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Degenerate DNA recognition by I-PpoI endonuclease
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Abstract

The I-PpoI endonuclease is encoded by a group I intron found in the slime mold Physarum polycephalum. To initiate homing
of its encoding intron, I-PpoI catalyzes a specific double-stranded break within a 15-bp recognition site. The high substrate
specificities of I-PpoI and other homing endonucleases make these enzymes valuable tools for genomic mapping and sequencing.
Here, we report on the ability of I-PpoI to cleave recognition sites that contain a wide variety of mutations generated randomly
or deliberately. We find that much degeneracy is tolerated within the recognition site of I-PpoI. Few single substitutions prevent
cleavage completely. In addition, many sites with multiple substitutions are cleaved efficiently. In contrast, deletions or insertions
within the I-PpoI recognition site are detrimental to catalysis, indicating that proper registry between the protein and its substrate
is critical. Finally, we find that the sequence of the flanking regions can influence catalysis by I-PpoI. Thus, I-PpoI has both the
complex binding specificity of a transcription factor and the catalytic ability of a restriction endonuclease. © 1997 Elsevier
Science B.V.
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1. Introduction creating a site-specific, double-stranded break within
their target DNA (Dujon, 1989). Homing is a gene
conversion event that results in the transfer of a copySpecificity has evolved between enzymes and sub-
of the coding sequence of the endonuclease to a cognatestrates. This specificity ensures that enzymes catalyze
intronless allele. Homing endonucleases cleave double-only particular reactions in metabolic pathways. The
stranded DNA within large (15–40 bp) asymmetricalevolution of substrate specificity has been especially
recognition sites and tolerate varying degrees of degener-exquisite in enzymes that operate on nucleic acids. For
acy within the recognition sites (Mueller et al., 1993).example, Escherichia coli DNA polymerase III holoen-
Much interest has been focused on the specificity ofzyme and other polymerases with 3∞�5∞ exonuclease
these homing endonucleases, as they have a potentialproofreading activity replicate double-stranded DNA
value for genomic mapping and sequencing projects.with only one mistake per 108 bp ( Kornberg and Baker,

The I-PpoI endonuclease is a 2×20-kDa homodimer1992). The EcoRV restriction endonuclease cleaves its
that mediates homing of the third intron found in therecognition site at a rate greater than 106-fold faster
gene encoding the large ribosomal subunit of the slimethan non-cognate sites, and the alteration of a single
mold Physarum polycephalum (Muscarella et al., 1990).base within the recognition site is sufficient to cripple
In the presence of Mg2+, the enzyme cleaves two phos-the enzyme’s catalytic activity (Taylor and Halford, phodiester bonds within its 15-bp homing site (Fig. 1)

1989). Illumination of the chemical devices used by (Ellison and Vogt, 1993). Cleavage within this sequence
enzymes to achieve such extraordinary levels of molecu- generates four-base 3∞-hydroxyl overhangs. In the
lar discrimination is an area of intense investigation. absence of Mg2+, the enzyme binds specifically to its

The non-covalent interactions used to achieve the substrate and bends it 38° from linearity, but does not
high substrate specificity of homing endonucleases are catalyze cleavage ( Wittmayer and Raines, 1996). In
not understood. These enzymes function in vivo to addition, the enzyme makes contact with regions flank-
promote the homing of their DNA-coding sequence by ing the 15-bp recognition site (Ellison and Vogt, 1993).

The footprint of I-PpoI, found by using the enzymic
probe deoxyribonuclease and the small-molecule probe* Corresponding author. Tel: +1 608 262 8588; Fax: +1 608 262 3453;

e-mail: raines@biochem.wisc.edu dimethyl sulfate (DMS), extends to 23 bp.
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Fig. 1. Homing site of the I-PpoI endonuclease. The DNA bases are numbered about the dyad of pseudosymmetry. The bases that contribute to
the symmetry are in bold. The central 15 bp comprise the recognition site as determined by deletion analysis (Ellison and Vogt, 1993). The bases
outside the central 15 bp are the flanking regions protected in the I-PpoI footprint. The arrow denotes the location of Pp LSU3 intron insertion,
and the line indicates the cleavage site. All 23 bp represent potential sites of substitution in our studies.

In this study, we examine in detail the specificity of amino-acid residues. Concentrations of the endonuclease
were determined by Bradford assays using the proteinthe I-PpoI endonuclease. In vitro, we tested the catalytic

activity of I-PpoI with DNA recognition sites containing assay kit from Bio Rad (Richmond, CA) with bovine
serum albumin as the standard. Stock solutions ofmutations that span the entire 23 bp footprint. From

this information, we find that a degree of degeneracy is endonuclease were stored in 25 mM Tris–HCl buffer,
pH 7.4, containing EDTA (10 mM ), DTT (1.0 mM ),tolerated within the recognition site of I-PpoI. In some

cases, the enzyme is capable of cleaving altered NaCl (0.20 M), and glycerol (10% v/v) and were diluted
into solutions of bovine serum albumin (0.2 mg/ml ) andsequences. Many sequences with two substitutions are

