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Abstract: The laboratory evolution of enzymes with tailor-made DNA cleavage specificities would represent
new tools for manipulating genomes and may enhance our understanding of sequence-specific DNA
recognition by nucleases. Below we describe the development and successful application of an efficient in
vivo positive and negative selection system that applies evolutionary pressure either to favor the cleavage
of a desired target sequence or to disfavor the cleavage of nontarget sequences. We also applied a
previously described in vitro selection method to reveal the comprehensive substrate specificity profile of
the wild-type I-Scel homing endonuclease. Together these tools were used to successfully evolve mutant
I-Scel homing endonucleases with altered DNA cleavage specificities. The most highly evolved enzyme
cleaves the target mutant DNA sequence with a selectivity that is comparable to wild-type I-Scel’s preference
for its cognate substrate.

Introduction recognition sequence. Stoddard and co-workers created a
chimeric enzyme by fusing two monomers from different
homodimeric homing endonucleases and remodeling the inter-
face between the heterologous doma@ifike resulting chimeric
Shomlng endonuclease cleaved a novel DNA sequence compris-
Ing the juxtaposed half-sites recognized by the original enzymes.
The scope of this approach is limited to DNA sequences
constructed from substrates of natural homing endonucleases.
Seligman and co-workers recently used a screen that linked the
cleavage of a recognition sequence by a homing endonuclease
to the loss of kanamycin resistance or lacZ acti%ityScreening

for variants of I-Crel that could cleave a new sequence differing
at one position in the half-site of the recognition sequence
resulted in the isolation of enzymes with altered in vivo and in
vitro specificities.

Homing endonucleases recognize and cleave long DNA
sequences (1440 bp) making them ideally suited for the site-
specific manipulation of genomic DNAThese enzymes have
recently been used for genome engineering in diverse system
including bacteriaf, yeast plant? and mammalian cells.
Because the sequences recognized by known homing endonu-
cleases represent only a minute fraction of all possible4%
bp sequences, the development and application of general
methods to create homing endonuclease variants with tailor-
made DNA cleavage specificities would significantly enhance
our ability to manipulate genomes. In addition, determining the
ways in which a homing endonuclease can be altered to cleave
a novel DNA substrate may reveal the importance of specific
contacts and provide information about the ability of the The di o lection for homi d | o
nuclease DNA interface to be evolved. e direct in vivo selection for homing endonuclease activity

iS an attractive strategy for generating nucleases with altered
Toward these goals, researchers have attempted to generaté
Substrate preferences. Ideally, such an approach would enable
homing endonucleases with novel DNA specificity using

methods that enable both lafg&and smaft-11 changes in the both the positive selection for cl_eavage of_ a desw_ed target DNA
sequence as well as the negative selection against cleavage of
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Figure 1. Two-plasmid in vivo selection system for homing endonuclease activity. pEndoSce is a low-copy plasmid that expresses I-Scel or a library of
I-Scel variants under control of trezaBAD promoter. pCcdB is a high-copy plasmid containing multiple copies of the desired or undesired recognition
sequence distributed between two locations. This plasmid also expresses the toxic protein CcdB under conteal pfameter. In the presence of IPTG,
nucleases capable of cleaving pCcdB enable cells to survive (positive selection). pCcdB also expresses chloramphenicol acetyltransfierdke (Cat).
presence of chloramphenicol and in the absence of IPTG, nucleases capable of cleaving pCcdB induce cell death (negative selection).

ties, the background survival rate from this system was too high  To test the efficiency of this selection system, pEndoSce was
to enable its use in directed evolution experimédts. transformed into competent cells harboring pCcdB-wtl1, a CcdB
Here we report the development and application of an expression plasmid containing one copy of the wild-type I-Scel
effective two-plasmid selection system that selects directly for recognition sequence. A significant fraction (120%) of the
homing endonuclease cleavage of target DNA substrates, orresulting transformants survived upon IPTG induction of CcdB
against the cleavage of undesired substrates, depending on thexpression in rich media at 3T, consistent with the cleavage
identity of a small-molecule inducer added to the growth media. and destruction of pCcdB-wtl. In contrast, when the inactive
We also used a selection-based methdd determine the I-Scel Asp 44 Ser mutant was used instead of wild-type I-Scel,
comprehensive in vitro substrate specificity of I-Scel. Together, only 1 in 1 x 10 colonies survived.
these selection systems were used to evolve an I-Scel variant To further reduce the background survival rate, the positive
that prefers to cleave a novel DNA sequence over the wild- selection was evaluated in different growth media and at
type I-Scel substrate with a degree of specificity comparable different temperatures. In minimal media at 3D, wild-type
to that of the wild-type I-Scel enzyme. Our findings validate pEndoSce rescued cells harboring pCcdB-wtl at a4
an approach for the directed evolution of homing endonucleasessurvival rate upon IPTG induction of CcdB expression. The
with altered DNA cleavage specificity and also implicate inactive |-Scel Asp 44 Ser mutant under these selection
specific residues involved in the recognition of th& position conditions exhibited a greatly reduced survival rate<dfin 5
of the substrate DNA by I-Scel. x 10% These results suggest that the positive selection system
can distinguish active and inactive homing endonucleases with
an efficiency that may enable the directed evolution of endo-
Development of Positive and Negative In Vivo Selections  pycleases with the ability to cleave novel DNA substrates.
for Endonuclease Activity. We previously reported a selection Many homing endonucleases are known to be product
system for homing endonuclease activity that used the destruc-,nhipited6 In our selection system, product inhibition could
tion of a plasmid expressing the toxic protein barnase o link 415y CcdB expression even after the plasmid is cleaved by an
DNA cleavage to cell survivaf If a cell expresses a homing  active endonuclease since RecBCD nuclease-mediated destruc-
endonuclease capable of cleaving the toxic plasmid, the resultingiqy of linear DNA requires an accessibleBNA terminus??
linearized DNA is presumably destroyed by the endogenous 1,4 aqditional copies of the I-Scel recognition sequence were
RecBCD nuclease, enabling cell survival. Due to the extreme herefore installed into pCcdB at a new location, along with
toxicity 'of barna&‘,e},4 its expression required additional con'Frol three more copies adjacent to the original sequence, resulting
by the insertion of nonsense codons and the coexpression ofiy hccdB-wt6 (Figure 1). We reasoned that the presence of distal
suppressor tRNAs. The complexity of this system resulted in @ ¢jeayage sites within the toxic plasmid would increase the
high background survival rate that precluded its use for the jielihood of survival in the presence of an active endonuclease.
efficient evolution of novel homing endonuclease specificity. These changes increased the survival rate of cells harboring
To simplify the positive selection system, we replaced barnase pCcdB-wt6 when transformed with pEndoSce #al00%
with the less toxic “control of cell death B” protein (CcdB), an  yithout increasing the rate of undesirable background survival
Escherichia coligyrase poisori? When expressed from a high-  (rapje 1). Independently, a similar positive selection system
copy plasmid (pCcdB, Figure 1), this protein allowed only low ¢ recently reported by Chen and ZHadhat exhibits
rates of background survival without requiring additional gene properties consistent with the above results.
expression control elements (see Experimental Section, below,
for details). The homing endonuclease I-Scel was expressed on,
a low-copy plasmid (pEndoSce) using the araBAD promoter

