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Abstract

Physical isolation of large segments of chromosomal DNA is a major
goal of human genetics. This would be greatly assisted by a generalizable
technique for the cleavage of chromosomal DNA at a single site. Pyrimidine
oligonucleotide directed triple helix formation is a generalizable motif for the
site specific recognition of duplex DNA. The pyrimidine oligodeoxy-
ribonucleotide is bound in the major groove parallel to the purine strand
through formation of specific Hoogsteen hydrogen bonds. Specificity is
derived from thymine (T) recognition of adenine-thymine (AT) base pairs
(T* AT triplet) and N3 protonated cytosine (C+) recognition of guanine-
cytosine (GC triplet). Theoretically, the binding site size is sufficient to specify
a unique site in gigabase DNA, yet the binding motif is sufficiently
generalizable to recognize an endogenous site every 1000 base pairs.

This thesis describes the application of oligonucleotide directed triple
helix formation to bind unique target sites in bacteriophage 2, yeast, and
human genomic DNA. Cleavage at the binding sites are achieved by affinity
cleaving with EDTA ¢Fe(Il) derivatized oligonucleotides, alkylation with
bromoacetyl derivatized oligonucleotides, and by site specific triple helix
mediated methylase inhibition followed by digestion with the cognate
endonuclease. Cleavage of genomic substrates with progressively greater
complexity is described. Bacteriophage A genomic DNA (48.5 kilobase pairs)
was targeted at a single endogenous homopurine site within the origin of
replication. This substrate was also used to demonstrate cooperative binding
of heterologous oligonucleotides to duplex DNA at contiguous binding sites.

An engineered target site on yeast chromosome III (340 kilobase pairs) was cut



quantitatively at a single site within total yeast genomic DNA (14 megabase
pairs) by both chemical and enzymatic techniques.

Techniques for the identification of endogenous triple helix target sites
within unsequenced genetic markers were developed and successfully used to
characterize a target site on human chromosome 4, proximal to the
Huntington disease gene. As a test for the site specific cleavage of gigabase
DNA, this site near the end of human chromosome 4 was cleaved by triple
helix mediated enzymatic cleavage. This generated a specific 3.6 Mb fragment
in greater than 80% yield that contained the entire candidate region for the

Huntington mutation.
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Chapter1

Introduction

Direct physical isolation of specific segments of DNA from the
human genome is a major goal in human genetics. A number of
technologies have recently been developed to manipulate and characterize
increasingly large DNA fragments with the intention of generating
detailed genetic and physical maps of the human genome (reviewed in 1-
3). These technologies have revolutionized the way DNA is separated,
cloned, and mapped. To complement these efforts, rare cleaving strategies
are being developed to infrequently cleave large chromosomal DNA at
specific sites (3).

Genetic and Physical Mapping of Human Chromosomal DNA.
Mapping of human genetic disorders was originally limited to sex linked
diseases or those resulting from cytogenetically detectable chromosomal
aberrations (1, 4). Techniques utilizing linkage between restriction
fragment length polymorphisms (RFLP) have facilitated detailed genetic
mapping of human chromosomal DNA (5, 6). Polymorphisms such as
single base changes that disrupt restriction enzyme cleavage sites or
variations in the number of tandem repeats (reviewed in 7) have served
as physical signals to test for the rate of recombination between two linked
loci (8). A rough estimate of the physical distance between two markers
can be determined by analyzing a number of recombination events to
access the frequency at which two RFLP are segregated. The distances are
measured in percent recombination or centimorgans. Through multipoint

linkage analysis the relative order of a number of genetic markers on a



chromosome can be assigned. Diseasé genes have been cloned solely by
their map position by analyzing genetic markers for linkage with genetic
diseases (1, 9-11). .

The rate of recombination along the length of a chromosome is not
constant, resulting in genetic maps that grossly under and over estimate
the distance between genetic markers (12). Physical maps, however,
measure the distance between genetic markers in base pairs, providing an
accurate measure of the physical linkage between RFLPs and disease genes.

Physical maps are generated by either a top-down or a bottom-up
approach (reviewed in 3). In the bottom-up approach, chromosomal DNA
is cloned into cosmid or yeast artificial chromosome (13) vectors to create a
library of small (less than 45 kb) to medium (400 kb average) sized DNA
inserts. Maps are generated by ordering the library into a single contig for
each chromosome, identifying the order of clones in the library by
detecting overlap between each clone. In the top-down approach the
chromosomes are broken into a few large pieces that are characterized and
ordered. These pieces are then cut into progressively smaller pieces which
are again characterized and ordered. Physical mapping by the top-down
approach was originally limited by separation of the cleavage products and
the availability of rare cutting agents capable of generating a small number
of large cleavage products. Strategies to eliminate both these limitations
have now been developed.

Physical mapping of human chromosomal DNA was facilitated by
the development of pulsed-field gel electrophoresis for the separation of
large DNA fragments (reviewed in 14, 15). Conventional electrophoresis
in a constant electric field was limited to resolution of DNA smaller than

50 kb in size. By periodically reversing the polarity of the current, the



resolution power of electrophoresis has improved to the point that
megabase DNA fragments can be resolved (16, 17). Separation is based
upon the reorientation of DNA in the electric field as a function of
fragment size, field strength, and pulse time. Larger molecules require a
longer amount of time to reorient to the altered current vector, and
therefore migrate more slowly through the matrix.

Physical Mapping by Rare Cutting Restriction Enzymes. The
development of pulsed-field gel electrophoresis enabled 50 kb to 5 Mb
DNA to be resolved, spurring efforts to create long range physical maps of
chromosomal DNA to complement the genetic maps that were being
developed. The quality of physical maps was limited by the paucity of rare
cutting cleaving agents capable of generating large chromosomal
fragments. Common endonucleases cut with sufficient frequency that
~ maps could not be extended more than a few thousand base pairs.
However, 6 bp endonucleases with CpG sequences were found to cut less
frequently than statistically predicted. These enzymes (Table 1.1)
combined with the discovery of a few CpG recognition enzymes with 7-8
bp specificities (18, 19) have enabled physical maps to be completed for E.
coli (4.5 Mb) (20) and some regions of human chromosomal DNA (12).