cleaved with equivalent or only slightly reduced effi- glycerol (10% v/v), prior to individual assays.
ciency from that of the wild-type sequence. Also, few
single point substitutions thwart catalysis. In contrast 2.2. General methods
to substitutions, single deletions or insertions within the
I-PpoI recognition site are detrimental to catalysis, indi- The oligonucleotides in Table 1 were synthesized using

b-cyanoethyl phosphoramidite chemistry (Sinha et al.,cating that proper spacing of contacts along the
protein–DNA interface is critical. Finally, we find that 1984) on an Applied Biosystems Model 392 DNA–RNA

synthesizer. Plasmid DNA was prepared using thebases flanking this 15-bp recognition site can affect the
activity of I-PpoI. Wizard Miniprep kits from Promega (Madison, WI) as

instructed by the manufacturer. All sequences were
determined by dideoxynucleotide chain-termination
sequencing using the Sequenase Version 2.0 Quick2. Materials and methods
Denature kit and the M13 forward primer from United
States Biochemical (Cleveland, OH). Recombinant2.1. Bacterial strains, plasmids, enzymes, and chemicals
DNA techniques were performed as described (Ausubel
et al., 1989).Escherichia coli strain XL1-Blue {recA1, endA1,

gyrA96, thi-1, hsdR17, supE44, relA1, lac [(F ∞ proAB,
lacI qZDM15, Tn 10 (tet r)]} and pBluescript(SK+) were 2.3. Random mutagenesis of the I-PpoI recognition site
from Stratagene (La Jolla, CA). Plasmid p42 was a
generous gift from Promega (Madison, WI) (Muscarella Substrates for I-PpoI contained single, double, or

multiple substitutions within the I-PpoI recognition site.et al., 1990). All enzymes for the manipulation of DNA
were from Promega. Reagents for DNA synthesis were The oligonucleotide PW48 was synthesized using a

degenerate mixture of 95% of the wild-type nucleotidefrom Applied Biosystems (Foster City, CA), except for
acetonitrile, which was from Baxter Healthcare (McGaw and 1.7% of each of the remaining three nucleotides at

each position in the underlined region Table 1. The non-Park, IL). Isopropyl b--thiogalactopyranoside (IPTG),
was from Gold Biotechnology (St. Louis, MO). underlined sequence was synthesized with 100% of the

wild-type nucleotide. Using the oligonucleotide PW47Ampicillin and 5-bromo-4-chloro-3-indolyl b--galacto-
pyranoside ( X-GAL) were from Sigma (St. Louis, MO). as a primer, the second strand of the recognition site

was synthesized by treatment with dNTPs and theAgarose was from Life Technologies (Gaithersburg,
MD). Bacto yeast extract, Bacto tryptone, and Bacto Klenow fragment of DNA polymerase I. The resulting

double-stranded oligonucleotides were cleaved with theagar were from Difco (Detroit, MI). All other chemicals
and reagents were of commercial reagent grade or better, SalI and XbaI endonucleases, and the fragments were

ligated into pBluescript(SK+) that had also beenand were used without further purification.
I-PpoI, purified from an E. coli expression system, cleaved with SalI and XbaI. The ligation mixtures were

transformed by electroporation into E. coli strainwas a generous gift from Promega (Madison, WI). The
purified protein is the larger form of the protein pro- XL1-Blue. The total number of recombinants obtained

(8×104) was estimated by plating 10% of the liquidduced in Physarum polycephalum and contains 185
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Table 1
Synthetic oligonucleotides used to create mutant substrates for I-PpoI

Oligo Sequence

PW47 CGCTCTAGAGTAACT
PW48a CGCTCTAGAGTAACTATGACTCTCTTAAGGTAGCCAAATGCCTGTCGACACCG
PW50 CTAGAGTAACTATGACTCTCTTAAGAGAGCCAAATGCCTG
PW51 TCGACAGGCATTTGGCTCTCTTAAGAGAGTCATAGTTACT
PW52 CTAGAGTAACTATGACTACCTTAAGGTAGCCAAATGCCTG
PW53 TCGACAGGCATTTGGCTACCTTAAGGTAGTCATAGTTACT
PW55b GAHTCATAGTTACTAATTA
PW56b AGBGTCATAGTTACTAATT
PW57b GAHAGTCATAGTTACTAAT
PW58b AGBGAGTCATAGTTACTAAT
PW59b AAHAGAGTCATAGTTACTAAT
−50 reverse TTGTGAGCGGATAACAATTTC
T7 promoter TAATACGACTCACTATAG

aUnderlined region was synthesized with the degenerate mixture described in the text.
bH represents an equal mixture of A, C, and T. B represents an equal mixture of G, T, and C.

culture on to LB agar containing ampicillin sequence (the plasmid p42, which contains the recogni-
tion site of I-PpoI ). The first round of the PCR used(0.10 mg/ml ), IPTG (0.5 mM), and X-GAL

