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ABSTRACT: The EcoRYV restriction/modification system consists of two enzymes that recognize the DNA
sequence GATATC. The EcoRYV restriction endonuclease cleaves DNA at this site, but the DNA of
Escherichia coli carrying the EcoRV system is protected from this reaction by the EcoRV methyltransferase.
However, in vitro, the EcoRV nuclease also cleaves DNA at most sites that differ from the recognition
sequence by one base pair. Though the reaction of the nuclease at these sites is much slower than that at
the cognate site, it still appears to be fast enough to cleave the chromosome of the cell into many fragments.
The possibility that the EcoRV methyltransferase also protects the noncognate sites on the chromosome
was examined. The modification enzyme methylated alternate sites in vivo, but these were not the same
as the alternate sites for the nuclease. The excess methylation was found at GATC sequences, which are
also the targets for the dam methyltransferase of E. coli, a protein that is homologous to the EcoRV
methyltransferase. Methylation at these sites gave virtually no protection against the EcoRV nuclease: even
when the EcoRV methyltransferase had been overproduced, the cellular DNA remained sensitive to the
EcoRV nuclease at its noncognate sites. The viability of E. coli carrying the EcoRYV restriction/modification
system was found instead to depend on the activity of DNA ligase. Ligase appears to proofread the EcoRV
R/M system in vivo: DNA, cut initially in one strand at a noncognate site for the nuclease, is presumably

repaired by ligase before the scission of the second strand.

Restriction /maodification (R/M)! systems possess two en-
zyme activities: a modification methyltransferase that rec-
ognizes a specific DNA sequence and catalyzes the transfer
of a methyl group from AdoMet to a particular base within
the recognition sequence and a restriction endonuclease that
cleaves the DNA provided that neither strand has been
methylated (Arber, 1979; Smith, 1979). These systems are
widespread in prokaryotes, and their function is to maintain
the integrity of the bacterial DNA. DNA that lacks the
appropriate pattern of methylation is cleaved by the restriction
enzyme, while the cellular DNA is protected by the methyl-
transferase (Arber, 1979). However, restriction enzymes can
also cleave DNA at sequences other than their recognition sites
(Bennett & Halford, 1989), often making the double strand
break at these sequences by first cutting one strand of the
DNA and then the second (Taylor & Halford, 1989; Thiclking
et al., 1990; Lesser et al., 1990). These reactions could be
lethal to the cell unless the bacterium has a mechanism to
protect the alternative sequences on its chromosome. One
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possibility is that the modification enzyme has a less stringent
specificity for the recognition site than the nuclease, so that
any alternative site for the nuclease is already methylated.
This appears to be the case with the EcoRl R/M system
(Woodbury et al., 1980a,b). An alternative is that another
enzyme in the cell, perhaps DNA ligase, acts to proofread the
specificity of the nuclease by selectively repairing DNA nicked
at noncognate sites. A proofreading scheme for the EcoRV
restriction enzyme involving DNA ligase has been modeled
in vitro (Taylor & Halford, 1989), but it remains to be de-
termined whether or not such a scheme operates in vivo.
EcoR1and EcoRY are both type II R/M systems (Smith,
1979). With the type II systems, in contrast to type I or III
(Bickle, 1987), the restriction and modification activities are
due to two separate enzymes [reviewed by Modrich and

! Abbreviations: AdoMet, S-adenosylmethionine; Ap, ampicillin (with
superscripts r and s to denote resistance and sensitivity); bp, base pair(s);
BSA, bovine serum albumin; SME, B-mercaptoethanol; Cm, chlor-
amphenicol; DMSO, dimethyl sulfoxide; kb, 1000 bp; Kn, kanamycin;
R/M, restriction/modification; Sm, streptomycin; { ], plasmid carrier
state.
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Roberts (1982) and Bennett and Halford (1989)]. The rec-
ognition sequence for the EcoRV R/M system is GATATC.
In the presence of Mg?*, the EcoRV restriction enzyme cleaves
both strands at the center of this site (D’Arcy et al., 1985).
In the presence of AdoMet, the EcoRV modification enzyme
methylates the first adenine in this sequence (Nwosu et al.,
1988). In all type 1l systems characterized to date, including
EcoRYV (Bougueleret et al., 1984), the recognition of the same
DNA sequence by the restriction and the modification enzymes
is not a consequence of homology between the two proteins:
in each system, the two proteins have completely dissimilar
amino acid sequences (Wilson, 1988). Moreover, with both
EcoRI and EcoRYV, the mechanism by which the methyl-
transferase recognizes the target sequence differs from that
of the nuclease (Modrich & Rubin, 1977; Brennan et al., 1986;
Newman et al., 1990). However, the modification enzymes
from several different R/M systems are homologous to each
other and to other DNA methyltransferases (Lauster et al.,
1989; Posfai et al., 1989). For example, the EcoRV modi-
fication enzyme is homologous to both the Dpril modification
enzyme and the dam methyltransferases of Escherichia coli
and phage T4, which recognize GATC (Lauster et al., 1987).
The dam methyltransferase is associated with mismatch repair,
gene expression, and DNA replication but not with R/M
(Modrich, 1987, Barras & Marinus, 1989). The EcoRV and
the dam methyltransferases have thus evolved not only to
recognize different DNA sequences but also to fulfill different
biological functions.