Results

Since homing endonucleases with broadened specificity
annot be distinguished from those nucleases with altered
specificity solely on the basis of a positive selection, we

(Figure 1). extended the above two-plasmid system to also enable a negative
(13) Argast, G. M.; Stephens, K. M.; Emond, M. J.; Monnat, Rl. Mol. Biol.
1998 280, (3), 345-353. (16) Guhan, N.; Muniyappa, KCrit. Rev. Biochem. Mol. Biol2003 38, (3),
(14) Liu, D. R.; Schultz, P. GProc. Natl. Acad. Sci. U.S.A999 96, (9), 4780~ 199-248.
4785. (17) Yu, M.; Souaya, J.; Julin, D. AProc. Natl. Acad. Sci. U.S.A998 95,
(15) Critchlow, S. E.; Odea, M. H.; Howells, A. J.; Couturier, M.; Gellert, M.; (3), 981-986.
Maxwell, A. J. Mol. Biol. 1997, 273 (4), 826-839. (18) Chen, Z.; Zhao, HNucleic Acids Res2005 33, (18), el54.
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Table 1. In Vivo Activity of Wild-Type I-Scel and Evolved Variants We created a large library of |-Scel substrate variants (in
enzyme wild-type site? T(-7)C site? plasmid pCcdB-lib) consisting of 5.5 10° transformants. The
wild-type I-Scel 100% 1% Iiprary was desiqned to have a 72% probability of containing a
evolved mutant 1-6 84% 50% wild-type nucleotide (Figure 2) at each of the 18 substrate posi-
(Asn 152 Lys) tions, corresponding to a theoretical average of five mutations
evolved mutant 2-4 2% 100%

per recognition sequence. Sequence analysis of 287 clones from
the library before selection revealed an actual probability of
" 74% £+ 4% of any substrate position containing a wild-type
pCngll\}l\?t(SS g‘géc";‘)tgc?g pereent sury ']lg’}' é’l‘e;@ggpeoso'}“{ﬁ ess\}ﬁgt't% e“g'r?g nucleotide and an average of 4.7 mutations per substrate in the
T(=7)C sites, respectively. The data represent one trial to maximize pre-digested library.
consistency between clones but are representative of the trends observed \y/q subjected pCcdB-lib to three rounds of selection for
with repeated measurement. .
sequences that can be cleaved by wild-type I-Scel. Sequence

selection against enzymes that cleave undesired (e.qg., wild-type)analysis of 597 members of the resulting post-selection library
recognition sequences. To achieve this goal using the same twcand comparison with the composition of the pre-selection library
plasmids, undesired cleavage sites were introduced into pCcdBrevealed a comprehensive profile of the substrate sequences that
in place of the desired sites used in the positive selection. In can be cleaved by wild-type |-Scel (Figure 2). As expected,
the absence of IPTG, pCcdB does not express the toxic proteinthe wild-type substrate sequence was the most common
CcdB but continues to express chloramphenicol acetyltransferasesequence to emerge from the selected library (137 of 597
(Cat), a protein that confers resistance to the antibiotic chloram- sequenced clones, or 23%). Cleavable substrates in the selected
phenicol (Figure 1). When cells are treated with chloramphenicol library contained an average of 1.1 mutations compared to 4.7
but not exposed to IPTG, endonuclease-mediated cleavage ofn the pre-selection library. Half of the selected library contained
the undesired sites destroys Cat expression and therefore rende substrate sequence with one mutation (304/597, 51%), 20%
cells unable to survive in the presence of chloramphenicol.  contained two mutations (120/597), 5% contained three muta-

The negative selection was also validated using I-Scel. Whentions (31/597), 0.7% contained four mutations (4/597), and 0.2%
a plasmid encoding wild-type I-Scel was transformed into contained five mutations (1/597).
bacteria containing pCcdB-wt6, the resulting bacteria survived Based on the in vitro sequence profiling of I-Scel (Figure
at a very low rate €1 in 7500) in the presence of chloram- 2), thymine is strongly preferred at positiet¥ in the recogni-
phenicol and in the absence of IPTG. However, transformation tion sequence where it represents 85% of the cleavable
of a plasmid encoding the inactive I-Scel Asp 44 Ser mutant sequences (Figure 2). Of 597 selected substrate sequences, A,
into the same cells resulted in 100% survival. Taken together, G, and C appear at position7 at normalized frequencies of
the above systems represent both a positive selection foronly 7%, 6%, and 3%, respectively. Based on the recently
endonuclease cleavage of a desired DNA sequence and aeported structure of I-Scéf,only a single contact involving
negative selection against cleavage of an undesired sequencehe side chain of Asn 152 is made between the enzyme and the

