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Plasmid libraries containing partially randomized cleavage sites for the
eukaryotic homing endonucleases I-PpoI and I-CreI were constructed, and
sites that could be cleaved by I-PpoI or I-CreI were selectively recovered
by successive cycles of cleavage and gel separation followed by religation
and growth in Escherichia coli. Twenty-one different I-PpoI-sensitive hom-
ing sites, including the native homing site, were isolated. These sites
were identical at four nucleotide positions within the 15 bp homing site,
had a restricted pattern of base substitutions at the remaining 11 pos-
itions and displayed a preference for purines ¯anking the top strand of
the homing site sequence. Twenty-one different I-CreI-sensitive homing
sites, including the native site, were isolated. Ten nucleotide positions
were identical in homing site variants that were I-CreI-sensitive and
required the addition of SDS for ef®cient cleavage product release. Four
of these ten positions were identical in homing sites that did not require
SDS for product release. There was a preference for pyrimidines ¯anking
the top strand of the homing site sequence. Three of the 24 I-CreI homing
site nucleotide positions apparently lacked informational content, i.e.
were permissive of cleavage when occupied by any nucleotide. These
results suggest that I-PpoI and I-CreI make a large number of DNA-pro-
tein contacts across their homing site sequences, and that different sub-
sets of these contacts may be suf®cient to maintain a high degree of
sequence-speci®c homing site recognition and cleavage. The sequential
enrichment protocol we used should be useful for de®ning the sequence
degeneracy and informational content of other homing endonuclease tar-
get sites.
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Introduction

Homing endonucleases are a diverse family of
proteins found in unicellular eukaryotes, Archaea
and eubacteria. A majority are encoded by open
reading frames contained within group I self-spli-
cing introns. Several have been identi®ed within
inteins (self-splicing protein introns) or as free-
standing open reading frames (ORFs; Belfort &
Roberts, 1997). Homing endonucleases are able to
promote the lateral transfer, or ``homing'', of the
intron containing the endonuclease ORF to speci®c
GeneTrace Systems,
15 to 40 bp DNA target or homing sites by gener-
ating DNA double-strand breaks in copies of the
homing site that lack the mobile intron. Double
strand break repair of the intron-containing allele
transfers an intron copy to the cleaved allele and
disrupts the homing site, thus rendering it resistant
to additional cycles of cleavage (reviewed by
Belfort & Perlman, 1995).

The two homing endonucleases we have stu-
died, the Physarum polycephalum I-PpoI and Chlamy-
domonas reinhardtii I-CreI endonucleases, are
members of two major classes of homing endonu-
cleases (reviewed by Belfort & Roberts, 1997).
I-PpoI is a member of the His-Cys box family of
homing endonucleases that are found in myxomy-
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346 Homing Site Sequence Degeneracy
cetes and the amebae. The His-Cys box protein
motif consists of two conserved histidine and three
conserved cysteine residues within a 30 residue
region of protein (Muscarella & Vogt, 1989;
Johansen et al., 1993). These conserved His and Cys
residues appear to contribute to a Zn2�-binding
motif and to the endonuclease active site (Flick
et al., 1998). I-CreI is a member of the large family
of homing endonucleases that contain one or two
copies of the LAGLIDADG protein motif. Site-
directed mutagenesis studies (Hodges et al., 1992;
Gimble & Stephens, 1995; Henke et al., 1995;
Seligman et al., 1997) and the recent X-ray crystal
structures of I-CreI and of PI-SceI (Heath et al.,
1997; Duan et al., 1997; reviewed by Aggarwal &
Wah, 1998) indicate that the LAGLIDADG motif
forms a dimer or intramolecular folding interface
and contributes an N-terminal aspartic acid residue
to the endonuclease active site(s). Both the His-Cys
Figure 1. I-PpoI and I-CreI homing sites, oligonucleotides
(Muscarella et al., 1990; Ellison & Vogt, 1993) and I-CreI (T
site of asymmetric cleavage is indicated by the staggered
domized homing site libraries in plasmid DNA. The I-PpoI
oligonucleotide contains the top strand, of the homing site
domized during synthesis to contain the native nucleotid
three nucleotides. Two fully random nucleotides ¯ank each
preferences following enrichment. Each oligonucleotide con
at the bottom. The SacI-compatible overhang (right) is gene
tial in vitro enrichment and characterization of cleavage-sen
and LAGLIDADG homing endonucleases cleave
DNA to generate four base, 30 extended cohesive
ends.

