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Cleaving Yeast and Escherichia coli Genomes at a

Single Site

MiIcHAEL KOOB AND WACLAW SZYBALSKI

The 15—megabase pair Saccharomyces cerevisiae and the 4.7—-megabase pair Escherichia
coli genomes were completely cleaved at a single predetermined site by means of the
Achilles’ heel cleavage (AC) procedure. The symmetric lac operator (lacO;) was
introduced into the circular Escherichia coli genome and into one of the 16 yeast
chromosomes. Intact chromosomes from the resulting strains were prepared in
agarose microbeads and methylated with Hha I (5'-GCGC) methyltransferase (M-Hha
I) in the presence of lac repressor (LacI). All Hae II sites (5'-6GCGCY) with the
exception of the one in lacO,, which was protected by Lacl, were modified and thus no
longer recognized by Hae II. After inactivation of M-Hha I and LacI, Hae II was used
to completely cleave the chromosomes specifically at the inserted lacO,. These
experiments demonstrate the feasibility of using the AC approach to efficiently extend
the specificity of naturally occurring restriction enzymes and create new tools for the
mapping and precise molecular dissection of multimegabase genomes.

and sequencing of large genomes (1)

has inspired a search for methods of
precisely and efficiently cleaving chromo-
somal DNA into a small number of frag-
ments. Presently available restriction en-
zymes recognize sites 4 to 8 bp in size and
thus cut most.genomes into a very large
number of fragments. Although two general
approaches for generating rare cleavage sites
in vitro have been known for several years,
they either are limited by the size and diver-
sity of the cleavage sites recognized (2) or
use cleaving reagents that cut DNA with
low efficiency (3). We have introduced an
alternative approach, which we call Achilles’
heel cleavage (AC), that allows both very
rare and highly efficient cleavage of DNA at
predetermined locations (4).

The key to the AC procedure is modifica-
tion of the DNA substrate so as to “erase” all
but a small subset of recognition sites for a
restriction enzyme with a methyltransferase
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(MTase) that recognizes the same DNA
sequence. This subset of sites is protected
from methylation by a DNA-binding mole-
cule, added just before methylation, that
forms sequence-specific complexes capable
of excluding the MTase. Thus, cleavable
restriction sites remain only at those loca-
tions where the recognition sites for the
given restriction enzyme and for the DNA-
binding molecule overlap.

Previous studies have demonstrated the
practicality of using the AC approach to
efficiently cleave plasmid DNA when the lac
repressor (Lacl) (4), the phage A\ repressor
(4), or a synthetic oligodeoxynucleotide ca-
pable of forming a triple-helix structure
were used as blocking molecules (5). Lacl-
mediated AC has also been shown to specifi-
cally and efficiently cleave a A genome (6)
that contained the symmetric lac operator
(lacOs) (7), which is the ideal LacI-binding
site and contains the recognition sequence
for both Hae II (5'-AGCGCT) and Hha I
(5'-GCGC). Conversion of this operator to
an AC site creates a restriction recognition
site of ~20 bp, which is large enough to be

M-Hha | - - + 5
Not | + = + +
Hae Il - + - +

1 2 3 4
Fig. 1. Complete methylation of the E. coli

genome. Genomic DNA from E. coli strain
BNN103 (9) was prepared in agarose microbeads
(12). The microbeads were equilibrated with
methylation buffer [50 mM tris-HCI (pH 7.5), 10
mM EDTA, 10 mM dithiothreitol (DTT), 80
wM  S-adenosyl-methionine, and bovine serum
albumin (BSA) (100 pg/ml)], 12.5 U of M-Hha I
(New England Biolabs) were added to the reac-
tions indicated, and all samples were incubated for
1 hour at 37°C. The MTase and contaminating
nucleases were then inactivated (20 pl of 500 mM
EDTA and 1% N-lauroylsarcosine, 30 min at
52°C), the microbeads equilibrated with Not I
buffer [150 mM NaCl, 10 mM tris-HCI (pH
8.0), 10 mM MgCl,, BSA (100 pg/ml), and
0.01% Triton X-100], and 5 U of the indicated
restriction enzyme were added. After incubation
at 37°C for 1 hour, the samples were deprotein-
ized as before (15 min at 52°C) and analyzed by
PFGE [1% high-strength agarose (Bio-Rad), 150
V, and 25-s switch time for 19 hours at 14°C on a
CHEF-DR II system (Bio-Rad)]. Treatments are
specified above each lane.

unique even in the human genome.