Comprehensive Profiling of I-Scel Substrate Specificity base pair at positior-7 of the substrate, making this interaction
In Vitro . Before applying our selection system to the evolution an ideal starting point to investigate the proteldNA interface
of I-Scel variants with novel cleavage specificities, we deter- of I-Scel using a focused library of I-Scel mutants.
mined the specificity of the wild-type endonuclease in a  Evolution of I-Scel Variants with Altered DNA Cleavage
comprehensive manner. We used the method of Monnat andSpecificities. The specificity profile revealed that C was the
co-workerd®in which a partially randomized library of substrate least likely base to be present in a cleavable substrate at position
sequences is incorporated into a plasmid and incubated in vitro—7 (Figure 2). To verify in vivo the importance of this position,
with the endonuclease. Cleaved plasmids are separated fronwild-type I-Scel was expressed in combination with pCcdB-
uncleaved plasmids by electrophoresis, circularized by ligation, mut6 (containing six copies of the mutant-T{)C recognition
and then transformed int&. coli to create a new pool of  site), resulting in a low survival rate of 1% (Table 1). Based on
substrates for a subsequent round of selection or for analysisthe above in vitro and in vivo results, we chose to use our
by DNA sequencing. positive and negative selection system to evolve I-Scel variants

TA ATAACACCCTAAT
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Asn 152 Lys)

f

Figure 2. Sequence preference of W|Id-type I-Scel. Top: 18-base pair wild-type I-Scel substrate sequence is shown. Substrate cleavage occurs between
A(2) and C(3) on the sense strand and between3}F@nd T(-2) on the antisense strand. Bottom: The DNA cleavage specificity of wild-type I-Scel is
represented as a sequence logo. For each position the height of a base indicates the frequency of that base among the set of all sequencedlthat are cleave
by the enzyme. Frequencies were normalized to account for the statistical bias favoring the wild-type cleavage sequence in the preselection library
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that cleave the mutant F(7)C recognition sequence efficiently  Table 2. In Vitro Cleavage Efficiency and Specificity Changes for
and preferentially over the wild-type substrate. Wild-Type I-Scel and Evolved Mutants

A small round 1 library of I-Scel variants was created by relative cleavage

o . X efficiency? of specificity specificity
randomizing position 152 and selected as described above for enzyme T(=7)C¥lwiid-type® shift? broadening®
the ability to cleave the F7)C recognition sequence in pCcdB-  wild-type I-Scel 3.1 - -
mut3. Clone 1-6 (Asn 152 Lys) exhibited robust survival when ?Xng\Vigszli/t;m 1-6 18 17 5.6
challenged with pCcdB-mut3, although this clone also exhibited evolved mutant 2-4 0.27 115 0.84

significant in vivo activity when challenged with pCcdB-wt6 gﬁ 11g§ Ey'g) Asp 150 Cys,
(Table 1). These results therefore identified clone 1-6 (Asn 152

Lys) as a mutant with broadened specificity that represents a N aWild-type I-Scel and evolved clones 1-6 and 2-4 were incubated with

: : . the wild-type and T{7)C recognition sequences simultaneously. The
starting point for further rounds of evolution. concentration of enzyme necessary to cleave 50% of each site was

Clone 1-6 was diversified into a round 2 library in which determined (see Supporting InforrTéatgon). The ratio of these concentrations
. . o represent relative cleavage efficienéy® The specificity shift is determined
neighboring positions 149, 150, and 151 were each randomly by dividing the relative cleavage efficiency of the wild-type enzyme by

mutated to one of 20 amino acids and position 153 was mutated{)he rdelat_ive_clgaf\_/agg effiﬁiencydof ea]}cpl evc|>lv_ed elnzy‘h&pecfi]f_ic_ity .
: : : 3 roadening is defined as the product of the relative cleavage efficiency o

t,O one of 13 amino acids. The resulting 4210°-membered the wild-type enzyme and evolved enzyme. A specificity broadening of 1

library (7 x 1P transformants) was selected for cleavage of indicates no broadening, a value greater than 1 indicates broader specificity,

the mutant T¢7)C recognition sequence in pCcdB-mut3, yield- 2nd a value less than 1 indicates a tighter specifiéity.

ing 230 surviving clones (corresponding to a survival rate of 1 7ape 3. In vitro Cleavage Specificity of Evolved Mutant 2-4

in 3 x 10%. To disfavor mutants with broadened, rather than

o . base at position (=7) relative cleavage
altered, DNA cleavage specificities, these clones were subjected in the substrate efficiency?
en masséo a negative selection against cleavage of the wild- c 1
type I-Scel substrate as described above. Surviving clones were Z(W"d'type) 8517
subjected to a final positive selection (without additional G 0.15

diversification) for cleavage of the H7)C sequence. Clone - - -
a Evolved clone 2-4 was incubated with-T{)C and either T7)A or

2-4 '(Trp 149 Gly, ASp 150 Cys, Asn 152 !—yS) was able to T(—7)G recognition sequences simultaneously. The concentration of enzyme
survive both the positive and negative selections upon rescreen-necessary to cleave 50% of each site was determined (see Supporting

ing (Table 1). When assayed in vivo using our selection system, L"f‘;i‘.’:rig‘rf‘c“;’ﬂ)'WThr}ghra\f\'lgsc’ftﬁ‘gﬁecg?;‘gﬁgtéaﬂc’i?ﬁ rg’zﬁgesffg;{egg’lg Cée?gf‘ge
clone 2-4 exhibited a 50-fold higher survival rate when cleaving comparison and normalized such that the cleavage efficiency of
the T(~7)C substrate compared with the wild-type substrate T(~7)C equals 1.

(Table 1). A third round of positive and negative selection did

not yield further improvements in cleavage specificity.

To dissect the role of each of the two new mutations acquired
in round 2, the mutations at positions 149 and 150 were
individually reverted, and the resulting clones were assayed for
activity in vivo against both the wild-type and ¥7)C DNA
sequences. Reversion of the Trp 149 Gly mutation resulted in
activity and broad specificity similar to those of clone 1-6, while
reversion of the Asp 150 Cys mutation resulted in no activity
toward either substrate (data not shown). These results indicat
that both mutations acquired in round 2 are necessary for the
preference of clone 2-4 for the F{7)C substrate.