We have devised a general method to determine
the DNA sequence requirements for homing site
cleavage, and have used this method to determine
the homing site sequence degeneracy that can be
tolerated by I-PpoI and I-CreI. The 15 bp I-PpoI and
24 bp I-CreI homing sites were originally deli-
neated by cleavage analyses of cloned native hom-
ing sites and of small numbers of naturally
occurring variant or mutant homing sites
(Muscarella et al., 1990; Thompson et al., 1992;
DuÈ rrenberger & Rochaix, 1993; Ellison & Vogt,
1993; Muscarella & Vogt, 1993; Seligman et al.,
1997; Wittmayer et al., 1998; K. Knoche, personal
communication). Subsequent analyses have indi-
cated that other homing endonucleases can tolerate
limited homing site sequence degeneracy (Colleaux
and enrichment cycle. (a) Native homing sites for I-PpoI
hompson et al., 1992; DuÈ rrenberger & Rochaix, 1993). The
line. (b) Oligonucleotides used to construct partially ran-
oligonucleotide contains the bottom strand, and the I-CreI
s shown in (a). Underlined sequences were partially ran-
e with probability p and equal probabilities of the other

homing site to allow the identi®cation of sibs and ¯ank
tains a binding site for the primer oligonucleotide shown
rated upon primer annealing. (c) The strategy for sequen-
sitive homing site variants.
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et al., 1988; Wernette et al., 1992; Bryk et al., 1993;
Lykke-Andersen et al., 1994; Gimble & Wang, 1996;
Aagaard et al., 1997). None of these analyses, how-
ever, studied large numbers of potential homing
site sequences. We thus extended these analyses by
developing a method for isolating and characteriz-
ing endonuclease-sensitive homing site variants
contained in large populations or ``libraries'' of
potential homing sites.

Our results provide a detailed picture of homing
site length and of site and ¯anking DNA sequence
requirements for I-PpoI and I-CreI cleavage, and
identify potential DNA-protein interactions that
may be required for cleavage by these and related
members of the His-Cys and LAGLIDADG homing
endonuclease families. A similar approach was
also recently used to examine the ¯anking
sequence preferences of mutant and wild-type
forms of the EcoRI restriction endonuclease
(Windolph et al., 1997).

Results

Construction and characterization of homing
site plasmid libraries

Plasmid libraries containing partially random-
ized I-PpoI or I-CreI homing site sequences were
constructed by modifying an existing protocol
(Black et al., 1993). Brie¯y, two oligonucleotides
were synthesized that contained partially random-
ized I-PpoI or I-CreI homing sites, ¯anked by two
random nucleotides and restriction endonuclease
cleavage and common primer binding sites
(Figure 1(a) and (b)). The probability of the native
nucleotide at each homing site position was 55%
for I-PpoI and 65% for I-CreI. A common primer
oligonucleotide (Figure 1(b)) was annealed to each
homing site oligonucleotide and extended with
Klenow DNA polymerase to convert the homing
site into double-stranded form. After cleavage with
BamHI, the homing site oligonucleotides were
ligated into BamHI- and SacI-cleaved pBluescriptII
SK (�) plasmid DNA prior to transformation into
Escherichia coli. The I-PpoI homing site library con-
sisted of 6.4 � 104 independent transformants,
while the I-CreI homing site library consisted of
2.4 � 104 independent transformants.