(0.10 mg/ml ). Individual colonies were picked from this the mutant and −50 reverse oligonucleotides as primers
to create a double-stranded product, the ‘megaprimer’.library, and liquid cultures (1.5 ml ) of these colonies

were grown in LB medium containing ampicillin This PCR product and the T7 promoter oligonucleotide
were then used as the primers in the second round of(0.10 mg/ml ). Plasmid DNA was isolated from these

cultures, sequenced, and screened as a substrate for the PCR, again with p42 as the template. The resulting
mutagenic, double-stranded oligonucleotide was puri-I-PpoI.
fied, cleaved with SalI and XbaI, and ligated into
pBluescript(SK+) that had been cleaved with SalI and2.4. Synthesis of symmetric recognition sites
XbaI. Sequences were verified by dideoxynucleotide
sequencing.Oligonucleotides PW50–PW53 were synthesized to

create two separate perfect palindromes of the I-PpoI
recognition site: PW50/PW51 reflects the 5∞ end of the 2.6. I-PpoI endonuclease assays
recognition site and PW52/PW53 reflects the 3∞ end of
the recognition site. These oligonucleotides were phos- To assess the mutant recognition sites as substrates

for I-PpoI, individual plasmids (0.25 mg) containing thephorylated by treatment with ATP and T4 polynucleo-
tide kinase. Complementary oligonucleotides were sites were incubated with I-PpoI (0.25 ng, 2.5 ng, or

25 ng) in 15 ml of 25 mM CAPS/CHES buffer, pH 10,annealed by heating a solution (1 mM of PW50 and
PW51, or PW52 and PW53) of 10 mM Tris–HCl buffer, containing MgCl2 (10 mM) and DTT (1.0 mM) for 1 h

at 37°C. Under these reaction conditions, the catalyticpH 8.0, containing NaCl (0.20 M) to 90°C, and then
cooling the solution to room temperature. The annealed activity of I-PpoI is maximal (Lowery et al., 1992), and

100% of the wild-type site was cleaved at all three I-oligonucleotides were ligated into pBluescript(SK+)
that had been cleaved with SalI and XbaI. Sequences PpoI concentrations. Reactions were quenched by the

addition of a solution (5 ml ) of SDS (1% w/v), EDTAwere verified by dideoxynucleotide sequencing.
(0.05 M), glycerol (10% v/v), and Bromophenol Blue
(0.01% w/v). Products were separated by electrophoresis2.5. Synthesis of supplementary recognition sites
in a TAE agarose (0.75% w/v) gel.

To distinguish the mutant sites as substrates for I-Synthetic oligonucleotides PW55–PW59 were created
to increase the number of available singly substituted PpoI, they were classified into four types. Class 1 sites

were unaffected; these substrates were cleaved by I-PpoIrecognition sites. These oligonucleotides were used as
primers in site-directed mutagenesis by the double poly- as thoroughly as was the wild-type site. Class 2 sites

were affected slightly; 70–90% of these substrates weremerase chain reaction (Barik, 1993). Briefly, this method
uses three oligonucleotide primers (a mutagenic primer, cleaved at the lowest enzyme concentration but 100%

were cleaved at the other two enzyme concentrations.PW55–PW59; and two flanking primers, −50 Reverse
and T7 promoter; Table 1) and two rounds of the PCR Class 3 sites were affected moderately; 100% of these

substrates were cleaved only at the highest I-PpoI con-performed on a template that contains the wild-type
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centration. Class 4 sites were affected greatly; these with single substitutions and over-represented by those
with multiple substitutions, suggesting that the actualsubstrates were not cleaved completely at even the

highest enzyme concentration (Fig. 2). doping frequency was close to 10%.
To enlarge the population of sites containing single

substitutions, additional clones were constructed individ-
ually. These supplementary sequences are denoted with3. Results
an S- prefix. Of the final population of 102 clones
screened, 10 were wild type (10%), 23 were singleWe have examined the influence of mutations to its

recognition site on catalysis by the I-PpoI endonuclease. substitutions (23%), 30 were double substitutions (30%),
19 were triple substitutions (19%), 10 were quadrupleBase pairs located within the 15-bp recognition site of

I-PpoI and the outside flanking regions protected by substitutions (10%), two were quintuple substitutions
(2%), and eight were insertions or deletions (8%).footprinting were mutated randomly to create a popula-

tion of recognition sites containing single, double, or The 102 plasmids of the final population were tested
as substrates for I-PpoI. Gels from typical assays aremultiple substitutions. Individual members of the pop-

ulation were sequenced and assayed to examine the shown in Fig. 2. Sites were grouped into one of four
categories, depending on whether catalysis by I-PpoIeffect of the specific mutations. Of the 77 independent

clones screened from this population, 10 were the wild- was unaffected (Class 1), affected slightly (Class 2),
affected moderately (Class 3), or affected greatly (Classtype sequence (13%), 11 were single substitutions (14%),

20 were double substitutions (26%), 19 were triple 4). Clones that were constructed independently and that
contain the same recognition sites displayed similarsubstitutions (25%), 10 were quadruple substitutions

(13%), two were quintuple substitutions (3%), and five activities, demonstrating the validity of the assay and
classification.were insertions or deletions (6%). This distribution of

substitutions was not as anticipated. The predicted
distribution of substitutions from a particular doping 3.1. Singly substituted sites
frequency can be determined from Eq. (1) (Hermes
et al., 1990): The effect of single substitutions on the activity of I-

PpoI is shown in Table 2. Nineteen independent single
substitutions within the I-PpoI footprint region wereP=

m!