While powerful and simple to use, rare cutting endonucleases
suffer from a number of limitations. Because they predominantly cut
within CpG rich sites, a rare dimeric sequence often found at the 5' end of
genes (21, 22), all the endonucleases tend to cut multiple times within
clustered "CpG islands” (23). This produces fragments of very large and
very small sizes, making it difficult to detect overlap between different
digests, and resulting in significant gaps in physical maps. An additional

problem with rare cutting restriction enzymes is that CpG sequences are



- Average Product
Enzyme Recognition Sequence Size (kb)
Notl GCGGCCGC 1000
Mlul ACGCGT 500
Nrul TCGCGA 500
SgrAl CRCCGGYG 500
Pvul CGATCG 300
Rsrll CGG(A/T)CCG 200
Sfil GGCCNNNNNGGCC 200
Aatll GACGTC 100
Asull TITCGAA 100
BssHII - GCGCGC 100
Clal ATCGAT 100
Eagl CGGCCG 100
Fspl TGCGCA 100
Sacll CCCGCGG 100
Sall GTCGAC 100
Smal CCCGGG 100
SnaBI TACGTA 100
Xhol CTCGAG 100
Pacl TTAATTAA 20

Table 1.1. The names, recognition sequences and average
fragment sizes of restriction enzymes commonly used for
genomic mapping. Note that with few exceptions the enzymes
contain a CpG sequence (underlined) in their recognition site.

frequently methylated at the 5-position of cytosine in mammalian DNA
(21, 22), and many of the restriction enzymes are sensitive to the
methylation state of the recognition sequence. This causes the observed
cleavage pattern to vary with the cell passage and the tissue from which
the DNA was isolated, significantly complicating data interpretation.
Additionally, only a few rare cutting enzymes have been discovered,
limiting the sequences that can be targeted.

Alternate Strategies for Rare Cutting Reagents. Dpnl Cleavage of
Methylated DNA. A number of strategies have been developed to extend

the recognition site size, reduce the cleavage frequency, and improve the



generalizability of sequence recognition. Initial efforts for creation of rare
cutting reagents used combinations of methylases with Dpnl, a restriction
enzyme that only cuts the sequénce 5'-GMeATC-3' in which adenines on
both strands are methylated. The 8 bp sequence 5-TCGMeATCGA-3' could
be uniquely targeted by modifying each 5-TCGA-3' half site with Taql
methylase (24). This generated a central Dpnl recognition sequence for
cleavage (underlined). Using a similar approach with different
methylases, larger specificities were achieved. Ten bp sequences 5'-
ATCGMeATCGAT-3' and 5-GAAGMeATCTTC-3' were uniquely cut by
Dpnl using Clal methylase (5'-ATCGMeAT-3') and Mbol methylase (5'-
GGAGMeA-3), respectively (24, 25). Simultaneous methylation with both
Clal and Mbol, resulted in cleavage at the previous two sites and at 5'-
ATCGMeATCTTC-3". Finally, a 12 base pair target site (5'-
TCTAGMeATCTAGA-3") was achieved with Xbal methylase (5'-
TCTMeAGA-3') and Dpnl endonuclease (26). The 2.9 Mb circular genome
of Staphylococcus aureus was cut into two fragments using Clal methylase
and Dpnl (27). A number of additional specificities could also be
developed through the use of other methylases (24). The technique is
limited, however, by Dpnl cleavage at hemimethylated sites, resulting in
partial digestion and significantly smaller specificities than predicted.
Protein Mediated Achilles Heel Cleavage. Modification of
restriction enzyme specificity through the use of methylases formed the
basis of a more robust rare cutting strategy, protein mediated Achilles heel
cleavage (28, 29). A number of DNA binding proteins have recognition
sites greater than 10 bp in size, but do not cleave the DNA. Specific
cleavage can be directed to these sequences by conferring the specificity of

the DNA binding protein upon a restriction enzyme. If the recognition



sequence 6f the DNA binding protein contains a restriction enzyme site,
that site can be uniquely cut by forming the protein/DNA complex and
methylating to completion with the cognate methylase. The single site
bound by the protein remains unmodified. Following protein removal
the site is uniquely susceptible to digestion by the cognate restriction
enzyme. The 20 bp site 5-~AATTGTGAGCGCTCACAATT-3' was targeted
for cleavage using lac repressor, Hhal methylase (5'-GCGC-3'), and Haell
endonuclease (5-AGCGCT-3"). The 17 bp target site 5-TACCACTGG-
CGGTGATA-3' was cut using A repressor and the Hphl cognate enzymes
(28). This approach to site specific cleavage was successfully employed on
plasmid DNA, and the genomes of E. coli and Saccharomyces cerevisiae
(29).

Protein mediated Achilles heel cleavage formed the basis for
general rare cutting techniques (30-34), but was itself limited by a paucity of
target sites and compatible proteins. The large recognition sites of the
technique were not amenable to standard protocols for physical mapping
because cleavage was too infrequent. Statistically, the 20 bp recognition
site is predicted to occur only once every 1012 bp, or once in a genome 300
times larger than that of man. Therefore, to cut even once within total
human genomic DNA the target site must be physically inserted.
Although this is a fairly straightforward task in bacterial and yeast
genomes, it is much more difficult in the human genome. Nevertheless,
it produced quantitative single site cleavage of large genomic DNA at
engineered target sites and could be useful for physical mapping
techniques that utilize random transposon insertion of the target site.

Very Rare Cutting Restriction Enzymes. Other rare cutting reagents

have also been developed. Boehringer Mannheim has recently



announced the discovery of a restriction enzyme with 18 bp specificity.
Although this might suffer the same problems as the Achilles heel
technique, i.e,, it is too specific and not generalizable, it could also be
useful for transposon based mapping strategies. A similar application
could be found for the intron encoded maturases that have specificities
exceeding 15 bp (35, 36).

Radiation Hybrid Mapping. A technique based upon a significantly
different cleaving strategy might also be considered a rare cutting reagent
(37). Radiation hybrid mapping is a method used to randomly cut
chromosomal DNA by high dose x-rays and recover broken chromosomal
fragments in somatic cell hybrids. The frequency at which two markers
are recovered together in the rodent-human hybrid clones is a direct
measure of the distance between the markers. By estimating the frequency
of breakage, a physical distance and order can be estimated. Although
irradiation does not generate cleavage at a single region or target sequence,
the recovery of single molecules in individual hybrid clones is equivalent
to single site cleavage. The technique has been used to create a long range
radiation map of human chromosome 21 spanning 20 Mb (37). The cell
lines that result from the technique have proven useful for high
frequency generation of region specific clones (38). Unlike the previous
rare cutting strategies, radiation hybrid mapping does not rely on pulsed-
field gel electrophoresis for resolution of the cleavage products, but it does
facilitate the recovery and mapping of large regions of genomic DNA.

Microdissection. A crude technique to generate specific
chromosomal fragments is chromosomal microdissection (39). Using
either laser oblation or a high precision scalpel, physical regions of

chromosomes marked by cytogenetic banding are cut out, pooled and



specific regions of the excised DNA amplified using the polymerase chain
reaction. Although not satisfactory for many applications on genomic
DNA, and not technically a mapping technique, it was able to generate
flanking markers that lead to the successful isolation of the fragile site on
the X-chromosome (40, 41).

Each of these techniques has been used for the mapping and
isolation of genomic DNA. The effort would be significantly assisted,
however, by the development of an efficient rare cutting strategy that
could be specifically targeted to any of a large number of endogenous
sequences throughout the human genome. Oligonucleotide directed
triple helix formation is capable of unique molecular recognition of
duplex DNA at binding sites greater than 12 base pairs in size, and is
sufficiently general to recognize endogenous target sites at high frequency.