Results with these relatively small DNA
molecules, though encouraging, did not
guarantee that AC could be successfully
applied to the dissection of the large ge-
nomes for which it was designed. Direct
testing of an appropriately modified AC
protocol on whole chromosomes was neces-
sary to determine whether the greater se-
quence complexity of these extremely large
DNA molecules would result in decreased
specificity and efficiency of cleavage, as was
the case with another rare-cutting method
®.

In this report, we show the feasibility of
using AC for physically mapping and pre-
cisely dissecting chromosomes. Model ge-
nomes were generated by introducing lacOs
into the 4.7-Mb circular genome of Esche-
richia coli (9, 10) and into one of the 16
chromosomes in the 15-Mb genome of Sac-
charomyces cerevisiae (11). Conditions were
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found under which isolated chromosomal
DNA from the resulting strains could be
efficiently methylated and digested (12). The
efficiency and specificity of AC at the intro-
duced operator were then determined by
methylating the genome with Hha I MTase
(M-Hha I in the presence of Lacl, cutting
the modified DNA with Hae I, and analyz-
ing the resulting products with pulsed-field
gel electrophoresis (PFGE).

Practical implementation of the AC pro-
tocol with large DNA molecules requires
that both digestion and methylation be
readily performed. Complete digestion of
intact chromosomal DNA, particularly
when embedded in agarose microbeads (12),
is straightforward and fast (Fig. 1, lanes 1
and 2). Complete methylation of chromo-
somes, however, is complicated by the pres-
ence of nucleases in commercially available
MTase preparations and by the instability of
the MTase or the methyl donor, or both,
during incubation. We have overcome these
complications by optimizing methylation
conditions (12) and by methylating in the
absence of Mg”*, which is required for
nuclease activity but not for methylation.
The MTase and contaminating nucleases are
then completely inactivated (see the legend
to Fig. 1) before Mg?* is added for the
subsequent cleavage reaction. As shown in
Fig. 1, we can achieve, within a 1-hour
incubation, complete methylation and thus
complete protection of chromosomal DNA
from a specific endonuclease (compare lanes
2 and 4) without any noticeable degradation
by nonspecific nucleases (compare lanes 1
and 3).

To assess the efficiency of the AC process,
we methylated chromosomal DNA from the
E. coli strain with a single lacO, (9) with
M-Hha I in the presence of Lacl repressor.
After a 1-hour incubation, both the MTase
and the repressor were inactivated, and the
sample was digested with Not I and Hae II.
(Not I was used to divide the 4.7-Mb
genome into distinct fragments that could
be easily analyzed by PFGE.) Hae II com-
pletely cleaved the 160-kb lacO;-containing
Not I fragment specifically at lacO, (Fig. 2,
compare lane 6, arrowheads, with control
lanes 1 and 2).

Next, we assessed the specificity of the AC
process by digesting the modified chromo-
somes with Hae II alone (without Not I
digestion) and analyzing the digestion prod-
ucts for the presence of non-lacO; cleavage
sites (Fig. 3). This was done because even
though Not I fragments that did not contain
lacO were not detectably digested by Hae II
in the above experiment (Fig. 2, lanes 5 and
6), the presence of any unexpected AC
cleavage sites could be more accurately de-
termined in the absence of other digestion
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att A:lacQ + + * % = + +

att A:Not | - - = - = = =
Lagl - % - - + * =
MeHhal - + + * + -
Hae Il - 3 = #H + + i