EXPERIMENTAL PROCEDURES

Bacterial Strains. E. coli GM33 and K12AHIAtrp have
been described previously (Marinus & Morris, 1974; Remaut
et al., 1983). The former is dam and the latter dam™* \cI857.
Dam phenotypes were checked by using the cellular DNA as
substrates for the Mbol and Dpnl restriction enzymes (Geier
& Modrich, 1979). E. coli strains N 1624, N1626, and N2668
carry respectively lig*, ligd, and ligts7 but are otherwise
isogenic: all three are Sm® (Gottesman et al., 1973). All
bacterial cultures were in L-broth or on LB agar except for
the measurements of the viabilities of /ig strains, where H-
broth was used instead (Konrad et al., 1973). Media for
strains carrying one or more of the plasmids listed below
always contained the relevant antibiotics at 50 ug/mL, and
the same concentration was used for Sm' strains. Temperature
inductions before either DNA or protein purifications were
carried out by first growing the culture at 28 °C to 4550 0.4,
then adding an equal volume of broth at 55 °C, continuing
the growth at 42 °C, and subsequently harvesting the cells 2-4
h later. Transformations were by the CaCl,/RbCl method
as described in Maniatis et al. (1982).

Plasmids. The sources and the relevant characteristics of
the plasmids used were as follows: pATI153 (Twigg &
Sherratt, 1980), Ap"; pLBM (Bougueleret et al., 1985), Cmf,
ecoRVM expressed from its natural promoter; pVIC1 (Nwosu
et al., 1988), Ap", ecoRVM expressed from AP; pTZ115
(Bougueleret et al., 1985), Ap", ecoRVR expressed from AP;;
pEMAS/T96K (this laboratory), an Ap® derivative of pMa5-8
(Stanssens et al., 1989) carrying ecoRVR expressed from APy
but with a spontaneous mutation within ecoRVR that converts
Thr96 to Lys; pc/857 (Remaut et al., 1983), Kn', AcI857,
pMetB (this laboratory), Kn", AcI857, ecoRVM (constructed
by inserting the 1.3-kb BamHI-HindI1I fragment from pLBM,
which contains ecoRVM, at the BstEIl site on pcf857). [R/M
genes are named as in Szybalski et al. (1988).] Except for
pLBM, pcI857, and pMetB, all of the above carry the same
origin of replication as pAT153. The three exceptions stem
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from pACYC184 and are thus compatible with the other
plasmids.

DNA. Genomic DNA was isolated from E. coli as described
by Hopwood et al. (1985). Plasmids were purified through
two CsCl/ethidium bromide density gradients (Halford &
Johnson, 1981). All other manipulations of DNA were es-
sentially as in Maniatis et al. (1982).

Proteins. EcoRYV methyltransferase was purified from either
E. coli K12AHIAtrp that had been transformed with pVICI
or E. coli GM33 that had been transformed first with pcI857
and then with pVIC1. In both cases, cells were harvested 4
h after induction and the purification was that of Nwosu et
al. (1988). Units of EcoRV methyltransferase were evaluated
from the protection of phage A DNA against the EcoRV
nuclease (Nwosu et al., 1988). The EcoRV nuclease was
purified as in Luke et al. (1987). Reactions of the nuclease
was carried out either in buffer A or in buffer D (Taylor &
Halford, 1989): buffer A is 100 mM NaCl, 50 mM Tris, 10
mM MgCl,, 10 mM BME, and 100 pg/mL BSA, pH 7.5;
buffer D is 50 mM Tris, 10 mM MgCl,, 10 mM gME, 100
ug/mL BSA, and 10% (v/v) DMSO, pH 8.5. Protein con-
centrations were by the method of Bradford (1976), and the
molarities given here are for the active forms of each enzyme:
the dimer for the nuclease (D’Arcy et al., 1985) and the
monomer for the methyltransferase (Garnett & Halford,
1988). BspAl (Mullings et al., 1986) was a gift from L. R.
Evans (this department). All other enzymes were from Gib-
co-BRL and were used as advised by the supplier.