Oligonucleotide Directed Triple Helix Formation. Based upon work
in polynucleotide mixing studies, Moser and Dervan demonstrated that
pyrimidine oligodeoxyribonucleotides bind duplex DNA sequence
specifically at homopurine sites to form a local triple helix structure (42).
The pyrimidine oligomer is oriented in the major groove of DNA parallel
to the Watson-Crick purine strand and binds by Hoogsteen hydrogen
bonding. The "code" for triple helix specificity is derived from thymine
(T) binding to adenine-thymine base pairs (T®AT base triplet) (43) and
protonated cytosine (C+) binding to guanine-cytosine base pairs (C+GC
base triplet) (Fig. 1.1) (44-47). By attaching the nonspecific affinity cleaving
molecule EDTA *Fe(II) (48) to an oligonucleotide, Moser and Dervan
demonstrated the binding of an oligonucleotide to a 15 bp purine target
site. They found that the binding specificity was sufficient to define a

single target site in plasmid DNA (4.0 kb) (Fig. 1.2) (42). As a function of
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Fig. 1.1. Isomorphous T*AT and C+GC base triplets formed by
Hoogsteen hydrogen bonding of a pyrimidine strand in the major groove
of double helical DNA. The relative orientations of the three strands are
indicated as + or -, and the bases are in the anti conformation.

the temperature of the binding reaction, the oligonucleotide could
differentiate the target site from a similar site containing a single base
mismatch by at least a factor of ten. They also demonstrated the
importance of neutral to acidic pH and the requirement for a polycation

such as spermine or cobalt-hexamine Co(NH3)e3+ for efficient complex

formation.
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Fig. 1.2. Schematic of oligonucleotide directed triple helix formation
showing the binding of a 15 base pyrimidine oligomer to a 15 bp homopurine
target site. The third strand is bound in the major groove of the DN A duplex
parallel to the purine strand. Moser and Dervan used this system to
demonstrate site specific cleavage of plasmid DNA mediated by triple helix

formation.
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The structure of the triple helix was initially estimated by fiber
diffraction of polynucleotide complexes (49, 50). It suggested that the
triplex was in an A' conformation usually observed for double helical
RNA under high salt conditions. While a high resolution image of the
complex was not possible, the studies indicated some salient structural
features including Hoogsteen hydrogen bonding for complexation. The
bases of the helix were predominantly flat with a base tilt of =8.5°, and all
three strands were in a C-3' endo sugar conformation with antiglycosidic
bonds. The helix had a 30° rotation about the helical axis per residue, an
axial rise per residue of 3.26 A, and a pitch height of 39.1 A.

Two dimensional H! NMR of an oligonucleotide triple helix
complex provided additional insight into the structure of the triple helix
(51-53). NMR directly observed the imino proton at the C3 position of
cytosine in the third strand. The protonation of this position had been
implicated by the marked pH sensitivity of the C+GC triplet. While both
pyrimidine strands were found in the C-3' endo sugar conformation, the
purine strand adopted a different conformation that appears to be
sequence dependent (54-58).

Thermodynamics of the pyrimidine triple helix motif was studied
using UV melting, NMR, CD, and differential scanning calorimetry (59,
60). Estimates for the enthalpic contributions (AH®) to triple helix
formation at pH 6.5 and 200 mM NaCl indicated that the complex is
stabilized by approximately 2.0 kcal/mol base triplet compared to 6.1
kcal/mol base pair for duplex DNA (59). Entropically the triplex is more
favored than duplex formation, owing to the fewer degrees of freedom

eliminated by the binding of a single stranded molecule to a stiff duplex.
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The values are approximately 6.5 cal/mol-°’K for the triplex transition
compared to 18.5 cal/mol-°K for the dup%ex transition (59).

The ability of an oligonucleotide to sterically inhibit the activity
of DNA binding proteins at a single target site was demonstrated by
Maheret al. (30). These studies showed that a local triple helix complex
can inhibit methylases, restriction endonucleases, and transcription factors
when the triplex overlaps the protein binding site. Restriction enzyme
inhibition facilitated a complete kinetic analysis of triple helix formation
(61). Mabher et al. demonstrated that the oligonucleotide binding reaction
kinetics were pseudo-first order in oligonucleotide concentration with a
comparatively slow on rate (1.8 x 103 L.(mol of oligomer)-1:s-1) and an
equilibrium dissociation constant of 10 nM. An increase in the pH of the
binding reaction from pH 6.8 to 7.2 resulted in a small reduction in the
association rate, but a significant increase in the dissociation rate (61). The
specific inhibition of a transcription factor was subsequently studied in
vitro for possible use of the triplex as an artificial gene-specific repressor
(62).

Techniques for Oligonucleotide Mediated Cleavage of DNA.
Oligonucleotides were chemically modified to facilitate triple helix
mediated cleavage of DNA. Moser and Dervan generated double strand
cleavage at a single site in plasmid DNA (4.0 kb) by affinity cleaving using
an EDTA #Fe(Il) substitution at the C5 position of a single thymidine (T*)
in the oligonucleotide (42, 48) (Fig. 1.3). The DNA backbone was cut by
oxidation of the deoxyribose backbone by a short-lived nonspecific
diffusible hydroxyl radical with double strand cleavage efficiencies of less

than 10%. Perrouault et al. achieved photo-induced double strand
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Fig. 1.3. DMT-protected T*-phosphoramidite-triethylester used for
automated synthesis of affinity cleaving oligonucleotides containing
EDTA.

cleavage of a 32-mer duplex by covalently attaching an ellipticine
derivative to the 3' phosphate of the pyrimidine oligonucleotide and
irradiating at wavelengths greater than 300 nm (63). Double strand
cleavage efficiencies were not reported. Enzymétic cleaving functionalities
were also used for triple helix mediated cleavage. Pei et al. synthesized a
pyrimidine oligonucleotide conjugated at the 5' phosphate with
staphylococcal nuclease and generated target specific double strand
cleavage of plasmid DNA in greater than 75% yield (64). The cleavage
occurred predominantly at A+T rich sites to the 5' side of the target
sequence. The linker arm was sufficiently long, however, to accommodate
cleavage at several base positions.

Cleavage by each of these oligonucleotide conjugates showed
specificities mirroring that of the triple helix. Two additional approaches
combined oligonucleotide binding specificity with a sequence specific
cleaving function. Povsic and Dervan synthesized an oligonucleotide

containing a bromo-acetyl moiety attached at the 5-position of the 5'
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terminal thymidine (65). They observed sequence specific alkylation at the

N7 position of G, two bases to the 5' side of the triple helix binding site
(65). Presumably no alkylation would have occurred if a base other than G
were present at this position. Work up with piperidine resulted in near
quantitative cleavage of a single strand within the duplex (65). Double
strand cleavage was achieved by positioning two single strand cleavage
sites near each other, but on opposite strands (66). Alkylation of G was
also achieved using a N4, N4-ethano-5-methyldeoxycytidine derivative,
though its position within the binding site did not lead to additional
specificity from the cleaving function (67).