Cleavage of plasmid libraries with XbaI, a
restriction endonuclease that cleaves uniquely once
in the homing site insert (Figure 1(b)), revealed
that greater than 90% of the plasmids in each
library contained homing site inserts (Figures 2(a)
and 3(a)). DNA sequence analysis of 21 indepen-
dent clones from each homing site library con-
®rmed partial randomization at each nucleotide
position within the homing sites, and complete
randomization of the two ¯anking nucleotide pos-
itions (data not shown). The mean probability of
the native nucleotide at each homing site position,
calculated from observed frequencies, was 0.49 for
the I-PpoI library (95% con®dence interval 0.42 to
0.55), and 0.59 for the I-CreI library (95% con®-
dence interval 0.53 to 0.64). The mean number of
altered positions per homing site was 7.7 for the
I-PpoI library and 9.8 for the I-CreI library. The
potential complexity of the homing site libraries,
estimated from the product of independent plas-
mid transformants in each library and the pro-
portion of each library that contained homing site
inserts (590% for both libraries), was 5.8 � 104 for
the I-PpoI library and 2.1 � 104 for the I-CreI
library. The estimated frequency of native homing
sites in each starting library, calculated from the
product of the observed mean frequencies of the
native nucleotide at 15 (I-PpoI) or 24 (I-CreI) hom-
ing site positions, was 1.5 � 10ÿ5 for I-PpoI and
1.5 � 10ÿ6 for I-CreI. An estimated 599.7% of
insert-containing plasmid molecules in both
libraries contained unique homing site sequences.

Sequential enrichment for I-PpoI homing
site variants

Sequential enrichment (Figure 1(c)) was used to
isolate and amplify I-PpoI-sensitive homing site
plasmids from the I-PpoI library. Enrichment was
achieved by using agarose gel electrophoresis to
separate, and thus allow the selective recovery of,
homing site plasmids that could be cleaved by
I-PpoI. Cleaved plasmid molecules were recovered
by in-gel ligation, followed by agarase digestion
and electroporation into E. coli. Cleaved plasmid
molecules were ®rst clearly observed after three
rounds of enrichment, when greater than 90% of
the plasmid DNA population was I-PpoI-sensitive.
This fraction did not change after two additional
rounds of enrichment (Figure 2(a)).

In order to determine the sequence complexity
of the enriched plasmid population, we sequenced
the homing site regions of 77 cleavage-sensitive
plasmids. Twenty-one different homing site
sequences were observed (Figure 2(b)). The
remaining 56 clones were classi®ed as sibs of these
on the basis of identical ¯anking nucleotides. The
number of different homing site variants provides
a minimum estimate of the proportion of the I-PpoI
homing site library that was cleavage-sensitive
prior to enrichment: 21/5.8 � 104 or �0.04%. The
recovery of the native I-PpoI homing site twice, in
different sequence contexts, suggests that the com-
plexity of the starting library was close to what we
had originally calculated (observed frequency of
2/5.8 � 104 or 3.4 � 10ÿ5, versus a predicted fre-
quency of 1.5 � 10ÿ5). All of the variant I-PpoI
homing sites could be cleaved in the homing site
insert by I-PpoI with only modest differences in
cleavage ef®ciency as compared with the native
homing site (data not shown).

In addition to the native I-PpoI homing site, we
isolated variant I-PpoI homing sites that contained
up to three base substitutions (Figure 2(b)). The
mean substitution frequency was 1.5 positions/
homing site. All of the homing site variants
were identical at four A-T base-pairs, located
at (positions ÿ1 or �2) or symmetrically around



Figure 2. Sequential enrichment of cleavage-sensitive
I-PpoI homing site variants. (a) Cleavage sensitivity of
the homing site library and successive rounds of enrich-
ment. A majority of the starting library (>90%) contains
homing site inserts, as revealed by XbaI sensitivity.
Enrichment for cleavage-sensitive plasmids reached a
plateau after three rounds of enrichment (compare
enrichment rounds 1 and 2 with 3 to 5). Each lane con-
tains 250 ng of homing site plasmid DNA. A lHindIII
size standard is shown to the left: the lower two frag-
ments are 2.2 and 2 kb. (b) Sequence alignment of 77
I-PpoI-sensitive homing sites isolated after four or ®ve
rounds of enrichment. Sequences are aligned on the cen-
tral, cleaved 4 bp region of the I-PpoI homing site (gray
shaded). The number of plasmids isolated with a given
sequence (n) is shown to the left, and the number of
base-pair differences versus the native homing site is
shown to the right (bp's different), of each homing site
sequence. (c) Summary of sequences shown in (b) as a
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(positions ÿ6 and �6) the center of the I-PpoI hom-
ing site (Figure 2(c)). In the remaining 11 positions,
seven of the 12 potential base-pair substitutions
were observed with a slight preference for tran-
sitions. There was a strong preference for purines
at the two nucleotide positions ¯anking the top
strand to the left (88% A � G) though not to the
right (55% A � G) half of the homing site
sequence.