RESULTS AND DISCUSSION

Protection at the Cognate Site. This study employed two
plasmids that encode the EcoRV methyltransferase. On one,
pLBM, ecoRVM is expressed constitutively from its natural
promoter (Bougueleret et al., 1985). On the other, pVICI,
ecoRVM is linked to the AP, promoter whose activity can be
regulated by the temperature-sensitive ¢/857 repressor from
phage A (Nwosu et al., 1988): the latter was encoded by a
compatible plasmid, pc/857. When cells transformed with
pVIC1 are grown at 28 °C, expression of ecoRVM is inhibited
by the repressor but, after derepression at 42 °C, the cells
produce nearly 20% of their protein as EcoRV methyl-
transferase.

Genomic DNA was isolated from E. coli strains carrying
these plasmids and subsequently digested with the EcoRV
nuclease (Figure 1). The concentration of the EcoRV nu-
clease used here was sufficient to cleave all unmodified rec-
ognition sites on these DNA samples, but it was insufficient
for reactions at any other DNA sequences (Luke et al., 1987;
Taylor & Halford, 1989). The genomic DNA obtained from
the E. coli strain in the absence of either plasmid was cleaved
as expected by the EcoRV nuclease to a series of smaller
fragments (Figure 1). Likewise, the DNA from the cells
containing pVICI grown at 28 °C was also cleaved by the
EcoRYV restriction enzyme. In contrast, the DNA from cells
carrying either pLBM or pVIC1 (the latter induced at 42 °C)
was unaffected by the EcoRV nuclease (Figure 1). Hence,
these two samples of DNA must have been fully protected in
vivo at all EcoRV recognition sites.

In order to determine the amount of the EcoRV methyl-
transferase in these strains, cultures of E. coli GM33 [pLBM],
grown at 37 °C, and of GM33 [pcI857, pVICI], grown ini-
tially at 28 °C and then transferred at 42 °C for 4 h, were
harvested by centrifugation. The cell pellets were resuspended
and disrupted by sonication and the resultant extracts assayed
for EcoRV methyltransferase activity [all as in Nwosu et al.
(1988)]. The strain carrying pLBM yielded 2 X 103 units of
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FIGURE 1: Methylation of cellular DNA. Genomic DNA was ex-
tracted from the following strains of E. coli, numbered in sets as
indicated above the gel: 1, GM33 grown at 37 °C; 2, GM33 [pLBM]
grown at 37 °C; 3, GM33 [pc/857, pVIC1] grown at 28 °C; 4, GM33
[pcl857, pVIC1] grown initially at 28 °C, then transferred to 42 °C,
and harvested 2 h later. Samples (2 ug) from each DNA preparation
were analyzed by electrophoresis through 1% agarose without any
prior restriction digest (lane 0 in each set) or were first subjected to
1-h reactions with either the EcoRV (lane V), Mbol (lane M), or
Dpnl (lane D) restriction enzymes. The EcoRV reactions were with
0.5 nM enzyme in 20 pL of buffer A at 37 °C. The Mbol and Dpnl
reactions were with 7 and 12 units, respectively.

methyltransferase/g (wet weight) of cells while that with
pVICI had 5 X 106 units/g of cells. From the specific ac-
tivities of these two extracts, we calculate that the in vivo
concentration of EcoRV methyltransferase expressed from
pLBM is about 500 nM and that after induction of pVIC1
is about 1 mM. Though pLBM is a multicopy plasmid, the
former level of methyltransferase is probably a fair reflection
of the situation in the native strain, for the original isolate of
E. coli carried the EcoRV R/M system on a multicopy
colEl-like plasmid (Bougueleret et al., 1984).

Protection at the Noncognate Site. The EcoRV restriction
enzyme cleaves DNA not only at its cognate recognition site
but also at a number of alternative sequences, the latter being
described as either primary or secondary noncognate sites
(Halford et al., 1986). The primary noncognate sites comprise
all sequences that differ from GATATC by 1 bp except for
those where the guanine is replaced by a pyrimidine or the
symmetric equivalent, a purine in place of the cytosine
(Halford et al., 1986). In buffer A at 20 °C, the values of
ke /K, for double-strand breaks at either the cognate site or
one particular noncognate site (GTTATC at position 1734 on
pATI153) are respectively 3 X 107 M™' s™' and 36 M~ 57!
(Taylor & Halford, 1989). The latter value leads to the
prediction that, in vivo, the reactions of the EcoRV nuclease
at its noncognate sites would cleave the chromosome of the
cell into about 100 fragments within each cell division cycle
of 30 min (Taylor & Halford, 1989).