Enzymatic cleavage of a target site could be achieved through the
use of triple helix mediated Achilles heel cleavage. Maher ef al.
demonstrated that an oligonucleotide could prevent modification of an
~ overlapping methylase recognition site (30). Following methylase
inactivation and triplex disruption, the triple helix binding site was the
only site susceptible to digestion by the cognate restriction enzyme.
Cleavage specificity was the nonoverlapping sum of the oligonucleotide
binding and the restriction enzyme specificities. Maher ef al. used a 21
base oligonucleotide to mediate near quantitative double strand cleavage
of a 23 bp target site using Taql methylase and restriction enzyme (30).
Using EcoRI methylase and endonuclease, Hanvey et al. cut a 15 bp target
site with a 12 base oligonucleotide (31). Inhibition of methylase activity at
a single site in plasmid DNA suggested that triple helix mediated Achilles
heel cleavage could find application for the site specific cleavage of large
genomic DNA. The combinatorial approach to target site recognition and
cleavage in the later two strategies was critical to the achievement of single

site cleavage in genomic DNA (32, 33, 66).
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Recognition of Additional Sequences by Triple Helix Formation.
Oligonucleotides utilizing base triplets T® AT and C+GC can be designed to
bind only a small fraction of all potential‘lé bp target sites. Binding is
limited by the lack of a recognition "code” for sequences containing
pyrimidines within the purine strand, and the inability to recognize
sequences containing contiguous G's. The number of sequences now
targetable by pyrimidine oligonucleotide directed triple helix formation
has been greatly extended by the discovery of additional triplet specificities,
the synthesis of novel heterocycles, and synthetic modifications in the

DNA backbone.

H-N
W, Ny \
S B ==
CH, o M\
N- N\=N
4 i
/ o

G-TA Triplet

Fig. 1.4. Model proposed by Griffin and Dervan (68) for G
recognition of a TA base pair within the pyrimidine motif.

The recognition of mixed purine/pyrimidine sequences was first
achieved by the discovery of a specific interaction between guanine and a
thymine-adenine base pair (G*TA base triplet) (68). Although the nature

of the interaction awaits characterization by NMR, the simplest model for
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the G*TA triplet places G in the anti conformation forming at least one
hydrogen bond between G and T, likely N-2 of G with O-4 of T (68). Sites
containing up to two TA bp were targetable by triplex formation using this
novel triplet (68). Subsequent studies suggested that recognition might
not be in the same plane as the rest of the base triplets resulting in a
requirement for an AT base pair to the 5' side of the TA base pair (69).
Although the affinity of G for the TA bp was low, it did show high

e

D,: 3-benzamidophenylimidazole

o

Dg: 3-napthamidophenylimidazole

specificity.

Fig. 1.5. Chemical structure of D3 and Dg novel heterocycles for the
recognition of TA and CG base pairs within the pyrimidine triple helix
motif.

Novel heterocycles were also designed to recognize pyrimidine base
pairs within purine rich sequences. The novel base 3-

benzamidophenylimidazole (D3) showed specificity for TA and CG base
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pairs with a requirement for a AT base pair to the 3' side of the pyrimidine
base (69, 70). Increasing the size of the phenyl ring to a napthyl group (Dg)
increased the binding affinity of the oligonucleotides high enough that
mixed purine pyrimidine sites could be targeted at near neutral pH (71).
Weak, but surprisingly specific binding, was achieved by incorporating an
abasic sugar into the oligonucleotide (72). Although the binding affinity of
the molecule was very low, it showed some specificity for pyrimidines at
the base pair opposite the abasic position (72).

The recognition of G rich sequences in the pyrimidine motif was
achieved by two novel heterocycles. Cytosine protonation destabilizes the
C+GC triplet at slightly acidic or neutral pH (42). 2'-O-methyl-
pseudoisocytidine and 3-methyl-5-amino-1H-pyrazolo-[4,3-d]pyrimidine-7-
one (P1) were each designed to include a proton donor for the N7 position
~ of G (73, 74). Oligonucleotides containing either of these bases facilitated
the efficient targeting of sequences containing a high G to A ratio at
neutral or slightly basis pH.

Although the canonical base triplets only provided recognition of
half the base pairs present in duplex DNA, it included a recognition "code"
for the purine half of all base pair combinations. If the oligonucleotide
could bind the purine half of each base pair by alternately binding to either
face of the major groove, a generalizable solution to duplex recognition
could be achieved. The parallel orientation of the third strand is such that
binding to alternating faces of the groove requires the synthesis of
oligonucleotides containing 3'3' and 5'5' linkages of the DNA backbone.
Horne and Dervan described alternate strand triple helix formation using
a 3'3' linkage that could target sequences of the class

(purine)mN2(pyrimidine), (75, 76). Ono et al. synthesized a 5'5' linkage
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capable binding weakly to sequences of type (pyrimidine)y(purine)my, (77).
They also designed an oligonucleotide containing both a 5'5' and a 3'3'
linkage capable of binding to alternate faces of the major groove by making
two crossovers (77). Extension of this strategy could facilitate binding to a
wide variety of target sites.

A Second Triple Helix Motif using Purine Oligonucleotides. In
addition to a pyrimidine third strand, polynucleotide studies detected a
three stranded complex containing a ratio of two purine strands per one
pyrimidine strand. Hogan et al. reported transcription inhibition by a G
rich oligonucleotide targeted to a promoter region of the c-myc gene
parallel to the purine strand using putative GeGC, A* AT, TeTA, and
CeCG triplets (78). Affinity cleaving experiments demonstrated that the
actual orientation of the oligonucleotide was antiparallel to the purine
strand and involved the formation of GeGC, A*AT, and T*AT base
triplets (79) (Fig. 1.5). The complex was found to be pH insensitive because
none of the triplets required protonation, but there was a requirement of
polycation (79, 80). Beal and Dervan postulated that the most reasonable
structure of the complex placed the phosphate backbone near the center of
the major groove and the bases in the anti conformation (79). Although
this structure has not been extensively characterized, thermodynamic
parameters on a single sequence suggest this structure is significantly more
stable than the pyrimidine triple helix, and has thermal stability and free
energy of formation comparable to duplex formation (81).

Beal and Dervan have demonstrated that linear combinations of
the purine and pyrimidine motifs are capable of binding to sequences of
the type targeted by alternate strand triple helix formation (82). Because

the binding orientation of the two triplex motif is reversed, there is no
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Fig. 1.6. Models proposed by Beal and Dervan (79) for GeGC, A*AT,
and TeAT base triplets with a purine®purine-pyrimidine triple helix motif
where the third strand is antiparallel to the purine Watson-Crick strand
and the bases are in the anti conformation.
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requirement for novel linkages at the crossover junctions.