Sequential enrichment for I-CreI homing
site variants

I-CreI endonuclease forms a tight, though non-
covalent, complex with cleaved homing site DNA
that can be disrupted by SDS (Wang et al., 1997;
Seligman et al., 1997). We thus performed parallel
enrichments to selectively isolate I-CreI homing site
plasmids that did (SDS-dependent sites) or did not
(SDS-independent sites) require SDS for cleavage
product release. Cleaved plasmid molecules were
®rst observed in both protocols after two rounds of
enrichment. After three rounds of enrichment
>90% of the SDS-dependent plasmid population
and �75% of SDS-independent plasmid population
could be cleaved by I-CreI. These fractions did not
change after additional rounds of enrichment
(Figure 3(a)).

In order to determine the sequence complexity
of our enriched I-CreI-sensitive homing site popu-
lations we sequenced the homing sites of 131 SDS-
dependent (Figure 3(b), top) and 44 SDS-indepen-
dent (Figure 3(b), bottom) plasmids. Twelve SDS-
dependent I-CreI homing site variants including
the native I-CreI homing site and nine SDS-inde-
pendent homing site variants were identi®ed
(Figure 3(b)). The remaining 154 plasmids were
classi®ed as sibs of these on the basis of identical
¯anking nucleotides. The frequency of cleavage-
sensitive homing sites in the starting library was
estimated from the number of observed site var-
iants divided by the complexity of the starting
library: 12/2.1 � 104 or �0.06% for SDS-dependent
sites, and 9/2.1 � 104 or �0.04% for SDS-indepen-
dent sites. Recovery of the native I-CreI homing
site suggests that the starting library may
have been somewhat less complex than initially
calculated (observed frequency 1/2.1 � 104 or
4.8 � 10ÿ5, threefold higher than the predicted fre-
quency of 1.5 � 10ÿ6). All of the variant homing
sites could be cleaved in the homing site insert
sequence logo (Schneider & Stephens, 1990). The infor-
mational content of each homing site position is indi-
cated by bit height: identical positions in all sites are the
tallest, while positions where any nucleotide can be sub-
stituted have no ``bit height'' as they lack informational
content. The type and relative proportion of substi-
tutions at other homing site positions are indicated
by single-letter nucleotide abbreviations and height,
respectively. Homing site positions are numbered to the
right (the � positions) or left (ÿpositions) of the center
of the cleaved 4 bp region of the I-PpoI homing site.



Figure 3. Sequential enrichment of cleavage-sensitive
I-CreI homing site variants. (a) Cleavage sensitivity of
the homing site library prior to and following successive
rounds of enrichment. A majority of the starting library
(>90%) contains homing site inserts, as revealed by XbaI
sensitivity. Enrichment for both SDS-dependent (�SDS)
and SDS-independent (ÿSDS), cleavage-sensitive plas-
mids reached a plateau after three rounds of enrichment
(compare enrichment rounds 1 and 2 with 3 and 4).
Each lane contains 250 ng of homing site plasmid DNA.
A lHindIII size standard is shown to the left: the lower
two fragments are 2.2 and 2 kb. (b) Sequence alignments
of 131 SDS-dependent (top) and 44 SDS-independent
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with only modest differences in cleavage ef®ciency
as compared with the native homing site. All of
the sites isolated as SDS-dependent required the
addition of SDS for cleavage product release (data
not shown).

