although they do not
state it, this finding clearly contradicts their earlier conclusion and demonstrates that
RAD52 is not required to repair EcoRI double-strand breaks in yeast chromosomes.

Where did they go wrong? The original observation was that rad52 mutants are
more sensitive than RAD52 strains to EcoRI breaks when the EcoRI expressing
plasmid bears an EcoRI site. They argued that RAD52 strains survive these condi-
tions because, in the process of repairing their broken plasmid, deletions occur that
remove the EcoRI promoter. Thus the proper conclusion is that either rad52 mutants
cannot repair plasmid-borne EcoRI breaks or, they are defective in forming the dele-
tions that allow RADS52 cells to survive. These findings are of interest for two rea-
sons. First, EcoRI breaks in the E. coli chromosome behave differently compared to
breaks in a plasmid or phage. Secondly, we observed no difference in cell lethality
when our EcoRI expressing has one or no EcoRI sites. Since we employed a high
copy number plasmid (pBR322), copy number control mechanisms probably come
into play before every plasmid suffers scission, and increased replication could
effectively replace copies as they are destroyed. In contrast, Barnes and Rine used a

low copy CEN plasmid, and every copy might have suffered scission soon after en-
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donuclease expression and before increased replication could occur. We conclude that
EcoRI breaks do not require recombination for repair in either E. coli or in yeast. In
both organisms, chromosomal double-strand breaks are treated differently than
breaks in a plasmid, possibly because the tertiary structure of these DNA molecules
differs.

When the EcoRI endonuclease was expressed in CHO mammalian cells, the result-
ing breaks increased the frequency of sister chromatid exchanges (Morgan, et al.,
1988), Thus EcoRI scission stimulates recombination in a mammalian system, as it
does in bacteria (Stahl, et al., 1977; Thaler, et al., 1987a, 1987b, 1987¢c). It is possible
that recombination in CHO cells is enhanced by FcoRI breaks without directly play-
ing a part in their repair, as is the case in bacteria (Heitman, et al., 1989).

The work described in this chapter was in part motivated by two observations
that suggest E. coli survives a low level of endonuclease expression. First, some en-
donuclease clones are not lethal to hosts which lack the protective methylase.

Second, plasmids bearing the genes for restriction-modification systems transform
host strains with unit efficiency even though soﬁe damage might be inflicted before
the chromosome is fully methylated. Our finding that a weak activity EcoRI endonu-
clease mutant is inviable in combination with DNA ligase mutations argues that in
this and similar situations (R+ M’ clones), DNA repair is required for cell viability.
In contrast, the transformation efficiency of a plasmid carrying the EcoRI restriction-
modification system (pAN4) was not decreased in lig mutant strains (data not
shown). This suggests that very little DNA damage occurs when a restriction-
modification system is established in a new host cell. We therefore returned to the
suggestion that endonuclease gene regulation might play a role in protecting the host
cell after transformation. Inspection of the 5’ non-coding region of the EcoRI en-
donuclease gene reveals a sequence with homology to the consensus LexA repressor
binding site (CTtTataaaataACAG in the EcoRI gene compared to the consensus site

CTGTatatatatACAG, Wertman & Mount (1985)). This suggests that EcoRI endonu-
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clease expression could be repressed by the LexA protein immediately after transfor-
mation when the plasmid copy number is low. Further experiments will be required
to address this model.

In conclusion, we have described a set of conditional alleles of the EcoRI restric-
tion enzyme which allow one to deliver a dose of DNA double-strand breaks with
defined staggered termini. These alleles should prove useful for further studies of
DNA structure and repair, both in E. colt and, with appropriate expression systems,
in other organisms. To produce breaks of other types, similar mutants could be iso-
lated for enzymes that yield double-strand breaks with blunt or 3’-overhanging ter-
mini. Because blunt ends are poor substrates for E. colt DNA ligase, E. coli may be
more sensitive to or employ different repair pathways for blunt DNA breaks. In the
next two chapters, we exploit the finding that DNA scission induces expression of
SOS::lacZ fusions to screen for and assay EcoRI endonuclease mutants. This SOS in-
duction assay may prove generally useful for cloning, characterizing, and mutating
endonucleases, methylases, and other enzymes (such as recombinases or to-

poisomerases) whose substrate is DNA.
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Chapter 6
Substrate Recognition by the FcoRI Endonuclease