Oligonucleotide Directed Triple Helix Formation Target Site
Frequency. The binding site size of triple helix formation is sufficiently
large to suggest that it might find application in the single site cleavage of
genomic DNA, but sufficiently generalizable to suggest that it could be
targeted to endogenous sequences within most genetic markers. The
frequency of sequences targetable by triple helix formation is an important
consideration in the possible utility of this technique.

A 16 bp recognition site (n = 16) defines 2,147,516,416 unique
sequences (S) as determined from equations 3.1 and 3.2.

4n 4n  4n/2
S=7 (nisodd) (Eq.1.1) S=5+>5 (niseven) (Eq.1.2)

This number is equivalent to the size of the human genome (=3 x 109 bp)
and indicates that a 16 bp recognition sequence is necessary to define a
single site in human genomic DNA. Pyrimidine oligonucleotide directed
triple helix formation utilizing T* AT and C+GC base triplets could
recognize 65,536 (216) homopurine sequences (42). A second triplex motif
utilizing GeGC, A*AT, and T*AT triplets statistically recognize the same
subset of 65,536 sequences, but G;rich sequences would be recognized more
efficiently with this motif (79, 80). The ability to recognize one TA base
pair (sequence class R15T1) by the use of a single G*TA base triplet within
the pyrimidine motif (68) increases the number of 16-bp sequences
recognized by 524,288 (16-215). Recognition of one CG base pair within the

pyrimidine motif (sequence class R15C1) by the novel heterocycles D3 or Dg
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Included Within # of New
Sequence Class | Nao | Ng Earlier Sequence Class: Sequences

R1NANBY13 R R - 65,536

R Y - 65,536

Y R - 65,536

% ¥ - 65,536

RoNANBY12 R R - 65,536
R Y RiNANBY13 0

Y R - 65,536
Y Y RiNANBY13 0

RaNaANgBY11 R R - 65,536
R Y Rao2NANBY12 0

¥ R - 65,536
Y | Y | RiINANBY13 & R2INANBY12 0

R4NANBY10 R R - 65,536
R Y R3NaANBY11 0

Y R - 65,536
Y | Y | R2NANBY12 & R3NANBY11 0

RsNANgBYo R R - 65,536
R Y R4NANBY10 0

X R - 65,536
Y Y | RsaNANBY11 & R4NaANBY10 0

RN ANBYs R R - 65,536
R Y RsNANBY9g 0

Y R - 65,536
) X R4NANBY10 & RsNANBY9g 0
R7NANBY7 R R Rs5NANBYg & ReNANBYs 0
R x RgNANBYs 0

¥ R - 65,536
Y Y RsNANBYg & ReNANBYSs 0

Total Sequences:|| 983,040

Table 1.2. Calculation of the number of sequences potentially
recognized by 3'-3' alternate strand triple helix formation. The two base
degenerate region in the center of the binding site, represented by N and
Np, complicates the calculation by causing significant sequence
duplication when using simpler algorithm.



(70, 71) increases the number by an additional 524,288 (16-215) sequences.
These sites could also be recognized by a T*CG triplet within the purine
motif (82). Binding to sites containing CG would not be unique. D3 and
Dg also have affinity for TA base pairs in the pyrimidine motif (70, 71), and
T has affinity for AT base pairs within the purine motif (82).

Alternate strand triple helix formation, in which junctions are
incorporated into the oligonucleotide to facilitate binding to homopurine
sequences that are alternatively on the Watson and the Crick strands (75-
77), significantly increases the number of sites targetable by triplex
formation. Oligonucleotides containing a 3'-3' linkage bind sequences of
the type (purine),NN(pyrimidine)14.n (1sn<14) affording 983,040 target
sites (Table 1.2) (75, 76). Binding to these sites is not single sequence
specific as the base pairs at the binding junction are not defined, i.e, a
single 14 bp oligonucleotide with a 3'-3' junction can bind 16 different 16
bp sequences. Oligonucleotides with a 5'-5' linkage bind sequences of class
(pyrimidine)n(purine)16-n (1sn<16) affording 524,288 single sequence
specific target sites (8216) (77). These sequences can also be targeted by
linear combinations of the purine and the pyrimidine motifs (82). While
statistically this does not expand the number of recognizable sequences, it
provides a second approach to binding the sites listed in this calculation.

The total number of sites recognized by triple helix formation is the
sum of each sequence class less the sequence duplications. The calculation
yields a total of 2,490,368 sites (Table 1.3). This represents 0.12% of all
possible 16 bp sequences and suggests that a site targetable by triple helix
formation will occur with an average frequency of once every 860 bp. The
number of sequences recognized would increase exponentially if the

motifs were combined, i.e., a double crossover, a crossover with a novel
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# of Sequences | # of Duplicated | # of Unique

Sequence Class Recognized Sequences Seguences
Rig¢ 65,536 0 65,536

R15T1 524,288 0 524,288
R15C1 524,288 0 524,288
Rn(NN)Y14-n 983,040 -65,536 917,504
YnR16-n 524,288 -65,536 458,752

Total Sequences:|| 2,490,368

Table 1.3. List of five major sequence classes recognized by
oligonucleotide directed triple helix formation. R and Y represent purine
and pyrimidine, respectively (Column 1). 3'-3' and 5'-5' alternate strand
triplex motifs duplicated a portion of the sequences recognized by novel
base triplets requiring an adjustment in the totals (Column 3).

base triplet, two novel base triplets, etc. While sequence composition
effects will significantly affect the validity of these calculations, the value
is possibly an underestimate of the total because it does not include
combinations of the sequence classes and homopurine sequences are
observed to occur at greater than statistical frequency (83, 84). This
calculation demonstrates that triple helix formation has become
sufficiently generalized that targetable sites will occur in high frequency
within human chromosomal DNA.

Description of Work. This thesis describes the use of
oligonucleotide directed triple helix formation for the site specific cleavage
of large genomic DNA. The work predominantly uses the pyrimidine
triplex for target site recognition. Cleavage is achieved by affinity cleaving
with oligonucleotides containing EDTA *Fe(lI), double strand alkylation
with oligonucleotides containing a bromo-acetyl electrophile, and Achilles
heel cleavage with cognate methylases and restriction enzymes. The

chapters are grouped according to the substrate of the cleavage reaction.
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Chapter II describes the site specific cleavage of bacteriophage A DNA
by affinity cleaving. Strategies for optimization of cleavage yields are
explored, and the specificity of triplex formation on a large, fully
sequenced substrate is described as a function of oligonucleotide
composition, pH and temperature. Cooperative binding of
oligonucleotides to abutting target sites on bacteriophage A DNA is
demonstrated and the possible source of the cooperative interaction
postulated.

Chapter III describes the site specific cleavage of an engineered target
site on chromosome III (340 kb) of yeast genomic DNA (14 Mb) by triple
helix mediated affinity cleaving and Achilles heel cleavage techniques.
Secondary cleavage sites are mapped on the chromosomal substrate,
nonspecific oligonucleotides are used to target endogenous sequences, and
the specificity of oligonucleotides containing base substitutions is
demonstrated. A complete protocol is included for insertion of triplex
target sites into yeast chromosome III.