The SDS-dependent I-CreI homing site sequences
were identical at ten positions and contained up to
seven base substitutions at the remaining 14 hom-
ing site positions (Figure 3(b)). The mean
substitution frequency was 3.8 positions/homing
site. Ten different base-pair substitutions were
observed, with a slight preference for transver-
sions. There was a preference for pyrimidines at
the two nucleotide positions ¯anking the top
strand of the left (79% C � T) though not the right
(54% C � T) half of the homing site sequence
(Figure 3(b), top). Five homing site variants were
identi®ed that contained deletions of one or two
base-pairs adjacent to the homing site sequence
(Figure 3(b)). The SDS-independent I-CreI homing
site sequences were identical at six nucleotide pos-
itions. Four of these six positions (�3 to �5 and
�9) were identical as well in SDS-dependent I-CreI
homing sites (compare the sequence logos in
Figure 3(c)). Sites containing as many as ten substi-
tutions at the remaining 18 positions were
observed. The mean number of substitutions per
SDS-independent homing site was 5.3. Equal num-
bers of transitions and transversions were
observed. Only A-to-C transversions were not
seen. There was a modest preference for pyrimi-
dines ¯anking the homing site. Six homing site
variants contained one or two base-pair deletions
adjacent to the homing site, and one contained a
single base insertion in the center of the homing
site.

Discussion

We have used a combination of random muta-
genesis and sequential enrichment to selectively
recover and amplify rare, cleavage-sensitive I-PpoI
and I-CreI homing site variants from large popu-
lations of potential homing sites. The length of
these homing sites (15 and 24 bp, respectively) pre-
cluded the systematic analysis of sequence degen-
eracy by conventional approaches such as site-
directed mutagenesis. We thus developed an
alternative approach by combining methods to
generate partially randomized plasmid DNA
(bottom) homing site plasmids isolated after at least
three rounds of enrichment, displayed as described for
Figure 2. Asterisks (*) indicate homing sites with del-
etions in ¯anking nucleotides of the homing site insert
on the indicated side (not shown). An alternative, best
®t alignment of the last SDS-independent homing site
variant has a G insertion in the center of the homing
site and three base substitutions in the left half of the
homing site (see the text). (c) SDS-dependent (top) and
SDS-independent (bottom) I-CreI homing sites displayed
as sequence logos.
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libraries (Black et al., 1993) and to isolate short con-
sensus sites for DNA-binding proteins (reviewed
by Szostak, 1992).

The ability of sequential enrichment to recover
rare, cleavage-sensitive molecules is indicated by
the estimated frequencies of cleavage-sensitive sites
in the starting libraries (�0.04% for the I-PpoI
library, and �0.1% for the I-CreI library) and by
differences in the mean number of nucleotide sub-
stitutions in cleavage-sensitive homing sites as
compared with the starting libraries. This
reduction was from 7.7 to 1.5 substitutions/site for
I-PpoI-sensitive homing sites, and from 9.8 to 4
(SDS-dependent) or 5.3 (SDS-independent) substi-
tutions/site for I-CreI-sensitive homing sites. Early
rounds of enrichment, where there is likely to have
been a high enzyme-to-substrate ratio, did not lead
to the preferential recovery of degenerate or ``star''
homing site sequences (Roberts & Halford, 1993;
Pingoud & Jeltsch, 1997; additional data not
shown). Thus, the protocol described here should
be useful for determining the sequence degeneracy
tolerated by other homing endonucleases.

Previous analysis indicated the need for a 15 bp
long I-PpoI homing site for ef®cient cleavage,
although low levels of cleavage activity could be
detected in sites that lacked one or two base-pairs
at either end (Ellison & Vogt, 1993). Our results are
in close agreement with these data, as we found no
I-PpoI homing site variant that differed in length
by greater than one base-pair (Figure 2(b)). We
also knew that insertions or deletions in the native
I-PpoI homing site completely abolished cleavage
(Muscarella & Vogt, 1993; Wittmayer et al., 1998;
K. Knoche, personal communication). This indi-
cates that the correct positioning or phasing of
DNA-protein contacts across the I-PpoI homing site
is important for cleavage. I-PpoI protects �25 bp of
DNA centered on the homing site (Ellison & Vogt,
1993). These footprinting and protection data, in
conjunction with a preference for purines adjacent
to the homing site, suggest that I-PpoI also contacts
DNA adjacent to the 15 bp homing site. Additional
DNA-protein contacts adjacent to the homing site
may facilitate homing site recognition or cleavage
(Ellison & Vogt, 1993; Pingoud & Jeltsch, 1997).