In Vitro Characterization of Evolved Homing Endonu-
cleases.To characterize the activities of the evolved I-Scel
variants in vitro, we purified evolved endonucleases 1-6 and

r2n-:t2Is am:tascﬁ?gn\q/glgtﬁeh%bsﬁIifCﬁfén:o;S'Z%t:?nma%tggzed T(=7)G, respectively (Table 3). Encouragingly, the selection
y grapny. P Y for novel DNA specificity in clone 2-4 did not generate an

was used to compare the cleavage proficiency of each ENZYMEendonuclease with broadened s ecificity even though a negative
with the wild-type and T£7)C substrates. Briefly, a DNA . . SP . 19 9
. ) . selection was not applied against purines at positigh
plasmid containing one copy of the wild-type substrate and one . e
. . . To further probe the basis of the evolved substrate specifici-
copy of the T(7)C substrate was digested with varying amounts . . .
of enzyme (see Supporting Information). The amount of enzyme ties, we measured the affinity of each enzyme for the wild-
) type and T{7)C substrates by fluorescence polarization under

required to cleave 50% of each site was compared to reveal the o
A S conditions that are known to prevent substrate cleavage but that
relative in vitro cleavage efficiencies (Table 2).

Th bstrat it £ 1h ved homi q allow DNA binding (see Supporting Informatio?).The ob-
€ substrate speciliciiies ot the evolved homing endont- oy eqk, of the wild-type I-Scel enzyme and the wild-type
cleases measured by this assay are consistent with the resuItENA substrate (9.7 nM) is in good agreement with the

previously reported value derived from gel shift assays (8.4 nM),

of the in vivo assay, although the magnitudes of the in vivo
preferences (defined by survival rates) are larger than those
measured in vitro (Table 1 and Table 2). Consistent with the
results in vivo, in vitro assays indicate that clone 1-6 is an
endonuclease with broadened specificity that is proficient at
cleaving both the wild-type and F7)C substrates. In contrast,
clone 2-4 exhibits a 3.7-fold in vitro preference for the
T(—7)C recognition sequence over the wild-type substrate. This
éoreference is slightly greater than the observed 3.1-fold in vitro
preference of wild-type I-Scel for cleavage of the wild-type site
over the TE7)C mutant sequence (Table 2).

To determine if clone 2-4 acquired the ability to cleave
purines at position-7, in vitro cleavage assays were repeated
with the T(=7)A and T(7)G substrates. Clone 2-4 has 3.2-
fold and 6.6-fold preferences for F{)C over T7)A and

(19) Moure, C. M.; Gimble, F. S.; Quiocho, F. A. Mol. Biol. 2003 334, (4),

685-695. suggesting that the presence of the fluorophore does not
(20) Hochuli, E.; Dobeli, H.; Schacher, Al Chromatogr1987 411, 177~ significantly perturb binding affinity (Table 4% During the
(21) Mohteilhet, C.; Perrin, A.; Thierry, A.; Colleaux, L.; Dujon, Blucleic

Acids Res199Q 18, (6), 1407-1413. (22) Beylot, B.; Spassky, Al. Biol. Chem2001, 276, (27), 25243-25253.
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Table 4. Dissociation Constants for Wild-Type I-Scel, 1-6, and 2-4 qualitative manner. Our study rigorously quantifies the se-
Variants with Wild-Type and T(~7)C Recognition Sequences quence preference of this enzyme at each position of its target
Ky, wild-type Ky, T(=7)C site.
recognition sequence recognition sequence - .
enzyme ‘ (nM)aq ’ (nM)aq Our substrate profiling results generally agree with the
wild-type I—-Scel 97+ 18 1345 7.7 fil_wdings of I_D_ujon a_nd cg-worke%%and indicgte that I-Scel is
evolved mutant 1-6 11412 11.6+2.7 highly specific for its wild-type cleavage site. The wild-type
evolved mutant 2-4 41351 12.4+5.3

sequence was enriched 52-fold after three rounds of selection
aThe data represent the average and standard deviation of threefor cleavage, growing from a predicted 0.44% prevalence in
independent measurements of binding affinity using fluorescence polariza- _anri ; :
tion of fluorescein-labeled recognition sequences. '_the pre e_nnchment library to an observed 23% representat!on
in the enriched library. The next most prevalent sequence, which
course of two rounds of evolution, the characterized mutants COntains the single mutation G(7)T, represents only 3.4% of
show a decreasing affinity for the wild-type sequence while the the enriched library (Figure 2). The specificity of the enzyme

affinity for the T(~7)C sequence remains constant (Table 4). ¢an also be measured by our observation that I-Scel only
With the exception of the wild-type enzyme, the difference tolerates an average of 1.1 mutations in its 18-base site among

between the binding affinities for the two substrates largely Cleavable substrates. ' _
mirrors the difference between the relative cleavage efficiencies 1-Scel shows little specificity at the' &nd of its cleavage

site. Indeed, the T(8)C transition is slightly favored (47% C,

(Tables 2 and 4).
_ _ 36% wild-type), and non-wild-type bases are favored over the
Discussion wild-type bases (55% to 45%) for positions 9-11. The lack of