(m−n)!n!
an(1−a)(m−n), (1)

assayed. The substitutions outside the 15-bp recognition
site (sequences 5, 67, and 72) have no effect on catalysiswhere m is the length of the doped region, a is the
by I-PpoI. These sequences with flanking region substitu-doping frequency, and P is the fraction of the oligonucle-
tions are cut as efficiently as is the wild-type sequence.otides that contains n errors in the sequence. With a
In addition, three single substitutions (sequences 60,doping frequency of 5%, we should have observed
S15, and S17) have no effect on catalysis (Class 1).approximately 31% wild type, 37% single substitutions,
These substitutions, A(+1) to G, T(−4) to G, and21% double substitutions and 8% triple substitutions.
C(−5) to A, are within the 15-bp recognition siteOur population was under-represented by sequences
(Table 2). Only two of the single substitutions
(sequences 74 and S10) prevent catalysis by I-PpoI
(Class 4). These sequences have a C(−3) to A or A(+6)
to C substitution (Table 2). Cleavage of the remaining
sites with single substitutions is affected only slightly or
moderately (Class 2 or Class 3, respectively). These
results indicate that degeneracy is tolerated within the
15-bp recognition site of I-PpoI. A summary of the
results for the sites with a single substitution is shown
as a matrix in Fig. 3.

Fig. 2. Activity assay of mutant substrates with the I-PpoI endonucle- 3.2. Deletions and insertions
ase. Plasmid substrates were incubated with increasing concentrations
of enzyme in 25 mM CAPS/CHES buffer, pH 10, containing MgCl2 Deletion and insertion mutations were inadvertently(10 mM) and DTT (1.0 mM) for 1 h at 37°C. Lane 1 has l DNA
digested with HindIII, lanes 2–5 have the wild-type substrate; lanes introduced into the population either during synthesis
6–9 have a class 1 substrate; lanes 10–13 have a class 3 substrate; and of the oligonucleotide or during cloning of the random-
lanes 14–17 have a class 4 substrate. Lanes 2, 6, 10, and 14 have no ized population of recognition sites. The effect of these
endonuclease; lanes 3, 7, 11, and 15 have 1.0 nM endonuclease; lanes

mutations on catalysis by I-PpoI is shown in Table 3.4, 8, 12, and 16 have 0.010 mM endonuclease; and lanes 5, 9, 13, and
Two isolated clones contained insertions (sequences 617 have 0.10 mM endonuclease. Different forms of the plasmid are

indicated as n, nicked; l, linear; and sc, supercoiled. and 23); six clones contained deletions (sequences 32,
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Table 2
Effect of single base-pair substitutions on catalysis by I-PpoI

Identification Sequence (5∞�3∞)a Activity classb

WT ATGA CTCTCTTAAGGTAGC CAAA 1
5 ATGA CTCTCTTAAGGTAGC CGAA 1
67 ATGT CTCTCTTAAGGTAGC CAAA 1
72 ATGA CTCTCTTAAGGTAGC CAGA 1
12 ATGA CTCTCTTAAGGTAGG CAAA 2
8 ATGA CTCTCTTAAGGTATC CAAA 2
74 ATGA CTCTCTTAAGGTCGC CAAA 4
57 ATGA CTCTCTTAAGCTAGC CAAA 2
36 ATGA CTCTCTTAATGTAGC CAAA 2
60 ATGA CTCTCTTGAGGTAGC CAAA 1
30 ATGA CTCTCCTAAGGTAGC CAAA 3
S10c ATGA CTCTATTAAGGTAGC CAAA 4
S23 (and S24) ATGA CTCTTTTAAGGTAGC CAAA 2
S17 ATGA CTCGCTTAAGGTAGC CAAA 1.5d
S14 ATGA CTTTCTTAAGGTAGC CAAA 2
S15 ATGA CTATCTTAAGGTAGC CAAA 1
S11 (and S18) ATGA CACTCTTAAGGTAGC CAAA 2.5d
S19 ATGA CCCTCTTAAGGTAGC CAAA 3
S4 ATGA ATCTCTTAAGGTAGC CAAA 2
S5 ATGA TTCTCTTAAGGTAGC CAAA 2.5d
S6 (and 75) ATGA ATCTCTTAAGGTAGC CAAA 2

aSubstituted bases are shown in bold. The four 5∞ and 3∞ bases are in the flanking regions.
bActivity classes are based on cleavage assays with plasmid substrates incubated for 1 h at 37°C in 25 mM CAPS/CHES buffer, pH 10, containing
MgCl2 (10 mM), DTT (1 mM ), and I-PpoI endonuclease (1.0 nM, 0.010 mM, or 0.10 mM ). Class 1, unaffected; Class 2, affected slightly; Class 3,
affected moderately; Class 4, affected greatly.
cThis sequence was also isolated by Muscarella and Vogt (1993), who showed that it was not cleaved by I-PpoI in vivo.
dWhen the results of individual assays varied, the average result is given.