Whether or not this prediction is correct depends on whether
the activity of the nuclease at noncognate sites in vivo corre-
sponds to that measured in vitro. The DNA within E. coli
will be complexed with both polyanions such as spermine and
basic proteins such as HU (Drlica, 1987), both of which might
inhibit the EcoRV restriction enzyme: this has been observed
with EcoR1 (Pingoud et al., 1984). However, two factors
suggest that the activity in vivo may be higher than that in
vitro. First, the kinetics of the EcoRV nuclease at the non-
cognate site on pAT153 were measured by Taylor and Halford
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FIGURE 2: Lack of protection at noncognate sites. The plasmids were
purified from E. coli GM33 [pc/857, pVICI] that had been either
grown at 28 °C (in the set labeled 28 above the gel) or grown initially
at 28 °C, then transferred to 42 °C, and harvested 2 h later (in the
sets labeled 42 and 42D). Samples from each preparation of the
plasmid DNA (5 ug in 100 uL of buffer D) were reacted at 37 °C
with 600 nM EcoRYV restriction enzyme. Aliquots (20 uL) were
removed from these reactions at timed intervals, mixed immediately
with phenol, washed with diethyl ether, and subsequently analyzed
by electrophoresis through 6% polyacrylamide: lane 0 (in each set),
before the addition of EcoRV; lane 1, 5 min after EcoRV; lane 2,
15 min; lane 3, 60 min. For the set labeled 42D, the plasmids from
the cells grown at 42 °C were digested with Dpnl prior to the EcoRV
reaction. Lane S is a size marker generated by Hinfl on pAT153
(fragment sizes, in bp, given on the right of the gel).

(1989) at 20 °C rather than at 37 °C, and this reaction is
faster at the higher temperature (data not shown). Second,
the experiments were carried out in buffers that contained
chloride ions while the predominant anion in the cytoplasm
of E. coli is glutamate (Richey et al., 1987). The EcoRV
restriction enzyme is more active in the presence of glutamate
(Leirmo et al., 1987). We have confirmed this observation
by measuring steady-state velocities for the reaction of the
EcoRV nuclease at its single cognate site on pAT153 [as in
Halford and Goodall (1988): data not shown]. In 0.1 M
sodium glutamate, the reaction velocity was only 1.5 times
higher than that in 0.1 M NaCl [1.4-0.9 M/(M-min)]. But
in 0.3 M sodium glutamate [the level in vivo: Richey et al.
(1987)], it was 60 times faster than that in 0.3 M NaCl
[0.6-0.01 M/(M-min)]. The reaction rates at the noncognate
sites on pAT153 were also faster in glutamate than in chloride
(data not shown). Hence, as with other systems (Richey et
al., 1987; Leirmo et al., 1987; Bracco et al., 1989), the in vitro
measurements of this DNA-protein interaction may under-
estimate the efficiency of the interaction in vivo. We describe
below a further example of this: a reaction of the EcoRV
methyltransferase that occurs in vivo but not in vitro.

It seems likely that an E. coli cell carrying the EcoRV R/M
system needs to protect its chromosome, not only at the cognate
sites for the nuclease but also at noncognate sites. One
mechanism for this could be that the modification enzyme
discriminates against noncognate sites less efficiently than the
restriction enzyme, so that these sites are also methylated. To
test this, plasmid DNA was isolated from E. coli GM33
[pci857, pVIC1] that had been either cultured at 28 °C or
grown initially at 28 °C and then at 42 °C.2  Both prepa-

2 Both plasmids are about 4.0 kb, and their relative yields were de-
termined from the amount of each DNA after Hind1lI digests (Figure
3). At 28 °C, the preparation was about 75% pVICI1 and 25% pcl857
while, at 42 °C, the ratio was reversed. As pVICI stems from pAT153,
it normally has the higher copy number (Twigg & Sherratt, 1980), but
presumably the transcription from APy at 42 °C inhibits its replication.
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rations were then digested with the EcoRV nuclease under
conditions where the enzyme cleaves noncognate sites, and the
appearance of products was monitored with time (Figure 2).
Since neither pc/857 nor pVIC1 possesses the cognate sequence
for EcoRV, any cutting of these DNAs must be at noncognate
sites.> At the concentration of the EcoRV nuclease used in
Figure 2, in reaction buffer D, all of the primary noncognate
sites would have been cleaved within 1 h (Halford et al., 1986;
Luke et al., 1987).