Several lines of evidence indicate that I-PpoI tol-
erates little homing site sequence degeneracy.
There is no I-PpoI cleavage site in the fw174,
pBR322, l, adenovirus 2 or T7 chromosomes, or in
E. coli rDNA, and only a single I-PpoI homing site
in Saccharomyces cerevisiae in the chromosome XII
rDNA locus (Lowery et al., 1992). Analyses of the
cleavage sensitivity of small numbers of base sub-
stitution mutants within the I-PpoI homing site
revealed that a majority of the base substitutions
that we identi®ed had little or no effect on cleavage
sensitivity. In contrast, substitutions that we failed
to identify among cleavage-sensitive site variants
often inhibited cleavage by 10 to 100-fold (Lowery
et al., 1992; Muscarella & Vogt, 1993; Wittmayer
et al., 1998; K. Knoche, personal communication).
We found I-CreI-sensitive homing site variants
that differed in length from the native homing site
due to as many as four base-pair substitutions at
the ends of the homing site (Figure 3(b)). Al-
though hydroxyl radical footprinting and inter-
ference assays previously indicated that I-CreI
protects a slightly asymmetrical region of �14 bp
from homing site positions ÿ7 to �7 (Wang et al.,
1997), three lines of evidence suggest that the effec-
tive homing site length is at least 20 bp. First, at
least 18 bp of the homing site sequence is required
for ef®cient I-CreI binding and cleavage
(Thompson et al., 1992; unpublished results).
Second, we identi®ed residues outside the central
14 bp region that were identical in SDS-dependent
and/or SDS-independent homing site variants
(Figure 3 (c)). Third, we have isolated dominant I-
CreI endonuclease mutants that inhibit homing site
cleavage by native I-CreI. Two of these mutants,
K34N and F35C, have amino acid substitutions in
a loop between strands b1 and b2 that may make
base-speci®c, major groove contacts at the ends of
the I-CreI homing site sequence (Seligman et al.,
1997; Heath et al., 1997).

I-CreI may tolerate a higher degree of homing
site sequence degeneracy than does I-PpoI. This is
suggested by the broader range of substitutions
and larger fraction of variable sites (16.7% for
I-CreI, as opposed to 10% for I-PpoI) we observed
among cleavage-sensitive I-CreI homing site var-
iants. Sequence-tolerant cleavage was especially
notable among SDS-independent I-CreI homing
site variants, in which each of the central 4 bp pos-
itions of the homing site could be substituted with-
out abolishing cleavage, and two nucleotide
positions were identi®ed at which any nucleotide
was permissive of cleavage (Figure 3(b), bottom).
The loss of identical nucleotide positions in the left
half of many SDS-independent I-CreI homing sites
(Figure 3(c)) is particularly intriguing: it suggests
that the left half of the I-CreI homing site plays a
role in forming or stabilizing the I-CreI-product
complex. Comparable results suggesting a different
af®nity for homing half sites have been observed
for other homing endonucleases, most notably
those from S. cerevisiae (e.g. I-SceI, I-Sce-III and PI-
SceI; see Perrin et al., 1993; Schapira et al., 1993;
Gimble & Wang, 1996; Wende et al., 1996).

I-CreI, in contrast to I-PpoI, appears to be able to
tolerate at least some single base insertions and
deletions within its homing site sequence. We
found one SDS-independent site with a single
base-pair insertion in the center of the homing site
in conjunction with three other transitions
(Figure 3(b), bottom, last SDS-independent
sequence). In previous work we identi®ed several
I-CreI homing sites with single base-pair deletions
that can be cleaved at reduced ef®ciency (Seligman
et al., 1997). These results indicate that I-CreI can
bind and cleave at least a portion of homing sites
in which the spacing or phasing of potentially
important DNA-protein contacts has been altered.
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Our results, in conjunction with previous data,
indicate that I-PpoI and I-CreI make a large number
of DNA-protein contacts across their homing sites,
and that subsets of these contacts may be suf®cient
to maintain a high degree of sequence-speci®c
homing site binding and cleavage. The tolerance of
both homing endonucleases for a limited degree of
homing site sequence degeneracy may be evolutio-
narily advantageous, as it would allow the lateral
transfer of the P. polycephalum LSU3 and C. rein-
hardtii LSU mobile introns to organisms contain-
ing related, though non-identical, homing site
sequences. I-PpoI and I-CreI may also be suf®-
ciently tolerant of homing site sequence degener-
acy to allow them to be engineered to recognize or
cleave distantly related or novel homing site
sequences with high speci®city. Highly sequence-
speci®c proteins of this type would be useful
reagents for locating, cleaving or modifying the
expression of speci®c genes in mammalian and
other eukaryotic cells.