within the flanking regions do not affect catalysis by I-
PpoI—such substrates are cleaved as well as is the wild-
type sequence. Multiple substitutions within only the
flanking regions, however, have varied effects on cataly-
sis by I-PpoI (Table 4). Five of the seven sequences that
contain multiple substitutions outside the undisturbed
15-bp recognition site display slightly (Class 2, sequences
15, 54 and 71) or moderately (Class 3, sequences 4 and
39) reduced cleavage. In addition, the effect of a single
substitution within the 15-bp recognition site could be
enhanced when combined with a substitution in the

Fig. 3. Summary of sites examined with single base substitutions. The flanking regions (Table 5). Again, five of seven sitesdata in Table 2 are summarized as a matrix. The wild-type recognition
with single substitutions (sequences 14, 41, 43, 49 andsequence is given (top). The three possible base substitutions are shown
58) are worse substrates when the flanking region too(left). Black boxes represent the wild-type sequence. White boxes indi-

cate base substitutions for which no singly substituted sequence was is altered. Interestingly, the effect of flanking regions is
found. Shaded regions represent the results for the base substitutions not absolute. In two of the seven sequences (sequences
for which singly substituted sequences were found. 42 and 48), substitutions in the flanking regions do not

alter the effect of the single substitutions within the
40, 44, S12, S20, and S22). All of these sequences were recognition site (Table 5). These results reveal that
poor substrates for the enzyme (Class 4). These results substitutions outside the 15-bp recognition site can
suggest that proper registry of protein–DNA contacts is modulate catalysis by I-PpoI.
critical for catalysis by I-PpoI.

3.3. Flanking region substitutions 3.4. Symmetric sites

The recognition site of I-PpoI contains partial symme-The effect of substitutions in the flanking regions on
catalysis is readily apparent from the data shown in try (Fig. 1). Ten of the 15 bp within this recognition site

contribute to an imperfect palindrome. Many restrictionTables 4 and 5. As stated above, single substitutions
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Table 3
Effect of base-pair insertions and deletions on catalysis by I-PpoI

Identification Sequence (5∞�3∞)a Activity classb

WT ATGA CTCTCTTAAGGTAGC CAAA 1
6 ATGA CTCTCTTAA(T )GGTAGC C(T )AAA 4
23 ATGA CTCTC(T )TTAAGGTAGC CAAA 4
32 ATGA CTCTCTTADGGTAGC CGAA 4
c ATGA CTCTCT(T )TAAGGTAGC CAAA
40 ATGA CDCTCTTAAGGTAGC CAAA 4
44 ATGA CTCACDTAAGGTAGC CAAA 4
S12 ATGA CTDTCTTAAGGTAGC CAAA 4
S20 ATGA CTCACTDAAGGTAGC CAAA 4
S22 ATGA CTCACDTAAGGTAGC CAAA 4

aInserted bases are shown in bold in parentheses. Deleted bases are represented by ‘D’. Substituted bases are shown in bold. The four 5∞ and 3∞
bases are in the flanking regions.
bActivity classes are as described in Table 2.
cThis sequence was isolated by Muscarella and Vogt (1993), who showed that it was not cleaved by I-PpoI in vivo.

Table 4
Effect of base-pair substitutions in the flanking regions on catalysis by I-PpoI

Identification Sequence (5∞�3∞)a Activity classb

WT ATGA CTCTCTTAAGGTAGC CAAA 1
34 TTGA CTCTCTTAAGGTAGC CTAA 1
55 ATGT CTCTCTTAAGGTAGC CAAC 1
15 ATGT CTCTCTTAAGGTAGC CAGA 2
54 ATCA CTCTCTTAAGGTAGC TAAA 2
71 AGGA CTCTCTTAAGGTAGC TAAT 2
4 GTGA CTCTCTTAAGGTAGC AAAG 3
39 TTGC CTCTCTTAAGGTAGC CAGA 3
Single base-pair substitutions

5 ATGA CTCTCTTAAGGTAGC CGAA 1
67 ATGT CTCTCTTAAGGTAGC CAAA 1
72 ATGA CTCTCTTAAGGTAGC CAGA 1

aSubstituted bases are shown in bold. The four 5∞ and 3∞ bases are in the flanking regions.
bActivity classes are as described in Table 2.