Previously developed methods to evolve DNA-binding pro- specificity at the 3end of the substrate is also consistent with
teins with tailor-made substrate specificities have provided the structure of I-Sce which suggests only one direct protein
valuable insights into the mechanisms of DNA recognition. DNA contact in this region. Most of the enzym®NA contacts
Extensive efforts to evolve zinc finger domains, for example, in this region involve phosphate interactions that are more likely
have led to the development of recognition modules for most to enhance affinity rather than specificity.
three-base triplets and a detailed understanding of many of the The enzyme exhibits a strong prefereneé%% of the sites
key interactions at a molecular lev@24In contrast, successful ~ that can be cleaved) for wild-type bases at positieffs —4,
methods to evolve DNA-modifying enzymes have only begun —3, —2, 3, and 6. In particular, wild-type I-Scel almost
to be reported. For example, Voziyanov, Schultz, and their exclusively requires adenine at positier2 (97% of cleavable
respective co-workers reported the use of fluorescent activatedsites), cytosine at position 3 (98%), and guanine at position 6
cell sorting to evolve interactions between recombinases and(97%). Based on the available crystal structure of the I-Scel
novel DNA substrate®>26 More recently, Griffiths and co-  bound to its recognition sequence, Arg 88 and Arg 48 form
workers have used in vitro compartmentalization to alter the bidentate hydrogen bonds to G(3) on the antisense strand and
DNA specificity of Hadll methyltransferasé@’ These efforts G(6) on the sense strand, respectively. This canonical mode of
have highlighted the value of effective selection methods to interaction of N1 and N, of arginine with & and N of guanine
enable the engineering of enzymes with novel DNA specificity. is one of the most abundant specific contacts observed in recent

In the present work we have developed an efficient in vivo SUrveys of proteirDNA contacts, suggesting that it is likely
selection system for homing endonuclease activity that enables2n important specificity-determining interaction. The high degree
the researcher to exert evolutionary pressure to favor cleavageP! SPecificity at position {2) may be explained by the hydrogen
of desired substrates and also to disfavor the cleavage of non.Pond between Lys 193 and thef Carbonyl oxygen of T¢2)
target DNA sequences. The use of this system to generate®" the antisepse stra.nd, another frequently observed interaction
multiple endonuclease variants with tailor-made DNA specifici- @Mong proteirDNA interfaces™®
ties, in combination with structural analysis, may enhance our On the basis of the structural information suggesting that the
understanding of mechanisms of sequence-specific DNA rec- high degree of specificity we observed for I-Scel’s cleavage of
ognition and cleavage. In addition, such efforts may enable the T(—7) arises from a single Asn 152-¥7) interaction, I-Scel
creation of new nucleases for the site-specific manipulation of Variants were selected for their ability to cleave the-T|C

long DNA sequences or complex mixtures of DNA. recognition sequence preferentially over the wild-type sequence.
After two rounds of evolution involving both positive and

negative selection, clone 2-4 was shown to significantly prefer
the T(—7)C sequence over the wild-type substrate both in vivo

To apply this selection system to the evolution of I-Scel var-
iants with novel DNA specificities, it was first necessary to un-
derstand the comprehensive specificity of the wild-type enzyme. N Lo
I-Scel has previously been characterized by Dujon and co-work- and in vitro. The 3.7-fold in yltro preference .Of mutant 2-4 to
erg8 as one of the most specific homing endonucleases known..CIea.ve the T{7)C substrate !nstead of the wild-type substrate
They created single-base mutants at each position and assess ashgptlytgreaﬁedr :han the wild-type entzhym_re ?:3.1-fold prefer-
the efficiency of their cleavage by the wild-type enzyme in a ence for the wiid-type sequence over the- I sequence.

Despite oversampling in our round 2 library (1.7 times the

(23) Beerli, R. R.: Barbas, C. Wat. Biotechnol2002 20, (2), 135-141. theoretical complexity), clone 2-4 was the sole survivor.
(24) Pabo, C. O.; Peisach, E.; Grant, RA&n. Re. Biochem2001, 70, 313— Theoretically, this same enzyme should have been represented

40. : ; ;
25) %/ogiyanov, ¥ : Konieczka, J. H.: Stewart, A. F.: JayaramJMMol. Biol. at least 16 times through degenerate codon usage. Diversity may

2003 326, (1), 65-76.
(26) Baldwin, E. P.; Martin, S. S.; Abel, J.; Gelato, K. A.; Kim, H.; Schultz, P.  (28) Colleaux, L.; Dauriol, L.; Galibert, F.; Dujon, BProc. Natl. Acad. Sci.

G.; Santoro, S. WChem. Biol.2003 10, (11), 1085-1094. U.S.A.1988 85, (16), 6022-6026.
(27) Cohen, H. M.; Tawfik, D. S.; Griffiths, A. DProtein Eng. Des. SeR004 (29) Lejeune, D.; Delsaux, N.; Charloteaux, B.; Thomas, A.; Brasseur, R.
17, (1), 3—11. Proteins: Struct., Funct., BioinR005 61, (2), 258-271.
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sequence is preferred over the wild-type substrate. Our observa-
tions that both round 2 mutations are necessary to effect this
change in specificity together with their adjacency in the primary
sequence of the enzyme suggests that these substitutions together
induce a conformational change that accommodates the
T(—7)C substrate better than the wild-type substrate. Indeed,
the Trp 149 Gly mutation represents a 115d&crease in protein
volume at the proteirDNA interface (Figure 3§! This loss
in volume could be accommodated by a significant rearrange-
ment of the protein but perhaps more likely is filled, at least in
part, with water molecules that may participate in enhancing
interactions with the T£7)C substraté? While these hypotheses
are consistent with the structure of I-Scel bound to its recogni-
tion sequenceé? further studies are required to fully dissect the
structural basis of the specificity change for clone 2-4.

Since reverting Trp 149 in mutant 2-4 to the wild-type glycine
results in a loss of specificity, mutations Asp 150 Cys and Asn

\" 1497 Sl 152 Lys are necessary but not sufficient to explain the observed
A . specificity change in clone 2-4. The creation and application

. & \ . ' of a negative selection system to disfavor the wild-type sequence

# ! was a necessary step in the evolution of clone 2-4 as its round

1 precursor was able to survive the positive selection at a high
survival rate despite its undesirably broad specificity. The use
of a negative selection was also required to achieve altered, as
opposed to broadened specificity during the evolution of
recombinase enzyméd33 In contrast, previous efforts to
generate homing endonucleases with novel cleavage specificities
‘ have not applied negative selection, with varying restifs.