The plasmids from the 28 °C culture were, as expected,
cleaved by the EcoRV nuclease into a large number of DNA
fragments, nearly all of which were <500 bp (Figure 2). The
same plasmids, from cells transferred to 42 °C, were again
cleaved by the EcoRV nuclease to a large number of frag-
ments, many of which matched those from the 28 °C DNA,
but this reaction also yielded several other fragments of >500
bp (Figure 2). Reactions with higher concentrations of the
nuclease, or for longer times, failed to convert these fragments
of >500 bp into smaller fragments (data not shown). The
DNA in the cells induced at 42 °C would have been exposed
in vivo to concentrations of the EcoRV methyltransferase that
are about 2000 times higher than that in the native strain
(determined above). Yet even this level failed to confer full
protection of the cellular DNA against the EcoRV nuclease
at its noncognate sites. A small fraction of the noncognate
sites for the nuclease are protected upon overexpression of the
methyltransferase in vivo, but the majority of these sites remain
susceptible.

These results with EcoRV differ markedly from previous
data with the EcoRI R/M system. In vitro, the EcoRI
modification enzyme can introduce many more methyl groups
onto DNA than can be accounted for by the number of EcoRI
recognition sites (Woodbury et al., 1980a). This over-
methylation prevents the EcoRI restriction enzyme from
cleaving noncognate sites that otherwise would have been
susceptible (Woodbury et al., 1980b). Moreover, DNA iso-
lated from an E. coli strain carrying the EcoRI R/M system
cannot be further methylated in vitro, so the excess methylation
may also occur in vivo (Woodbury et al., 1980a). Hence, it
appears that the EcoRI methyltransferase confers protection
from the EcoRI nuclease at both cognate and noncognate sites.

Methylation at dam Sites. Since the EcoRV modification
enzyme failed to methylate most DNA sequences that differ
from its recognition site by 1 bp, and given the homology
between the EcoRV and the dam methyltransferases (Lauster
et al., 1987), it may be that dam sites are the alternative sites
for the EcoRV enzyme. This was examined by using two
restriction enzymes that cleave DNA at the dam site, GATC:
Mbol cleaves here only when the adenine is not methylated
while Dpnl requires the adenine to be methylated (Geier &
Modrich, 1979). A third enzyme, BspAl, was used as a control
as this cleaves at GATC regardless of the state of adenine
methylation (Mullings et al., 1986).

The genomic DNA for the dam strain, GM33, was cleaved
to a heterogeneous series of small fragments by Mbol, but no
reactions by Dpnl were observed (Figure 1). The same results
were obtained with the DNA from cells of this strain carrying
either pLBM or pVICI at 28 °C (Figure 1). Hence, in these

3 The DNA sequence from PVIC1 was assembled from its component
parts and analyzed with UWGCG programs (Devereaux et al., 1984).
It lacks the recognition sequence for EcoRV, but primary noncognate
sequences are present at 21 locations. We do not have the complete
sequence for pc/857 but found experimentally that it lacked the cognate
site, and we would expect, on statistical grounds, that it has about 20
noncognate sites.
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FIGURE 3: Methylation at dam sites. The plasmids were purified from
E. coli GM33 [pcl857, pVIC1] that had been either grown at 28 °C
(in the set labeled 28 above the gel) or grown initially at 28 °C, then
transferred to 42 °C, and harvested 2 h later (in the set labeled 42).
Samples (1 ug) of each preparation were digested for 1 h with Hindlll
alone (lane H in both sets) or with HindIII and one of the following:
lane B, BspAl; lane M, Mbol; lane D, Dpnl. (Hindlll cleaves pcl857
to three fragments of 2.6, 1.3, and 0.14 kb and pVIC]1 once to a linear
DNA of 4.0 kb.) The samples were subsequently analyzed by
electrophoresis through 6% polyacrylamide. Lane S is a size marker
generated by Hinfl on pAT153 (fragment sizes, in bp, given on the
left of the gel).

three samples, none of the dam sites were methylated. In
control experiments, DNA isolated from a dam* strain un-
derwent no reaction with Mbol but was cleaved by Dpnl (data
not shown). In contrast to either of these patterns, the DNA
obtained from dam cells carrying pVICI, with induction at
42 °C, was cleaved by both Mbol and Dpnl, though Dpnl
produced much larger fragments than Mbol (Figure 1). In
cells that had overproduced the EcoRV modification enzyme,
some DNA methylation at GATC sequences must have oc-
curred, though with either a low yield of methylation at each
site or, alternatively, complete methylation at a subset of these
sites.