.fac:o5

AATTCCACATGTGGIAATTGTG m CACAATTICCACATGTGG
GGTGTACACC{TTAACAC AIGTGTTAAIGGTGTACACCTTAA

Hae Il (AGCGCT)/ Hha | (GCGC)

Fig. 2. Achilles’ heel cleavage of the E. coli
genome at a single site as analyzed by a change in
the Not I digestion pattern. Genomes from two
E. coli strains were tested for their susceptibility to
lac repressor (LacI)-mediated AC: BNN103 (lane
5) (9), which does not contain lacOs, and
BNN103(atth:lacO) (lane 6) (9), in which lacOq
was introduced at the phage A attachment site
(atth). A third strain, BNN103(attA :lacO, Not I)
(lane 2) (9), also had an additional Not I site
introduced at at\. Not I digestion of this last
strain resulted in cleavage of the 160-kb Not I
fragment containing att\ (lane 1, arrowhead) into
125- and 35-kb fragments (lane 2), mimicking the
expected result from AC at atth:lacO4 (lane 6,
arrowheads). The sequence of the lacO; fragment
(with Eco RI termini) is shown below (7). Geno-
mic DNA, which was prepared in agarose micro-
beads (12), was either incubated in methylation
buffer (controls) or methylated, as indicated. LacI
(8 x 107'2 mol calculated for tetramer) was add-
ed just before M-Hha I in lanes 5 and 6. The
samples were deproteinized and, where indicated,
digested with Hae II. All but the complete Hae II
digest (lane 7) were also digested with Not I. The
microbeads were again deproteinized and ana-
lyzed by PFGE (170 V and 15-s switch time for
14 hours). Methylation, deproteinization, diges-
tion, and PFGE were performed as described in
Fig. 1 with the minor modifications noted above.

fragments. Achilles’ heel cleavage of the
strain with a single lacO; linearizes the circu-
lar E. coli chromosome and allows the 4.7-
Mb DNA molecule to enter the gel (Fig. 3,
lane 5, arrowhead), whereas the chromo-
some without lacO, remains circular and is
trapped in the well (Fig. 3, lane 4). Achilles’
heel cleavage of the strain with a second
lacOq introduced at the Tn10 on the chro-
mosome (10) produces two fragments of the
expected sizes (Fig. 3, lane 6).

Careful inspection of Fig. 3 (lanes 5 and
6) reveals the presence of a minor band
resulting from weak Lacl-independent pro-

attd:lacO + + + - + +
Tn10::lacO - - - - - +
Lac | - - - + + +
MeHha | - + + + + +
Hae Il - - + - + +

Well-|

Mb
4. 7=
3.8

0.9

M 1 2 3 < 5 6

Fig. 3. Cleaving the E. coli genome at one or two
AC sites. The intact genomes from three E. coli
strains were tested for their susceptibility to Lacl-
mediated AC. The intact DNA without a lacOg
(BNN103) (9) remained circular and was trapped
in the well (lane 4). The genome with a single
lacOg [BNN(att\:lacO) (9)] was linearized, and
thus the 4.7-Mb molecule could enter the gel
(lane 5, arrowhead). Escherichia coli genome with
two symmetric lac operators [BNN(att\:lacO,
Tn10::1acO) (10)] was cleaved into two fragments
of 3.8 and 0.9 Mb (lane 6). Digestions were done
in a buffer containing 20 mM tris-HCI (pH 8.0),
10 mM magnesium acetate, 50 mM potassium
acetate, 1 mM DTT, BSA (100 pg/ml), and 2 U
Hae II (Not I was not used in these experiments).
All other enzymatic manipulations (indicated
above the gel) were performed as described in
Figs. 1 and 2. Treated chromosomes were ana-
lyzed by PFGE (50 V, 0.6% agarose, and 2-min
switch time for 15 hours; 6 min for 8 hours; 20
min for 19 hours; and 40 min for 26 hours). Sizes
were estimated from the previously measured size
of wild-type E. coli K-12 (18) and by comparison
of the smallest fragment with yeast chromosomes
(marker lane, M), Minor bands caused by the
DNA-binding protein present as a contaminant in
the M-Hha I preparations (13, 14) are discussed in
the text.

tection of a Hae II site. The degree of this
protection was found to vary directly with
the amount and inversely with the purity of
the M-Hha I preparation used (13). Thus,
we believe that this unexpected AC activity
is due to a contaminating DNA-binding
protein in commercial preparations of
M:-Hha I, which is overproduced from the
hhaIM gene cloned in E. coli (14).