: Although negative selections are not always necessary to
Figure 3. Mutations in evolved enzyme 2-4. (Top) Crystal structure of generate nucleases with altered specificities, our results dem-
I-Scel? (gray) bound to the wild-type recognition sequence (tan) with the . . .
location of the three amino acids (red) mutated in evolved clone 2-4. The onstrate that a negative selection can be a simple and powerful
two scissile bonds are shown in cyan, and the first base pair of the tool for applying evolutionary pressure against enzymes with
recognition sequence-(7) is shown in green. (Bottom) Close-up view of broad d ificiti
I-Scel indicating the residues that are mutated in clone 2-4. This figure Proadeneda Speciicites.
was created usigng PyMGE and the coordinates of Protein Data Bank Homing endonuclease activities as assayed in vivo and in
structure 1R7M: vitro have previously been reported to differ significarfh.
I " . We observed similar differences in our system, as survival rates
have been lost transitioning between the positive and negative. y

selections where the larger background colonies can dominate" V0 between wild-type and H7)C mutant substrates

. typically differed more than cleavage efficiencies measured in
by cell mass the smaller true survivors. A second round of . LT .
. . " . .. vitro. Intrinsic differences between the requirements for cell
enrichment in the positive selection may be helpful to amplify

. . survival and the nature of in vitro competition assays may
the true survivors at the expense of background survivors. explain these observations. If nuclease cleavage of tha)i
The recently solved structure of I-Scel bound to its recogni- P ' 9

. ) ) . site falls below a threshold of activity needed to reduce CcdB
tion sequenc® provides the opportunity to analyze the basis . Y .

, o . expression to sub-lethal levels, the in vivo assay will not detect
of the evolved mutants’ altered specificity (Figure 3). In the cleavage even if significant cleavage is taking place. Given that
wild-type structure, the side-chain carboxamide of Asn 152 is 9 9 g gp X

predicted to form a single hydrogen bond with th&darbonyl we are able to detec_t arange of S““’"’?" frequenc_les N VIvo
. . . (Table 1), however, it is unlikely that this explanation is the
oxygen of T7) in the major groove. Wild-type I-Scel does T . : .
. . . sole cause of in vivein vitro differences. Previous studies have
not recognize the H7)C substrate as efficiently as the wild- ; O
. . also observed higher apparent specificities in yWivowhere
type substrate presumably because the exocyclic amine of

. . ._conditions more closely mimic a natural setting in which the
cytosine cannot accept a hydrogen bond from the S'Ide_Chamenz mes must find their cognate sequence from among a vast
amide nitrogen of Asn 152. The carboxamide may not be able y 9 d g

to rotate to accommodate this new substrate because it isexcess of noncognate genomic D& excess that is reduced

predicted to make an additional hydrogen bond to Asp 150. under typical in vitro assay conditions.
Clone 1-6 (Asn 152 Lys) may still be able to make hydrogen Our most evolyed ENzyme possesses a 3'7_.f0|d preference
bonds to thymine in the wild-type recognition sequence and for the T(=7)C site over the wild-type site. This degree of
also to cytosine (or to the guanosine nucleotide on the opposite

Carlos, CA, 2004.

strand) in the T{7)C sequence (Figure 3). This possibility may )

contribute to the observed ability of clone 1-6 to cleave the (31 %fli(ghltggéT- EProteins 2nd ed.; W. H. Freeman and Company: New
| York, 1993
)

(30) DeLano, W. L.The PyMOL User’'s Manuakd.; DeLano Scientific: San

wild-type and mutant substrate with comparable efficiency.  (32) Jayaram, B.; Jain, TAnn. Re. Biophys. Biomol. Struc2004 33, 343
hi 361.
Clone 2-4 (Trp 149 Gly, Asp 150 Cys, Asn 152 Lys) exhibits 55 'Sihior0 s w.; Schultz, P. @roc. Natl. Acad. Sci. U.S.2002 99, (7),
a change in specificity in which the F{)C recognition 4185-4190.
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specificity is very similar to the specificity of wild-type I-Scel
for the wild-type site over T€7)C (Table 2.) As mentioned,
I-Scel is known to be one of the most specific homing

copies of T(7)C sites were introduced into th#dlilI/ Bglll fragment
to generate pCcdB-mut6.
Plasmid pEndoSce was constructed by introducpgi and Notl

endonucleases, and as a result, it is often used for genomesites into PACYC177 using the PCR primersGCTACAGCATGC-
engineering where cleavage of a noncognate site would result CGACAACGCAGACCGTTCCGTGGC and 8SATCTAAGCGGC-

in a lethal double-stranded chromosome br&&kEspecially

in light of differences between in vitro and in vivo assays, the
observed specificity of these and similar I-Scel variants may
be sufficient for their use in vivo to target natural or engineered
noncognate sequences within genomic DNA.

Conclusions

We report the development of a strategy for the directed
evolution of homing endonucleases with altered substrate
specificities and its application to evolve mutant I-Scel enzymes
that prefer to cleave a mutant DNA sequence over the wild-

CGCTCAGAATTGGTTAATTGGTTGTAACACTGG. TharaCand
pBAD promoter were amplified from pT2Bglusing the PCR primers
5-GCTACAGCATGCGCATAATGTGCCTGTCAAATGGACG and
5-GCGGACGTGCCATGGGTATATCTCCTTCTTAAAGTTAAAC-
AAAATTC, creating SpH and Ncd sites. The DNA encoding I-Scel
endonuclease was amplified by PCR from pSupE-I-Saading 5-
AGCTCCATGGCAATGAAAAACATCAAAAAAAACCAGG (primer
1) and 5-TATCAAATGCGGCCGCTTATTATTTCAGGAAAGTTT-
CGGAGG (primer 2). A silentEcdRl site for library cloning was
introduced into I-Scel using PCR primer 1, primer 2,GCAGTC-
GAATTCTACCAACAAATCGATCGTAC, and B-GCAGTCGAAT-
TCTTGTTGTAATCCCATTTACCACC. The catalytically inactive
mutant of I-Scel (containing the Asp 44 Ser mutation) was amplified

type substrate. Our approach combines a positive selection forfrom pSupE-I-Scel-D448 with primers 1 and 2 and subcloned into
target DNA cleavage with a negative selection against cleavagependoSce as bicd/Not fragment.