DNA that had been exposed to high levels of the EcoRV
methyltransferase in vivo was further characterized, by car-
rying out BspAl, Mbol, and Dpnl digests on the plasmids
purified from E. coli GM33 [pcI857, pVIC1] after growth at
either 28 or 42 °C (Figure 3). This showed that, at 28 °C,
none of the dam sites had been methylated: the Mbol digest
yielded the same DNA fragments as BspAl, and no reaction
at all was detected with Dpnl (Figure 3). After exposure to
42 °C, the two plasmids gave the same BspAl fragments as
before (though the yield from each plasmid differed),? while
both the Mbol and Dpnl digests failed to go to completion
(though the pattern generated by Mbol was closer to that with
BspAl than was the case with Dpnl). These reactions were
repeated with increasing amounts of either Mbol of Dpnl (up
to 50 units) and for increasing times (up to 3 h), but no
alteration from the patterns shown in Figure 3 was observed.
The products of the Dpnl digest were a large number of DNA
fragments of 2.5-0.5 kb, which must be formed in partial yield
as the sum of the sizes of these fragments is larger than that
of the starting material. Hence, the overproduction of the
EcoRV methyltransferase resulted in partial methylation of
a large number of dam sites in vivo. If only a subset of the
dam sites had been methylated, Dpnl would have generated
a small number of DNA products, each in stoichiometric yield.
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Two of the noncognate sites for the EcoRV nuclease,
GATCTC and GAGATC, contain the dam sequence, GATC,
but the number of Dpnl cleavages on the two plasmids used
here far exceeds the number of such sequences on this DNA:
pVICI contains only two of these sites.’ However, methylation
at these two sequences might account for why the EcoRV
nuclease failed to cleave all of its noncognate sites on the 42
°C preparations of the plasmids: it left products of >500 bp
while almost all of the products from the 28 °C preparation
were <500 bp (Figure 2). This was examined by digesting
the 42 °C preparation with Dpnl before the EcoRV reaction
at its noncognate sites: several (but not all) of the larger
products from the EcoRV reaction were no longer detected
(Figure 2). Hence, at least part of the low level of protection
at noncognate sites for the nuclease is due to methylation at
these two sequences.

We have attempted to reproduce in vitro the methylation
of dam sites by the EcoRV modification enzyme. Plasmid
pATI153, obtained from the dam strain GM 33, was incubated
with the purified EcoRV methyltransferase under a variety
of reaction conditions and the DNA subsequently tested with
either the EcoRV or Dpnl nucleases for methylation at EcoRV
and dam sites, respectively (data not shown). The concen-
trations of EcoRV methyltransferase were up to 2000 times
the miminum needed for methylation of EcoRYV sites, and the
reaction conditions covered a wide range of pH values (from
6 to 10), different NaCl concentrations (0-0.2 M), and dif-
ferent concentrations of AdoMet (0.1-10 mM). Reactions
were also carried out in the presence of DMSQO, which en-
hances the activity of the EcoRV nuclease at its noncognate
sites (Halford et al., 1986). When purified from E. coli
K12AHIAtrp [pVICI1], as described by Nwosu et al. (1988),
the resultant preparations methylated dam sites: this needed
500 times more protein than that for the methylation of
EcoRV sites. However, the E. coli strain used by Nwosu et
al. (1988) is dam*, and when purified from GM33 [pc/857,
pVIC1], the preparations had no detectable activity at dam
sites under all conditions tested. The former preparations of
the EcoRV methyltransferase are likely to have contained trace
amounts of the dam enzyme, and no methylation of dam sites
can be ascribed to the EcoRV modification enzyme in vitro.