Table 5
Effect of single base-pair substitutions combined with subsitutions in the flanking regions on catalysis by I-PpoI

Identification Sequence (5∞�3∞)a Activity classb

WT ATGA CTCTCTTAAGGTAGC CAAA 1
Effect by flanking sequence substitutions

41 ATGA CTCTCTTGAGGTAGC CAAC 2
43 ATGC CTCTCTTGAGGTAGC CAAC 4
60 ATGA CTCTCTTGAGGTAGC CAAA 1
49 ATGT CTCGCTTAAGGTAGC CAAA 3
S17 ATGA CTCGCTTAAGGTAGC CAAA 1.5c
14 AGGA TTCTCTTAAGGTAGC CAAA 4
S5 ATGA TTCTCTTAAGGTAGC CAAA 2.5c
58 GTGA CTCTCTTAAGCTAGC AAGA 4
57 ATGA CTCTCTTAAGCTAGC CAAA 2

No effect by flanking sequence substitutions
48 AAGA CTATCTTAAGGTAGC CAAC 1
S15 ATGA CTATCTTAAGGTAGC CAAA 1
42 ATGG CTCTCTTAAGGTAGG CATA 2
12 ATGA CTCTCTTAAGGTAGG CAAA 2

aSubstituted bases are shown in bold. The four 5∞ and 3∞ bases are in the flanking regions.
bActivity classes are as described in Table 2.
cWhen the results of individual assays varied, the average result is given.
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endonucleases form dimers and recognize perfect palin- sequences. Single substitutions alone have no effect, or
only a slight effect, on cleavage, but in combinationdromes, with each monomer of the enzyme recognizing

one half-site (Roberts and Halford, 1993). Because the with an additional substitution, cleavage is slowed to a
greater extent. For example, the double mutant thatI-PpoI endonuclease also functions as a dimer (Ellison

and Vogt, 1993), we examined the catalysis by I-PpoI contains an A(+1) to T substitution and a C(−3) to T
substitution (sequence S25) is a Class 3 mutant, but theon the symmetric sites composed of the two wild-type

half-sites. Both of these symmetric sites are cleaved as single C(−3) to T substitution (sequence S23) is a Class
2 mutant, and two sequences with an A(+1) to Twell as is the wild-type sequence (Class 1). This result

is consistent with a dimeric I-PpoI endonuclease recog- substitution (sequences 46 and 62) are Class 1 mutants.
The sequences in Table 7 are examples of substitutionsnizing the partial symmetry of the wild-type recogni-

tion site. that are cumulative; together, the substitutions exert
a greater effect on catalysis by I-PpoI than they do
alone.3.5. Multiply substituted sites

The third small set of multiple substitutions is shown
in Table 8. The effect of these substitutions is non-Three types of effects are observed with the multiply
cumulative; the substitutions combined on the samesubstituted substrates: tolerance, cumulative effects, and
substrate exert an effect no greater than the mostnon-cumulative effects (Tables 6–8, respectively). First,
debilitating substitution. For example, the triple mutantthe tolerance of I-PpoI for degeneracy within its recogni-
that contains a T(−6) to C substitution, an A(+1) totion site is readily apparent with multiply substituted
G substitution, and an A(+10) to C substitutionsubstrates. Table 6 shows that numerous sequences with
(sequence 76), is a Class 3 mutant. This sequence ismultiple substitutions are cleaved as well as is the wild-
cleaved no more slowly than the single T(−6) to Ctype sequence (Class 1) or only slightly slower than is
substitution (sequence S19). Despite the presence ofthe wild-type sequence (Class 2). This data subset sug-
substitutions additional to the T(−6) to C, the cleavagegests that the enzyme–substrate complex is capable of
of the substrate is not slowed to a great extent.adjusting to compensate for many interactions that are

Finally, although the activity of I-PpoI is maximal atlost because of substitutions within the substrate. The
pH 10, the enzyme is also active near netural pHprotein appears to be able to maintain or maximize
(Lowery et al., 1992; Wittmayer and Raines, 1996).favorable interactions and reduce or minimize unfavor-
Under extreme solution conditions, restriction endonu-able interactions.
cleases are capable of cleaving sequences that are similar,Second, the effect of multiple substitutions within the
but not identical, to their defined recognition sequence.same substrate can be cumulative. A comparison of the
This altered specificity is termed ‘star’ activity (Poliskysingle and multiple substitutions in which the effect on
et al., 1975). To determine whether the degeneratethe activity of I-PpoI from multiple substitutions is
specificity of I-PpoI is due to I-PpoI* activity, welarger than that from any of the single substitutions is
assayed the cleavage of three sequences (31, 45, and 46;shown in Table 7. In this data subset, I-PpoI exhibits a

graded discrimination between wild-type and mutant Table 6) in the buffer used in our previous study

Table 6
Effect of multiple base-pair substitutions on catalysis by I-PpoI: substitutions that have no or a minimal effect