of nontarget DNA sequences. The resulting two-plasmid selec-

tion system is simple to use, should be applicable to other

Library Construction. The round 1 library was constructed by PCR
using the primers'sCTTTAAGAAGGAGATATACCCATGG (primer

endonucleases, and is efficient enough to evaluate large libraries3) and GTTGGTAGAATTCTTNNNGTAATCCCATTTACCACC

(> 1 transformants) using only two rounds of enrichment. We

and cloned into the larggcd/EcaR| fragment of pEndoSce. The round

also used a selection-based system to comprehensively profile? library was created using primer 3 together withGI TGGTA-

the substrate specificity of the I-Scel homing endonuclease.
These results suggest the feasibility of extensively exploring
the plasticity of nucleaseDNA interfaces and may also
facilitate the creation of additional homing endonuclease
enzymes with tailor-made DNA cleavage specificities.

Experimental Section

General Reagents and Methods DNA oligonucleotides were
purchased from Sigma-Genosys or Integrated DNA Technologies or
synthesized on an ABI Expedite 8909 DNA synthesizer (PerSeptive
Biosystems). Restriction enzymes, Vent DNA polymerase, T7 DNA
polymerase, and T4 DNA ligase, were purchased from New England
BioLabs.Taq DNA polymerase was purchased from Promega.

Plasmid Preparation. Plasmid pCcdB was constructed by introduc-
ing Aatll and Asd sites into the plasmid pBar2-I-Scal-site (trimgr)
using the PCR primers' BSCTATAGGCGCGCCTTTACAAAAAT-
CAGATAAGCATGCC and 5GCATTAGACGTCCAGGCACAT-
TATGCATCGATGATAAGC. A fragment including thé&ac promoter
driving expression of &acZo.—ccdBfusion was amplified from pZero-2
(Invitrogen), introducingAatll and Asd sites using the PCR primers
5-GCATTAGACGTCGAGTTACAACAGTCCGCACCGCTGTCC and
5-GCATTAGACGTCGCGCAACGCAATTAATGTGAGTTAGC. The
ColE1 origin was amplified from pUC19 using the PCR primers 5
TGTCTAATCGATCTGGCGTTTTTCCATAGGCTCC andHGTC-
TACCGCGGAGACAGATCGCTGAGATAGG and introduced into
pCcdB usingSadl and Clal sites.Afllll and Bglll sites were introduced
into pCcdB using the PCR primer§6GCGCGCCTTTACAAAAAT-
CAGATAAACGTGTCTGAGATCAAACTGTCACATTGAGGTGC
and B-GCACTAGTTATTACCAGAGATCTTCGGATCAAACGCCAT-
GAGCG with a modified version of the multiple Quickchange
protocof* that lacks the final PCR step. These restriction sites were
used to introduce one copy of wild-type I-Scel site (TAGGGATAA-
CAGGGTAAT) for pCcdB-wtl. Two copies of wild-type sites were
also introduced into thithd/Sadl fragment of this plasmid along with
three copies adjacent to the original copy to create pCcdB-wt6. For
pCcdB-mut3, two copies of H7)C sites (CAGGGATAACAGGG-
TAAT) were introduced between th¢hd and Sadl sites and a single
copy was introduced into thAfllll/ Bglll fragment. Three additional

(34) Sawano, A.; Miyawaki, ANucleic Acids Res200Q 28, (16), e78.

GAATTCNNTTTNNNNNNNNNTTTACCACCATCATCCATGAAC-

C (where N= equal mixtures of all four nucleotides) and cloned into
theNcd/EcaRlI backbone of pEndoSce. The mutations at positions 149
and 150 from clone 2-4 were individually reverted back to wild-type
amino acid using primer 3 together withGTTGGTACAATTCTTTT-
TAT-AACACCATTTACCACCATCATCC and 5CTTGGTACAAT-
TCTT-TTTATAATCGCCTTTACCACCATCATCC, respectively. The
amplified fragments were cloned ascd/EcoRl fragments into
pEndoSce.

Positive Selection.Individual pEndo plasmids or libraries were
transformed by electroporation into DH1ZS coli competent cells
(Invitrogen) harboring pCcdB-mut3. Cells were recovered in 2xYT
containing 0.02% arabinose for 30 min at 32Z. Carbenicillin (Cb)
was added to final concentration of 1@@/mL and the cells were
transferred to 30C for 3.5 h. The cells were washed twice with 1x
M9 salts and then plated on both nonselective plates (2xYTb)
and selective plates (1x M9 salts, 1% glycerol, 0.8% Cas amino acids,
1 mM MgSQ, 1 mM CaC}, 2 ug/mL thiamine, 10Q«g/mL Cb, 0.02%
arabinose). Selective plates were grown for 3 days &tG30

Round 2 SelectionThe surviving clones from the positive selection
of the saturation mutagenesis library at positions 149, 150, 151, and
153 were streaked onto Cb and Cb/chloramphenicol (Cam) plates to
screen for clones without the CcdB encoding plasmid. The clones that
survived on Cb only were combined, the genes encoding the endonu-
cleases were amplified with primer 3 andtGCATTGCTGCAG-
GCATCGTG, and cloned into thelicd/Pst fragment of pEndoSce.

The resulting library was transformed into pCcdB-wt6 and processed
exactly as the positive selection, except that plates were supplemented
with Cam at 40ug/mL and did not contain IPTG. The plates were
grown for 2 days at 30C. The surviving colonies were combined,
and genes encoding endonucleases were amplified using primer 3
together with 5CCAATTCTGAGCGGCCGC (primer 4) and cloned
into the Ncd/Notl fragment of pEndoSce. The resulting library was
subjected to a final positive selection as described above.