Chapter IV demonstrates triple helix mediated enzymatic cleavage
of an endogenous target site near the tip of human chromosome IV. The
3.6 Mb fragment liberated by cleavage contains the entire candidate region
for the Huntington disease gene. Cleavage of the target site is achieved in
80-90% yield. The chapter includes a review of the literature describing
efforts to identify the HD mutation, and discusses the conflicting
recombination data that places the mutation into either of two
nonoverlapping regions. It also describes a number of protocols used to
identify endogenous triple helix target sites that overlap methylation

recognition sequences.



Chapter V suggests potential strategies using triple helix mediated
cleavage that could assist in the search for the Huntington's disease
mutation. Some preliminary experiments toward these goals are
described.

Appendix A contains a complete listing of the oligonucleotides used
for experiments in this thesis, and a brief description of their designed
application.

Appendix B contains a manuscript prepared in collaboration with
Tom Povsic, describing the quantitative site specific double strand cleavage
of a yeast chromosome by alkylation. The paper analyzes the cleavage
products from single base resolution on restriction fragments to the site
specific cleavage of chromosomal DNA in yeast. The products are
compatible with ligation into a restriction enzyme site with
complementary ends. The cleavage specificity and yields of the chemical
cleavage mechanism are comparable to that achieved by triple helix
mediated enzymatic cleavage. The manuscript was submitted to the

Journal of the American Chemical Society.
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Chapter II

Part I

Site Specific Cleavage of Bacteriophage Lambda Genomic DNA

The binding site size of oligonucleotide directed triple helix formation
is sufficiently large to statistically define a single site in the human genome (1,
2). To achieve the goal of site specific cleavage of human genomic DNA, we
examined triple helix formation on incrementally larger DNA substrates (3,
4). A pyrimidine oligonucleotide equipped with the affinity cleaving agent
EDTA *Fe(Il) (5) was initially shown to cut at a single site within an
oligonucleotide duplex (101 bp), a restriction fragment (102 bp), and a
prokaryotic plasmid (103-104 bp) (3). Bacteriophage A DNA (48.5 kb) was
chosen as a substrate in the 104-105 bp size range because it was fully
sequenced and there were a number of potential endogenous target sites for
affinity cleaving (6). Several issues were investigated using bacteriophage A as
the DNA substrate. These included: (i) studying the specificity of triple helix
mediated cleavage of small genomic DNA (4), (ii) determining the cleavage
efficiency of DNA embedded in agarose (4), (iii) assaying the specificity of
oligonucleotides with novel base modifications, (iv) studying techniques for
improved cleavage efficiency with affinity cleaving, and (v) investigating
cooperative binding of oligonucleotides in a triple helical complex (7).

The site targeted in these studies was an 18 bp homopurine sequence
located within the bacteriophage A origin of replication, 39,138 bp from the left

terminus (6, 8, 9). The target sequence, 5-A4GAsGA4GA-3, is essential for
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replication of the bacteriophage genome (8-11), and is the initial DNA
segment to become single stranded preceding replication (12-15). The
sequence is located within the A O protein coding sequence, immediately
adjacent to four 19-bp sequence repeats of hyphenated dyad symmetry that are
bound by the A O protein during the initial steps of replication (12, 13, 16, 17).
A number of sequence and structural characteristics of this region are
consistent with formation of a transient intramolecular triple helical
structure (H-form DNA) (18-21): (i) the sequence contains a strong purine
bias that is a short homopurine-homopyrimidine mirror repeat (22, 23), (ii) a
structural transition is observed that is dependent upon negative supercoiling
(10), and (iii) the structure is partially S1 nuclease sensitive (14). Although
there is currently no direct data to demonstrate that the structure adopted is
H-form DNA, it is noteworthy that the target site chosen for triple helix
formation in bacteriophage A DNA is a phenotypically important endogenous
DNA sequence, potentially capable of forming an intramolecular three

stranded structure in vivo.
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The sequence-specific cleavage of double helical DNA by re-
striction endonucleases is essential for many techniques in mo-
lecular biology, including gene isolation, DNA sequencing, and
recombinant DNA manipulations.!?  With the advent of
pulsed-field gel electrophoresis, the separation of large segments
of DNA is now possible.>* However, the recognition sequences
of naturally occurring restriction enzymes are in the range of 4-8
base pairs, and hence their sequence specificites may be inadequate
for isolating genes from large chromosomes (10® base pairs in size)
or mapping genomic DNA.*

Pyrimidine oligonucleotides bind duplex DNA sequence spe-
cifically at homopurine sites to form a triple helix structure.5”
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Figure 2. (Left) Double strand cleavage of A DNA at the 18 base pair
purine site affords two DNA fragments, 39.1 and 9.4 kbp in size.
(Center) Simplified model of tripie helix complex between the Watson—
Crick homopurine-homopyridine site on A DNA and the Hoogsteen
bound oligonucleotide-EDTA-Fe.

The pyrimidine oligomer is oriented in the major groove of DNA
parallel to the Watson—Crick purine strand by Hoogsteen base
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Figure 3. (A) Site-specific double strand cleavage of bacteriophage A
DNA. Autoradiogram of **P right (R) and left (L) end-labeled DNA,
48.5 kbp in length, on a 0.4% nondenaturing agarose gel. Lane 1, DNA
size markers obtained by digestion of L end-labeled A DNA with BamH
I.Sma I, Apa I, SnaB I, and Xba [; digestion of right end-labeled DNA
with BamH I, Sma I, and Xho I: 48.5 (undigested DNA): 24.5, 19.4,
150, 12.2, 10.1, 8.6, 6.7, and 5.5 kbp. Lane 2, L end-labeled intact A
DNA control. Lane 3, L end-labeled A DNA with 0.8 uM oligo-
nucleotide~EDTA-Fe. Lane 4, R end-labeled intact A DNA control.
Lane 5, R cnd-labeled A DNA with 0.8 uM oligonucleotide—~EDTA-Fe.
(B) Site specific double strand cleavage of bacteriophage A DNA ina
1% LMP agarose matrix. Autoradiogram of *2P R end-labeled DNA on
a 0.4% nondenaturing agarose gel. Lane 1, R end-labeled intact A DNA
control. Lane 2, R end-labeled A DNA with 0.8 M oligonucieotide~
EDTA-Fe. Lane 3, DNA size markers as described above. Arrow on
the right indicates 9.4 kbp cleavage fragment.

pairing (Figure 1).5* We have shown that oligonucleotides 15
bases in length, equipped with a cleaving function EDTA-Fe at
the 5 end, cause sequence specific double strand breaks at one
site in plasmid DNA which is 4.0 kilobase pairs (kbp) in size.
Due to the length of the recognition site, in a formal sense, this
is 10° times more sequence specific than restriction enzymes.>*
It is important to determine whether the full potential of this
cleavage specificity can be realized in larger DNA. As an initial
step beyond the cleavage of plasmid DNA, we report here the
specificity and efficiency of double strand cleavage by an oligo-
nucleotide-EDTA-Fe probe targeted to a naturally occurring 18
base pair sequence, 5'-A,GA;GAGA-3, that occurs once within
the 48 502 base pairs (48.5 kbp) of the bacteriophage A genome.*'°
The target sequence, located at base pair positions 39 138-56 from
the left (L) end, is an essential purine cluster in A's origin of
replication (ori) (Figure 2).'"'? Double strand cleavage at the
18 base pair target site would afford two DNA fragments, 39.1
and 9.4 kbp in size.