The methylation of GATC sequences was observed only
after the overproduction of the EcoRV modification enzyme
in vivo, but this still may be significant in respect to the
homology between the EcoRV and the dam methyl-
transferases. These two proteins possess 27% amino acid
identity, but most of the identities are located in four discrete
regions of the polypeptide chain (Lauster et al., 1987). One
explanation for the segmental homology is that the conserved
regions are responsible for functions that are common to both
methyltransferases (perhaps AdoMet binding or catalysis),
while regions that lack homology are responsible for the rec-
ognition of the different DNA sequences (GATATC for
EcoRV, GATC for dam). However, the observation that the
EcoRV enzyme can methylate dam sites raises the possibility
that DNA recognition may also be due to one or more of the
conserved regions, with the difference between the two target
sequences being caused by a very small number of amino acid
substitutions. The recognition of DNA sequences that are
shorter than the canonical site for the EcoRV modification
enzyme, shown here in vivo, is fully consistent with data in
vitro from Newman et al. (1990). Oligonucleotides containing
nucleoside analogues in place of either the first adenine within
GATATC or the first thymine were methylated slowly (or not
at all), but equivalent substitutions at either the second adenine
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or the second thymine had only minor effects on the rate of
methylation (Newman et al., 1990).

Proofreading in Vivo. In this study, we have confirmed the
current view on the operation of a R/M system in vivo (Arber,
1979; Smith, 1979), in that the DNA of E. coli carrying the
EcoRYV system is fully protected by the methyltransferase at
all the cognate sites for the nuclease. However, the extrapo-
lation of the activity of the EcoRV nuclease at its noncognate
sites measured in vitro, to conditions in vivo, indicated that
this could destroy the chromosome of the cell. In vivo, the
EcoRV methyltransferase failed to protect the majority of
these noncognate sites, even when it had been overproduced
in the cell. Thus the cell may possess some other system, either
to protect its DNA from cleavage at noncognate sites or to
repair the DNA after such reactions.

At its cognate site, each reaction of the EcoRV restriction
enzyme normally introduces a double-strand break to the
DNA: the two strands are cleaved by the dimeric protein in
a coupled reaction with no detectable delay between cutting
the first and the second strands (Halford & Goodall, 1988).
In contrast, at a noncognate site, the EcoRV nuclease cleaves
duplex DNA in two sequential reactions: first cutting one
strand, and then freely dissociating from the nicked DNA and
only subsequently cutting the second strand in a separate
reaction (Taylor & Halford, 1989). Potentially, any phos-
phodiester bond hydrolyzed by the EcoRV enzyme can be
resynthesized by DNA ligase, but ligase has a much higher
activity at repairing nicks in DNA duplexes than at joining
together two separate duplexes (Lehman, 1974). Blunt-ended
DNA fragments of the type formed by EcoRYV are joined by
the ligase from E. coli at extremely low rates (Zimmerman
& Pheiffer, 1983). Hence, by repairing the initial nicks in-
troduced by EcoRV at its noncognate sites, without concom-
itant repair of double-strand breaks, DNA ligase could ef-
fectively proofread the activities of the EcoRV restriction
enzyme (Taylor & Halford, 1989). This has been modeled
in vitro: the addition of the ligase from E. coli to reactions
of the EcoRV nuclease on pAT153 made no difference to the
rate at which the product from cleaving the cognate site was
formed, but the products from reactions at noncognate sites
were no longer detected (Taylor & Halford, 1989). Similar
schemes have been suggested for EcoRI (Lesser et al., 1990;
Thielking et al., 1990).

In order to determine whether ligase proofreads EcoRYV in
vivo, experiments were conducted with three isogenic strains
of E. coli that carried respectively the lig*, ligd, and ligts7
alleles, the latter two being temperature-sensitive mutants of
DNA ligase (Gottesman et al., 1973; Konrad et al., 1973).
When assayed at 30 °C, the ligase encoded by /ig4 has 35%
of the end-joining activity of the wild type, but this falls to
<1% at 42 °C, though its activity measured by enzyme ade-
nylation remains as wild type (Gottesman et al., 1973).
However, the lig4 strain is viable at 42 °C, so its ligase activity
at this temperature must be adequate for the cell (Lehman,
1974). In contrast to ligd, the ligts7 strain is not viable at 42
°C and its DNA ligase has a more severe defect: even at 25
°C, its end-joining activity is <5% of wild type and its ade-
nylation activity is also depressed (Konrad et al., 1973). The
three strains were used in conjunction with two plasmids,
pMetB and pTZ115. The former encodes the ¢/857 repressor
from phage A and also the EcoRV methyltransferase expressed
from its natural promoter (as in pLBM): DNA in cells con-
taining pMetB is methylated at all cognate sites for EcoRV.
The latter expresses the EcoRV nuclease from the AP, pro-
moter, and this can be regulated by the repressor from pMetB.
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log (N/No)