Identification Sequence (5∞�3∞)a Activity classb

WT ATGA CTCTCTTAAGGTAGC CAAA 1
46 ATGA CGCTCTTTAGGTAGC CAAA 1
48 AAGA CTATCTTAAGGTAGC CAAC 1
42 ATGG CTCTCTTAAGGTAGG CATA 2
2 GTGT CTCTCTTCAGGTAGC CTTA 1
35 AGGA CTTTCTAAAGGTAGC CAAA 2
9 ATGA CTCTCTTAAGGCATC CATA 2
31 ATGA CTCGCTTAAGGCAGT CAAA 2
45 ATGA CTATTTAAAGGTAGC CAAG 2
33 ATGA CTCTCGTAAGGTAGC CATA 1
62 ATGA CTCTCTTTAGGTAGC CACA 1
41 ATGA CTCTCTTGAGGTAGC CAAC 2
66 ATGA CTCACTTAAGGTAGC CAAG 2

aSubstituted bases are shown in bold. The four 5∞ and 3∞ bases are in the flanking regions.
bActivity classes are as described in Table 2.
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Table 7
Effect of multiple base-pair substitutions on catalysis by I-PpoI: substitutions that have a cumulative effect

Identification Sequence (5∞�3∞)a Activity classb

WT ATGA CTCTCTTAAGGTAGC CAAA 1
S25 ATGA CTCTTTTTAGGTAGC CAAA 3
46 ATGA CGCTCTTTAGGTAGC CAAA 1
62 ATGA CTCTCTTTAGGTAGC CACA 1
S23 (and S24) ATGA CTCTTTTAAGGTAGC CAAA 2
S2 ATGA TTCACTTAAGGTAGC CAAA 4
S3 ATGA ATCACTTAAGGTAGC CAAA 4
S5 ATGA TTCTCTTAAGGTAGC CAAA 2.5c
S6 (and 75) ATGA ATCTCTTAAGGTAGC CAAA 2
66 ATGA CTCACTTAAGGTAGC CAAG 2
28 ATGA CTCACTTAAGGTAGC CAAC 3
73 ATGA CTCTCTAAAGGTATC CAAA 4
8 ATGA CTCTCTTAAGGTATC CAAA 2
35 ATGA CTTTCTAAAGGTAGC CAAA 2
45 ATGA CTATTTAAAGGTAGC CAAG 2
S21 ATGA CTCGCTAAAGGTAGC CAAA 3
S17 ATGA CTCGCTTAAGGTAGC CAAA 1.5c
45 ATGA CTATTTAAAGGTAGC CAAG 2
35 AGGA CTTTCTAAAGGTAGC CAAA 2

aSubstituted bases are shown in bold. The four 5∞ and 3∞ bases are in the flanking regions.
bActivity classes are as described in Table 2.
cWhen the results of individual assays varied, the average result is given.

Table 8
Effect of multiple base-pair substitutions on catalysis by I-PpoI: substitutions that have a non-cumulative effect

Identification Sequence (5∞�3∞)a Activity classb

WT ATGA CTCTCTTAAGGTAGC CAAA 1
76 ATGA CCCTCTTGAGGTAGC CCAA 3
60 ATGA CTCTCTTGAGGTAGC CAAA 1
S19 ATGA CCCTCTTAAGGTAGC CAAA 3
9 ATGA CTCTCTTAAGGCATC CATA 2
8 ATGA CTCTCTTAAGGTATC CAAA 2

aSubstituted bases are shown in bold. The four 5∞ and 3∞ bases are in the flanking regions.
bActivity classes are as described in Table 2.

(Wittmayer and Raines, 1996), which was 10 mM create the matrix shown in Fig. 4. In this matrix, each
base substitution at each position is considered individu-Tris–HCl buffer, pH 7.5, containing NaCl (50 mM),

MgCl2 (10 mM), DTT (1 mM ), and bovine serum ally. All sequences containing a particular substitution
are considered together as a subset. The base substitutionalbumin (50 mg/ml ). At pH 10, the multiple base-pair

substitutions in sequences 31, 45, and 46 have no, or a is assigned a classification based on the substrate that is
cleaved most readily. For example, if an individual baseminimal, effect (Table 6). No increase in specificity was

observed at the more neutral pH (data not shown). substitution is a component of three different mutant
substrates of Class 2, 3, or 4, the individual baseApparently, the degenerate specificity of I-PpoI is not

due to ‘star’ activity. substitution is assigned a classification of 2. If an
individual base substitution is a component of two
different substrates of either Class 3 or Class 4, the3.6. Composite analysis of entire data set
individual substitution is assigned a classification of 3.
The classification scheme in Fig. 4 is less accurate thanTogether, the data in Tables 2–8 show that sequence

recognition by I-PpoI is complex. Many single and that in Fig. 3 for substitutions that appear only in
multiply substituted sequences. Thus, the matrix inmultiple substitutions are tolerated within the recogni-

tion site, but others are not. To summarize the impact Fig. 4 is only qualitative, reporting on the highest activ-
ity observed for a substrate with a particularof substitutions within the recognition site of I-PpoI, we

used the data collected for all mutant substrates to substitution.
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Rochaix, 1993). Single and multiple mutations are toler-
ated by this homing endonuclease. The T4 phage endo-
nuclease, I-TevI, is more permissive. No single base pair
within the 48 bp spanning the homing site of I-TevI is
essential for cleavage (Bryk et al., 1993). Our data
suggest that I-PpoI has intermediate specificity, falling
between I-SceI and I-TevI. I-PpoI also appears to be
slightly more specific than I-SceII.