(8) For background on triple helical polynucleotides see: () Felsenfeld
G.; Davies, D, R.; Rich, A. J. Am. Chem. Soc. 1957, 79, 2023. (b) Michelson,
A. M.; Massouli&, 1.; Guschibauer, W. Prog. Nuclelc Acids Res. Mol. Biol.
1967, 6, 83. (c) Felsenfeld, G.; Miles, H. T. Anmu. Rev. Biochem. 1967, 36,
407. (d) Lipsett, M. N. Biochem. Biophys. Rex. Commun. 1963, 11, 224. (e)
Lipsett, M. N. J. Biol. Chem. 1964, 239, 1256. (f) Howard, F. B.; Frazier,
J.; Lipsett, M. N.; Miles, H. T; Biochem. Biophys. Res. Commun. 1964, 17,
93. (g) Miller, J. H.; Sobell, H. M. Proc. Natl. Acad. Sci. US.A. 1966, 53,
1201. (h) Morgan, A. R.; Wells, R. D. J. Mol. Biol. 1968, 37, 63. (i) Lee,
J. S_; Johnson, D. A.; Morgan, A. R. Nucleic Acids Res. 1979, 6, 3073.
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J. Mol. Biol. 1982, 162, 729-773.
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Linearized bacteriophage A DNA was labeled with **P indi-
vidually at the left (L) and right (R) ends (3’ fill-in reaction) with
AMY reverse transcriptase. An 18 base homopyrimidine oligo-
nucleotide, 5’-T*T,CT{CT,CT-3, with thymidine-EDTA (T*)"?
at the 5" end, was synthesized by automated methods. The oli-
gonucleotide-EDTA (0.8 uM) was mixed with Fe(NH,),(S0,),
(1.0 uM) and spermine (1.0 mM). The oligonucleotide—
EDTA-Fe(II)/spermine was added to a solution of L (or R) 2P
end-labeled A DNA (approximately 4 uM in base pairs) in 100
mM NaCl and 25 mM tris—acetate at pH 7.0.'* After 0.5 h
incubation at 24 °C, 4 mM dithiothreitol was added to initiate
strand cleavage. The reaction was allowed to continue for 6 h
{24 °C). The double strand cleavage products were separated
on a 0.4% vertical agarose gel which resolves DNA segments up
to 25 kbp in size (Figure 3). Therefore, DNA uniquely labeled
at the R and L ends allows cleavage site analysis of the entire 48.5
kbp of the A genome.

No cleavage was observed for the first 25 kbp of the L end-
labeled DNA (Figure 3A, lane 3). However, a single major
cleavage site 9.4 kbp from the right (R) end of the 48.5 kbp DNA
was visualized on the autoradiogram (Figure 3A, lane 5).!% This
was quantitated by scintillation counting of the individual bands.
The oligonucleotide-EDTA-Fe probe afforded double strand
cleavage of A DNA at the target sequence, 5-AGAGA,GA-3,
with an efficiency of 25% (Figure 3).'S Within the limits of our
detection, overexposure of the autoradiogram revealed no sec-
ondary cleavage sites. We estimate that all secondary sites were
cleaved at least 30-fold less efficiently than the primary sequence.!”

In order to prevent random shearing of the DNA caused by
pipetting or vortexing,’* large DNA is routinely manipulated by
embedding it in low melting point (LMP) agarose and diffusing
reagents into the matrix. To test whether triple helix mediated
site-specific cleavage can occur with oligonucleotide—-EDTA-Fe
within an agarose matrix, end-labeled A DNA was embedded in
1% LMP agarose gel, and the cleavage reactions were performed
as described above (24 °C, pH 7.0, 6 h, initial incubation time
was extended to 1 h to allow for complete diffusicn into the matrix)
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followed by electrophoresis. Primary site-specific double strand
cleavage occurred in the agarose matrix with an efficiency of 25%
(Figure 3B, lane 2).

In conclusion, this work has implications for human genetics.
The way is now clear for the development of a triple helix strategy
to isolate large segments of genomic DNA for mapping and
sequencing.
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[13) Dreyer, G. B.; Dervan, P, B. Proc. Narl, Acad, Sci. U.S.A. 1985, 82,

(14) Concentrations given are final dilutions.

(15) The complementary fragment, 39.1 kbp from the L terminus, was not
resolved from the intact A DNA but can be visualized in underexposed au-
oradiograms as a shoulder with intensity equal to the 9.4 kbp fragment.

(16) 25% efficiency means that one-quarter of all the DNA underwent
double strand cleavage at one site.

{17) Although the above conditions are optimal for single-site cleavage,
reaction parameters can be modified for the purposes of searching large DNA
for sequences of partial homology with the target site. For example,
identical reaction conditions performed at the reduced temperature of 0 °C
for 24 h resulted in three minor sites of cleavage (25-fold less efficient) which
map to 22.4, 37.9, and 47.7 kbp from the L terminus. Sequences partially
homologous with the primary site are found at each of these positions. One
site, S-AACAAAAAAAAG-Y, contains two mismatches in the first 12 nu-
cleotides from the 5 end of the oligonucleotide~EDTA-Fe probe. Two other
sites, 5-AAAAGAAAAATGAA-Y and 5-AAATGAATAAAGAA-Y,
contain one and two mismatches in the first 14 base pairs, respectively. All
other sequences in A DNA with a similar degree of sequence homology (two
mismatches in 12) were not cleaved within the limits of our detection and have
in common the mismatch at or adjacent to the T* which contains the
EDTA-Fe(Il) cleaving moiety.
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Specificity of Triple Helix Formation. Although the reaction
conditions described were optimized for single site cleavage (4), the specificity
of triple helix formation could be modified by adjusting the reaction
conditions (3). By reducing either the temperature or the pH, sites of near, but .
imperfect sequence identity with the target site were cleaved. Reactions
performed at 0° C pH 6.6 instead of 24° C pH 7.0 revealed three other cleavage
sites that mapped 22.4, 37.9, and 47.7 kb from the left terminus of the
bacteriophage A genome (Fig. 2.1). Reactions performed at pH 7.0 and 0° C
produced only one secondary cleavage site at 37.9 kb. This suggests that the
sequence at 37.9 kb is more extensively homologous with the target site than
the other two sites detected under less stringent conditions.