L

lig+ M lig+ RM ligdM ligd RM lig7M  lig7 RM
FIGURE 4: Proofreading in vivo. E. coli strains N1624 (noted above
as ligh), N1626 (ligd), and N2668 (lig7) were transformed either
with pMetB alone (noted with each strain as M) or with pMetB and
pTZ115 (noted with each strain as RM). Transformants were cultured
in H-broth at 28 °C to A9 0.4 and then diluted 1:200 in H-broth
at cither 37 °C (white columns), 39.5 °C (hatched columns), or 42
°C (black columns). After 4 h at these temperatures, viable cell titers
were determined by plating triplicate aliquots on LB agar, which were
then incubated at 30 °C. Viable titers were also determined at the
start of 4-h periods at elevated temperatures. The values given on
the ordinate are the log of the ratio of that after the 4-h incubation
(V) to that before (V) and are the means from 2-5 repeat experi-
ments. The standard errors about the means were £10%.

In cells containing both pMetB and pTZ115, virtually no
expression of the gene for the nuclease was seen at 37 °C and
that at 39.5 °C was about 20% of the level found at 42 °C
(data not shown).

The lig*, ligd, and ligts7 strains were each transformed with
either pMetB alone or first with pMetB and then with pTZ115,
and the effect of the latter plasmid on the viability of these
strains was then measured at three different temperatures. (By
itself, pMetB caused no change to cell viability.) At 37 °C,
pTZ115 had no significant effect on the viability of any of
these strains (Figure 4). At 39.5 °C, the ligts7 strain
transformed with pMetB alone was almost stationary, but the
same strain with pTZ115 showed a net loss of viable cells
(Figure 4). At 42 °C, pTZ115 caused a reduction in the
number of viable cells in all three strains, but more /ig* cells
survived than /ig4, which in turn yielded more survivors than
ligts7: in all three strains, fewer cells survived with both
pTZ115 and pMetB than with pMetB alone (Figure 4). The
variations in cell viability shown in Figure 4 were confirmed
by measuring the rate at which the number of viable cells in
each culture changed as a function of time, following the
transfer from 28 °C to the higher temperatures. In all cases
tested, the respective increases or decreases in log (N/Ny), as
in Figure 4, were approximately linear with time over the 4-h
period examined (data not shown). Viability experiments were
also carried out in L-broth instead of H-broth, and though
these yielded less cell death [see Konrad et al. (1973)], the
trends between 37, 39.5, and 42 °C and between lig*, lig4,
and ligts7 were again as in Figure 4 (data not shown).

The losses in cell viability shown in Figure 4 could have been
due to either the activity of the EcoRV endonuclease, upon
induction of pTZ115 at temperatures >37 °C, or simply the
overproduction of.the protein per se. The overload of the
genetic machinery might be more deleterious in the /ig mutants
than in /igt. To distinguish between these possibilities, the
experiments in Figure 4 were repeated but with, instead of
pTZI15, a plasmid (PEMAS/T96K) that encodes a mutant
of the EcoRV nuclease. Upon temperature induction, this
yielded a similar amount of protein to that from pTZ115, but
it has 1% of the specific activity of the wild type. When tested
as in Figure 4, both lig* and lig4, transformed with pMetB
and pEMAS/T96K, yielded essentially the same number of
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viable cells as these strains transformed with pMetB alone
(data not shown). Hence, by itself, protein overproduction
was not lethal.

The reduced viabilities were caused by the catalytic activity
of the endonuclease. Previously, loss of viability of the ligd
strain had been observed upon transformation with a plasmid
encoding a mutant of the EcoR1I restriction enzyme (Heitman
et al.,, 1989), but that study had been carried out in the absence
of the companion methyltransferase, so the cellular DNA could
then have been cleaved at the cognate sites. However, in our
experiments, the cells contained sufficient EcoRY methyl-
transferase for the full protection of all EcoRYV recognition
sites, so the reactions of the EcoRV nuclease could only have
occurred at noncognate sites. Hence, the proofreading scheme
for the EcoRYV restriction enzyme, by DNA ligase (Taylor &
Halford, 1989), operates in vivo. The effects on cell viability
were not large and were observed only after the overproduction
of the endonuclease. A plasmid on which ecoRVR is expressed
from its natural promoter caused no increase in the mortality
of the ligts7 strain at 42 °C (data not shown). This is probably
due to the fact that E. coli cells normally make much more
ligase than is needed to maintain essential functions
(Gottesman et al., 1973). Lig* E. coli cells contain enough
DNA ligase for about 7500 ligations/min, yet chromosomal
replication is thought to require only 200 ligations/min
(Modrich et al., 1973; Lehman, 1974). We estimate that
proofreading the EcoRV system normally requires about 3
ligations/min.
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