Protein Purification. A C-terminal His-tag was added to the genes
encoding wild-type I-Scel, 1-6, and 2-4 by PCR using primer 3 together
with 5-CGTCCAGCTGCGGCCGCTTCCTGATGATGAT-GATGAT-
GATGTTTCAGGAAAGTTTCGGAGATAG. The resulting PCR prod-
ucts were cloned into the lardécd/Notl fragment of pBluescript Il
SK (+)-Nco 2 Plasmids were transformed into DH12S competent cells
and grown to OF° = 0.5. IPTG (1 mM) was added, and the cells
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were grown fo 4 h at 30°C. Cells were harvested by centrifugation
and resuspended in 40 mL of buffer A (200 mM Tris pH 8.0, 200 mM
KCI, 1 mM PMSF, 2 mM BME). Lysozyme (156g/mL) was added

for 10 min at room temperature, and the mixture was sonicated for
three 1 min cycles (10 s od s off, x6) using the microtip of a Sonic
Dismembrator 550 (Fisher). Cellular debris was removed by centrifuga-
tion at 4 °C, and the supernatant was filtered through a Om2
membrane. Ni-NTA agarose resin (36800 «L, Qiagen) was added

to the supernatant and agitated foh orovernight at £C. The mixture
was loaded into a column, washed with 10 mL of buffer A containing
15 mM imidazole, and eluted with 1.0 mL of buffer A containing 200
mM imidazole. Fractions containing homing endonuclease, identified

by PAGE analysis, were pooled and dialyzed overnight against storage

buffer: 10 mM Tris (pH 8.0), 100 mM NaCl, 1 mM DTT, 50%
glycerol. Aliquots were stored at20 °C. Relative protein concentra-

fy
P

i)

Po
wherefy, is the observed frequency of bdseat a given position in the
enriched library ang, is the frequency of base at a given position
in the starting library. Sequence logos were created by inpufting
values into the ENOLOGOS prograif.

In Vitro Cleavage Assays.One copy of the wild-type and F7)C
recognition sequences were cloned between Kied/Sadl and
AflllI/ Bglll sites of pCcdB, respectively, to yield pSites. One copy of
the T(=7)G and T¢7)A were cloned between théhd/Sadl sites of
pSites to yield pSites-G and pSites-A, respectively. Eight aliquots of
50uL containing cleavage buffer (10 mM Tris pH 8.0, 10 mM MgClI
1 mM DTT), 100 ng of pSites, pSites-A, or pSites-G, and 4g0mL

f5=

tions were determined by Western blot using a polyclonal horseradish BSA was preequilibrated at 3 for 10 min. Purified enzyme was

peroxidase-conjugatedx6His antibody (Abcam). The determination

added in 2-fold dilution to each of the tubes and incubated &tC30

of one absolute protein concentration was accomplished by densitometryfor 20 min. Reactions were stopped by adding EDTA (50 mM) and

using BSA standards analyzed by SDS-PAGE and staining with

freezing the samples on dry ice. Samples were extracted with 1:1

Gelcode blue stain (Pierce) and was used to calculate the proteinPhenol/chloroform (EMD Biosciences) and then exchanged into

concentrations of the remaining proteins. Quantifications were per-
formed in triplicate.

Library Construction for Substrate Specificity Assay. I-Scel

water using Centrisep columns (Princeton Separations). Samples were
then digested to completion with excdsstl to distinguish between

the cleavage of the wild-type and ¥{)C sites. Samples were ana-
lyzed using agarose gel electrophoresis and stained with ethidium

substrate specificity experiments were based on the method describedromide. The extent of cleavage was quantified by densitometry using

by Monnat and co-workers. A starting plasmid library of partially

randomized |-Scel homing sites was created using a 54-base oligo-

nucleotide designed (BCAAGCGGTGCTAGOAGGGATAA-
CAGGGTAAT CCGCGGCGATGTACGGCAATC) so that any given
position in the homing site (shown in bold) would have a 72%
probability of containing the wild-type base and a 9.3% probability of
containing each of the other three non-wild-type bases. The partially
randomized positions were created by incorporating pools of hand-
mixed phosphoramidites with different pools for each base. The
oligonucleotide was made double-stranded by primer extension with
T7 DNA polymerase and the primer-6ATTGCCGTACATCGC-
CGCGG. The resulting double-stranded partially randomized I-Scel
substrate library was digested withd and Sadl and ligated into the
Nhd/Sadl fragment of pCcdB to generate pCcdB-lib.

Sequential Enrichment of Cleavable |-Scel SubstratesThree
rounds of in vitro sequential enrichment were performed on pCcdB-
lib. For each round, 275 ng of the plasmid library was digested in a 20
uL reaction with purified wild-type I-Scel in I-Scel buffer (New
England BioLabs) and BSA (106g/mL) for 30 min at 37°C. The

an Eagle Eye Il densitometer (Stratagene). The amount of enzyme
necessary to cleave 50% of each site was determined in KALEIDA-
GRAPH (See Supporting Information). Each assay was performed in
triplicate.

Fluorescence Polarization Binding AssaysFluorescein-labeled
oligonucleotides were purchased from Sigma Genosys. The fluore-
scein label was incorporated into the recognition sequence using a
modified thymine base (FLDT). The wild-type substrate was GCT-
TATATTACCCTGI[FLDT]TATCCCTAGCGTAA, and the T{7)C
substrate was GCTTATATTACCCTG[FLDT]TATCCCTGGCGTAA.
Each oligonucleotide was slowly annealed to its complement. The
binding conditions were 10 mM Tris pH 8.8, 10 mM CaCl mM
DTT, 1.5 nM labeled substrate, and a constant concentration of enzyme
storage buffer. Increasing concentrations of enzyme were added to the
reaction and equilibrated at room temperature for-80 min.
Fluorescence polarization measurements were taken using an Analyst
AD (Molecular Devices) and analyzed using KALEIDAGRAPH as
described elsewhefé For each enzyme/substrate pair, multiple mea-
surements were taken, and the experiments with the three best data
fits were averaged.
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