Two single substitutions of the 16 examined substitu-
tions within the 15-bp recognition site of I-PpoI, C(−3)
to A (sequence S10) and A(+6) to C (sequence 74),

Fig. 4. Summary of all sites examined. The data in the supplementary were shown to prevent the cleavage activity by I-PpoI
material are summarized as a matrix, as in Fig. 3. The classification (Class 4; Table 2). These two positions (+6 and −3)of individual bases from data with multiple substitutions provide an

are presumably key regions for recognition by I-PpoI.estimate of a maximal effect. For bases that are class 1 or 2, this
Position +6 is partially protected in the minor grooveestimate is likely to be reasonable. For bases that are class 3 or 4,

this estimate is less likely to be reasonable unless the substitution was during footprinting experiments with DMS, and the
analyzed as a singly substituted sequence (Fig. 3). If the class 3 or 4 neighboring G(+7) is strongly protected in the major
base is represented in red was analyzed only in a substrate with multiple groove (Ellison and Vogt, 1993). This information insubstitutions, the loss of catalysis by I-PpoI could be due to other

conjunction with the cleavage data on the sequence withsubstitutions within the sequence or to a cumulative effect (Table 7).
a single substitution at position +6 (sequence 74),
suggests that this base pair is an important
protein–DNA contact. Interestingly, I-PpoI does not4. Discussion
appear to contact the −3 position closely as G(−3),
the complementary base of C(−3), is not protectedThis study is the first extensive analysis of the sub-

strate specificity of the I-PpoI endonuclease. We have during footprinting experiments with DMS (Ellison and
Vogt, 1993). In fact, the G(−3) position when com-found that in vitro, I-PpoI has a more relaxed specificity

than was thought previously (Lowery et al., 1992). plexed with I-PpoI displays a partial hypersensitivity to
DMS. The hypersensitivity of G(−3) suggests that thereSequences with single, double, and multiple base-pair

substitutions within the homing site of I-PpoI are accept- is a distortion of the DNA helix in this position. Perhaps
the substitution of the CG(−3) base pair with an ATable substrates for the enzyme (Tables 2 and 6). The

tolerance for degeneracy by I-PpoI within its recognition base pair prevents the proper formation of a requisite
structure alteration by I-PpoI. This result suggests thatsite also appears in other homing endonucleases. Studies

of the homing endonucleases I-SceI, I-SceII, I-CeuI, I- I-PpoI relies, to some extent, on an indirect readout for
its recognition.CreI, and I-TevI demonstrate that these enzymes tolerate

substitutions within their large asymmetric recognition The flanking regions outside the 15-bp recognition
site (Fig. 1) can modulate cleavage by I-PpoI. Somesite (Marshall and Lemieux, 1992; Wernette et al., 1992;

Bryk et al., 1993; Dürrenberger and Rochaix, 1993). sequences with multiple substitutions in only the flanking
regions were poor substrates for I-PpoI (Table 4).The level of degeneracy accepted by the different

homing endonucleases spans a spectrum from high to Likewise, cleavage of some sequences with single internal
substitutions were hindered to a greater extent whenlow specificity. The enzymes I-SceI and I-CeuI represent

the most specific homing endonucleases. I-SceI cleavage combined with substitutions in the flanking regions
(Table 5). Flanking sequences are known to have similaractivity is affected severely by 14 single base-pair substi-

tutions and affected moderately by an additional 11 modulating effects in other DNA-binding proteins. For
example, cleavage by the HO nuclease is affected bysingle base-pair substitutions within its 18-bp recogni-

tion site (Colleaux et al., 1988). I-CeuI cleavage activity regions outside the core sequence (Nickoloff et al.,
1990). Most point mutations outside this core region ofis eliminated by 11 single substitutions within its 19-bp

recognition site (Marshall and Lemieux, 1992). The approximately 8 bp have little effect on activity, whereas
multiple changes outside this core region severely dimin-homing endonucleases, I-SceII and I-CreI, are less strin-

gent. Of the 36 single base-pair substitutions examined ish cleavage by the homing endonuclease. Similarly, the
zinc-finger DNA-binding protein, YY1, displays con-within the 18-bp recognition site of I-SceII, most were

tolerated by the enzyme. For example, only nine mut- siderable heterogeneity in the regions flanking its con-
served core sequence (Hyde-DeRuyscher et al., 1995).ations blocked cleavage moderately and only three

blocked cleavage completely (Wernette et al., 1992). Furthermore, contacts located outside the EcoRI
recognition site influence the rate of cleavage for theLimited analysis of the I-CreI endonuclease reveals that

this enzyme cleaves its recognition site with a level of proximal half-site by the EcoRI restriction endonuclease
(Van Cleve and Gumport, 1992). The footprint of thespecificity similar to that of I-SceII (Dürrenberger and
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