Materials and Methods

Library construction

Plasmid libraries containing partially randomized
I-PpoI or I-CreI homing site sequences were constructed
by modifying an existing protocol (Black et al., 1993).
Homing site inserts were generated from 47mer I-PpoI
and 56mer I-CreI oligonucleotides (Keystone Labs) that
contained partially randomized homing site sequences
¯anked by two random nucleotides, restriction cleavage
sites for BamHI (50) and XbaI (30) and a common primer
binding site (Figure 2(b)). The speci®ed frequency of
native nucleotide at each homing site position was 0.55
for I-PpoI and 0.65 for I-CreI. The homing site oligonu-
cleotides were converted into double-stranded form by
primed in vitro DNA synthesis with Klenow DNA poly-
merase (Ausubel et al., 1987; Black et al., 1993). Synthesis
reactions were incubated at 37�C for 30 minutes, fol-
lowed by heating to 65�C for 10 minutes to inactivate
polymerase. Completed extension reactions were
digested with 20 units of BamHI for two hours, followed
by the addition of EDTA, phenol-extraction and desalt-
ing on a Centricon 10 spin concentrator (Amicon).

Plasmid libraries were constructed by ligating homing
site inserts into pBluescriptII SK (�) plasmid DNA that
had been digested with BamHI and SacI. Ligation reac-
tions consisted of 10 ng (5 fmol) of cleaved plasmid
DNA and an equimolar ratio of homing site insert in
20 ml of ligase buffer containing 400 units of T4 DNA
ligase (New England BioLabs). Eight identical ligations
were performed overnight at 16�C for each library.
Ligase was inactivated by heating reactions to 65�C for
ten minutes, and ligation products were desalted and
concentrated on a Microcon-100 spin concentrator (Ami-
con) prior to electroporation into E. coli DH5a. Each lig-
ation reaction was electroporated into 100 ml of
competent cells using a BioRad electroporator set at
2 kV, 400
 and 25mF with a 0.2 cm gap. LB broth
(900 ml) was added immediately after electroporation,
and aliquots representing 10% (or 100 ml) from each of
three cultures were plated on LB agar plates sup-
plemented with 100 mg/ml carbenicillin to determine
transformation ef®ciency. The remaining transformation
mixtures (3 � 900 ml and 5 � 1 ml) were pooled and
grown in 100 ml of LB broth supplemented with
100 mg/ml carbenicillin overnight at 37�C. Plasmid DNA
isolated from this culture using a Maxiprep kit (Qiagen)
was used as the starting library for enrichment. Standard
recombinant DNA methods were used throughout
(Ausubel et al., 1987).

Sequential enrichment

Sequential enrichment for I-PpoI substrate plasmids
was performed by digesting 2 mg of I-PpoI plasmid
library DNA with 210 units (2 ml) of I-PpoI (Promega) at
37�C for one hour in digest buffer supplied by the manu-
facturer. Cleavage products were size-fractionated on 1%
(w/v) low-melting agarose gels (FMC) run in TAE buffer
at 1.4 V/cm overnight at room temperature. Size mar-
kers, consisting of uncut and linear plasmid DNAs, were
used to locate and excise gel regions containing cleaved
linear molecules. Excised gel slices were melted at 65�C
for ten minutes, and then sterile water and 10 � T4 DNA
ligase buffer were added to bring the ®nal volume to
350 ml. T4 DNA ligase (800 units) was added and the
reaction incubated at room temperature overnight. DNA
ligase was inactivated by heating the samples to 65�C for
ten minutes. Gelase (0.2 unit; Epicenter Technologies)
and buffer were added to the ligation reactions, followed
by incubation at 45�C for three hours to digest the agar-
ose gel matrix. DNA was recovered, puri®ed and con-
centrated on Microcon 100 spin columns, then
electroporated into 100 ml of electrocompetent DH5a
cells as described above. Aliquots (50 ml) of the trans-
formation mix were plated, and the remainder was
grown overnight at 37�C in 50 ml of LB broth sup-
plemented with 100 mg/ml carbenicillin. Plasmid DNA
was prepared from the resulting culture as described
above and used for the next round of enrichment.