The yeast S. cerevisiae, with 16 linear
chromosomes and a total genome size of 15
Mb, was: then used as a model system for
assessing the efficiency and specificity of AC
of eukaryotic chromosomes. Chromosomes
from M10(YIP5/acO) (11), which has lacO
inserted into chromosome V (Fig. 4, lane 2,
arrowhead), were methylated with M-Hha I
in the presence of Lacl repressor. Subse-
quent digestion with Hae II resulted in
complete cleavage of chromosome V at a
single site (Fig. 4, lane 6, arrowheads). No
other Hae II sites were detectably suscepti-
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YIP5 + -
YIP5/acO - +
Lac1 - -
M-Hha | - -
Hae Il - -

e S e e |

4+ 0+

¥ AL+
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1

kb
580=

450 -

130 -

1 At - 5 6 )

Fig. 4. Achilles’ heel cleavage of a yeast chromo-
some. Integrative vector pYIP5/acO, a derivative
of pYIP5 (11) containing a lacO, fragment, was
homologously recombined with the URA3 gene
on chromosome V of S. cerevisiae strain M10 (11).
pYIP5 was similarly integrated into chromosome
V, and both strains were tested for their suscepti-
bility to LacI-mediated AC. Achilles’ heel cleavage
of MI1O0(YIP5lacO) efficiently and specifically
cleaved the 580-kb chromosome (lane 2, arrow-
head) into 450- and 130-kb fragments (lane 6,
arrowheads). No cleavage products were evident
when M10(YIP5) (which does not contain lacOy)
was similarly treated (lane 5). Yeast chromosomes
embedded in agarose microbeads (12) were meth-
ylated essentially as described in Fig. 1, but with
50 mM potassium glutamate added to the buffer
to enhance Lacl specificity (15, 16). All other
enzymatic manipulations indicated above the gel
were performed as described in Figs. 1 and 2.
Treated chromosomes were analyzed by PFGE
(150 V, 1% agarose, 1-min switch time for 23
hours).

ble to digestion (Fig. 4, lanes 5 and 6).

When AC experiments with S. cerevisiae
were performed with the MTase buffer de-
scribed in Fig. 1, we observed a weak non-
lacO, Hae II cleavage site, probably at the
known yeast pseudooperator (15). Howev-
er, because Lacl interaction with pseudo-
operators is much weaker and more sharply
salt-dependent than with lacOs (16), addi-
tion of 50 mM potassium glutamate to the
methylation buffer eliminated this weak
MTase protection site without detectably
affecting the protection at lacO.

As seen in the examples of the yeast and
E. coli genomes, the AC procedure permits
fast, efficient, and specific cleavage of multi-
megabase genomes at a single predeter-
mined site. The lacOy/Lacl AC protocol
described here is immediately applicable to
the mapping and subsequent isolation of
genes in bacterial and fungal chromosomes
and in yeast artificial chromosome clones
(17), all of which can be resolved with
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current PFGE separate techniques. Isolation
of specific regions of larger chromosomes
that do not enter the gel in their intact form
should also be possible when two AC sites
are introduced so as to flank and thus excise
the region of interest.

Achilles’ heel cleavage is a general, simple,
and efficient means of combining the speci-
ficities of restriction enzymes with those of
other DNA-binding molecules. This ap-
proach will eventually be used in conjunc-
tion with a wide range of DNA-binding
proteins and synthetic DNA-binding agents
to create a new class of tools for the physical
mapping and precise molecular dissection of
multimegabase genomes.
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