Introduction

X-ray crystallography revealed that three prokaryotic DNA-binding proteins
(CAP from E. coli, and cI and cro of phage \) share a super-secondary structural
motif, the helix-turn-helix, which binds these dimeric proteins to adjacent major
grooves of the DNA (McKay & Steitz, 1981; Anderson, et al., 1981; Pabo & Lewis,
1982; Ohlendorf, et al., 1982). Homologous sequences occur in many other prokaryot-
ic and eukaryotic DNA-binding proteins that regulate transcription (Steitz, et al.,
1982; Anderson, et al., 1982; Takeda, et al., 1982; Laughon & Scott, 1984). The sim-
ple protein-DNA interaction models proposed initially have now grown more compli-
cated with the solution of high resolution structures of DNA-protein co-crystals of the
phage 434 repressor (Anderson, et al., 1987; Aggarwal, et al., 1988), X cI protein (Jor-
dan & Pabo, 1988), and the E. coli trp repressor (Otowinski, et al., 1988). The
specific details of DNA sequence recognition differ substantially amongst these helix-
turn-helix proteins. For example, the ¢/ repressor binds to B-form DNA whereas the
434 and trp repressors bind to DNA which is significantly distorted in structure.

DNA-binding proteins and enzymes could employ similar strategies to interact
with DNA. However, since even simple binding proteins differ dramatically in their
specific DNA interactions, enzymes which bind DNA might be even more different.
Additionally, enzymes need both catalytic and binding sites and their actions may be
coordinated by structural motifs not observed for simple binding proteins. Notably, a
DNA-enzyme co-crystal structure of the FcoRI endonuclease shows that the DNA
backbone is significantly distorted (Frederick, et al., 1984; McClarin, et al., 1986), as
is the case with the 434 and trp repressors. The enzyme also makes hydrogen bond
contacts to the edges of the basepairs as do the 434 and X\ ¢l repressors. However,

the EcoRI endonuclease lacks the helix-turn-helix motif. Instead two a-helices from
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each subunit of the symmetric dimer project steeply into the major groove of the
DNA and carry amino acids that hydrogen bond to the edges of the nucleotides of
the substrate (see figure 6-1). Glutamic acid 144 and arginine 145 lie at the end of
the inner o-helix and each, from opposite subunits, spans and makes two hydrogen
bonds with the central adenines (gAAttc). Arginine 200 lies at the end of the outer
helix and makes two hydrogen bonds to the outer guanine nucleotide (Gaattc). Con-
tacts to the right and left halves of the palindromic substrate are symmetric. Thus
for the dimer, a total of twelve hydrogen bonds form the substrate binding pocket
(shown in figure 6-1). Any nucleotide substitution within the recognition site disrupts
one or more of these interactions. Thus this hydrogen bond network could enable the
enzyme to uniquely recognize this DNA sequence.

One test of this model is to isolate mutants altered at the substrate recognition
amino acids. Previously, conservative amino acids substitutions have been described
(glul44asp, argl45slys, arg200lys) (Wolfes, et al., 1986; Greene, et al., 1987). These
mutations reduce enzymatic activity but do not alter substrate specificity. Since mu-
tants bearing conservative amino acid substitutions may make contacts similar to the.
wild-type enzyme, we wished to test whether other amino acids at these three posi-
tions would alter the substrate specificity of the enzyme. To this end we developed a
simple and sensitive in vivo plating assay for endonuclease activity (see figure 6-2).

In Chapter 5 we described our findings that EcoRI staggered DNA breaks induce
the SOS DNA repair response. This finding allows us to assay in vivo DNA scission
by monitoring SOS induction. Here we employ this assay to rapidly assess the
phenotypes of EcoRI mutants altered in the amino acids predicted to bind the sub-
strate. In vivo and in vitro, we find that these mutant proteins are crippled in activi-
ty yet still bind to and cleave the wild—tyﬁe substrate. The hydrogen bond network
revealed by the crystal structure is insufficient to fully account for substrate recogni-
tion, and other amino acids must contact the DNA to help discern the substrate.

The activity of these mutant proteins is enhanced by buffer conditions or mutations



Figure 6-1. Crystal Structure and Substrate Interaction Model for the EcoRI En-
donuclease. On the left we see the 3 A resolution X-ray crystal structure of an
EcoRI endonuclease-DNA complex. One monomer of the symmetric homodimer
is omitted for clarity. Each monomer bears two a-helices (the inner and o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>