Two different protocols were used to selectively
recover I-CreI-sensitive homing sites. SDS-dependent
homing site variants were isolated by separating clea-
vage products on 1% low melting temperature agarose
in the absence of SDS, followed by the isolation of the
band corresponding to uncut or supercoiled plasmid
DNA. This band was excised from the gel and melted at
65�C for ten minutes, and then digested with Proteinase-
K (100 mg/ml) in 200 ml of 10 mM Tris (pH 7.8), 5 mM
EDTA containing 0.5% (w/w) SDS at 50�C for two
hours. Digest products were phenol-extracted with an
equal volume of buffer-equilibrated phenol, ethanol-pre-
cipitated and separated a second time by electrophoresis
through a 1% low melting temperature agarose gel to
isolate cleaved linear plasmid DNA.

Homing sites that did not require SDS for product
release (``SDS-independent'' sites) were isolated as
described above for I-PpoI: 2 mg of the I-CreI homing site
plasmid library was digested with 76 ng (4 pmol) of
D56G variant I-CreI protein (Heath et al., 1997) in 25 ml
of 20 mM Tris (pH 8.0), 10 mM MgCl2 at 37�C for one
hour, followed by agarose gel electrophoresis after the
addition of loading dye containing SDS. The remainder
of the protocol was identical with that described above
for I-PpoI.

Cleavage sensitivity of homing site libraries and
individual clones

The cleavage sensitivity of homing site libraries and
individual clones was determined by endonuclease
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digestion followed by agarose gel electrophoresis. I-PpoI
digestions used 0.25 mg of plasmid DNA and 10 units of
I-PpoI (Promega) at 37�C for one hour prior to electro-
phoresis on 1% agarose, TAE gels at 4.5 V/cm (Ausubel
et al., 1987). I-CreI digestions used 0.5 mg of plasmid
DNA and 0.38 ng (1 pmol) of I-CreI in 20 ml of 20 mM
Tris (pH 8.0), 100 mM KCl, 10 mM MgCl2 containing
100 mg/ml BSA at 42�C for one hour. Half of each reac-
tion (10 ml) was then mixed with loading dye that did or
did not contain SDS to a ®nal concentration of 1% (w/v)
prior to electrophoresis on 1% agarose gels as described
above. Cleavage within the homing site insert was con-
®rmed by digesting plasmids with Asp700 after homing
endonuclease digestion, followed by agarose gel electro-
phoresis.

DNA sequence analysis of homing site variants

Plasmid DNA from individual clones was puri®ed
using Qiagen Spin Prep columns, and then sequenced
using an ABI Dye Terminator chain terminator sequen-
cing kit. Reactions were puri®ed on Centrisep columns
(Princeton Separations) prior to analysis on ABI sequen-
cers in the University of WA Department of Biochemis-
try or the UW NIEHS Center for Ecogenetics Biomarkers
facility (Seattle, WA).

Statistical analysis and sequence display

The observed substitution frequency at each homing
site position was used to calculate the mean native
nucleotide frequency over n homing site positions where
n � 15 for the I-PpoI site and n � 24 for the I-CreI site.
Distribution of the number of changes per site was deter-
mined using a binomial distribution, and the expected
number of different sequences in each starting library
was determined from multinomial distributions.
Assumptions in each case were that the native nucleotide
frequency at every site was equal to the observed native
frequency, that substitutions at different homing site pos-
itions were independent, and that the other three nucleo-
tides had equal probabilities of substitution at all
homing site positions. The frequency of native homing
sites in each starting library was calculated from the pro-
duct of the observed mean frequencies of the native
nucleotide at 15 (I-PpoI) or 24 (I-CreI) homing site pos-
itions. Summary or consensus homing site sequences
were assembled and displayed by using sequence logo
software (Schneider & Stephens, 1990).
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