Sequences at the physical map positions of the observed cleavage
products contained partial homology with the target site (6). A sequence
containing only one mismatch within 14 contiguous base pairs (beginning
with an A recognized by T* at the 5' end of the purine sequence) was
identified at position 37.9 kb (Fig. 2.2). As predicted from the affinity cleaving
data, no other sequences with 13 of 14 base pair homology were present in the
bacteriophage A genome. The sequences mapping to 22.4 and 47.7 kb were less
homologous, containing two mismatches within 12 and 14 contiguous base
pairs, respectively (Fig. 2.2). Unlike the 37.9 kb product, sequences with
homology similar to the 22.4 and 47.7 sites were present, but none of these
sites were cleaved within the limits of detection (>2% cleavage). Each of the
partially homologous sequences not cut by the oligonucleotide contained a
mismatch at or adjacent to the base pair bound by T* (Fig. 2.2). Presumably,
the mismatch near T* generates a local structural distortion that effects the
cleavage efficiency of the EDTAeFe(Il). A similar homology requirement was

observed using oligonucleotides targeted to sites within adenovirus-2 DNA.
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Fig. 2.1. Cleavage of secondary sites in bacteriophage A DNA by
oligonucleotide-EDTA ¢Fe(II). Autoradiogram of 32P right (R) and left (L) end-
labeled DNA, 48.5 kb in length, reacted with oligonucleotide-EDTA ¢Fe(Il) at
pH 6.6, 0° C. Reactions were performed on R or L end-labeled A DNA (4 uM
in base pairs), in 100 mM NaCl, 25 mM tris-HCI, 0.8 pM oligonucleotide-
EDTA, 1.0 uM Fe(NHj4)2(SO4)2, 1.0 mM spermine*4HCI. Oligonucleotide,
Fe(NH4)2(5O4)2-6H20 and spermine were preequilibrated together for 5
minutes and then added to the buffered salt solution of DNA. Triple helix
formation was allowed to proceed for 30 min. at 0° C after which DTT was
added to a final concentration of 4 mM. The cleavage reaction was allowed to
proceed for 24 hours. Cleavage products were resolved on a 0.4%, 1xTBE
agarose gel. The gel was dried under vacuum and an autoradiogram obtained
with an intensifying screen at -70° C.

Lane M, DNA markers of the size indicated. Lane 1, L end-labeled
intact . DNA control. Lane 2, L end-labeled A DNA with oligonucleotide-
EDTAe*Fe(II). Lane 3, R end-labeled intact A DNA control. Lane 4, R end-
labeled A DNA with oligonucleotide-EDTA ¢Fe(Il). Cleavage products at R 9.4
kb (base position 39.1), R 10.8 kb (base position 39.7), R 26.1 kb and L 22.4 kb
(base position 22.4) are indicated by arrows. The sequences in the region of
cleavage most homologous with the target site are also indicated.

Mismatches between the target site and the sequence identified at this locus
are marked by a shaded box. The intensity of the 22.4 kb product is unusually
high. The intensity is typically equivalent to the complementary 26.1 kb
product seen in lane 4. The secondary target sites were cut 3 to 10 fold less
efficiently than the primary target site.

Identical cleavage reactions also revealed a 0.8 kb product with R end-
labeled DNA (base position 47.7) when separated on a 0.8% agarose gel for 100
V-hr (data not shown). The homologous sequence identified at this position
was 5'-AAATGAA-TAAAGAA-3', where the mismatches are underlined.
The cleavage efficiency was 3-fold less intense than the 9.4 kb major product.
The 0.8 kb band had migrated off the bottom of the 0.4% gel shown here.
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39,138 5-TACAAAAGAAAAAAGAAAAGATTA-3' 18/18

37867 5-AAAAAAAGAAAAATGAACTTGGCT-3' 13/14
47,736 5-ACAAAATGAATAAAGAACAATCTG-3' 12/14

22,365 5-AGAAACAAAAAAAAGCCTGATGCA-3" 10/12

C 36,829 5-CAACAAACAAAAAAGATGGGAATC-3' 11/13

43,336 5-TCGACAACAAAAAAGACCTGCTTA-3' 11/13

36,946 5-TGGTAAAGAGAAAAGTTTTTCCAT-3' 10/12

30,664 5-CGAATAATAAAAAAGGAGCCTGTA-3' 10/12

Fig. 2.2. Sequences of primary and secondary cleavage sites within

bacteriophage A genomic DNA. A. Sequence of the oligonucleotide used for triple
helix mediated affinity cleaving, and its primary target site. B. Secondary cleavage
sites recognized and cut by oligonucleotide at low efficiency. C. Other potential
secondary cleavage sites within bacteriophage A DNA that have comparable
homology to the target sequence as those listed in B, but were not cut by
oligonucleotide-EDTA *Fe(Il). These sequences have in common a mismatch at or
adjacent to T*. ‘

The base position in the bacteriophage A genome is indicated to the left. The
homologous region is underlined. The degree of homology with the target site is
listed to the right. Mismatched bases within the underlined region are shown in
outline. All sequences represent the maximum alignment of the oligonucleotide-
EDTA e Fe(Il) within the region where cleavage is observed.
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Specificity of Oligonucleotides Containing MeC and BrU substitutions.
Povsic and Dervan reported that replacement of C with 5-methylcytosine
(MeC) increased the affinity of the oligonlucleotide for the target site and
extended the pH range for binding (24). They also reported that substitution
of T with 5-bromouracil (BrU) increased the binding affinity but did not
change the pH profile of binding (24). Because the assay was performed on a
plasmid with a limited number of partially homologous secondary binding
sites, it was important to determine if these base substitutions affected the
specificity of triple helix formation as assayed on larger DNA substrates.

An oligonucleotide specific for the bacteriophage A target site was
synthesized with T* at the 5' terminus and MeC and BrU substitutions for C
aﬁd T, respectively. The specificity of this modified oligonucleotide was
directly compared to the original CT oligomer (Fig. 2.3). At pH 7.0,24° C
several secondary cleavage sites were detected with the MeCBry
oligonucleotide that were not seen with the CT oligomer under similar
cleavage conditions. These included sites at 37.9 and 22.4 kb (measured from
the left terminus) that had previously been observed only at 0° C and pH 6.6.
Additionally, there was a new product at map position 36 kb (=12 kb
fragment) and two other cleavage sites that mapped to positions between 20
and 30 kb from the left terminus. None of these products had previously
been detected with the CT oligonucleotide. Cleavage at the secondary
cleavage sites was not detected at lower oligonucleotide concentrations (<200
nM), although the MeCBru oligonucleotide consistently cleaved more
efficiently at lower concentration than the CT oligomer (Fig. 2.3).

Efforts to identify the new sequences recognized by the MeCBry
oligonucleotide were unsuccessful. No significant homology with the target

site was detected at any of the new map positions, and no pattern could be



Fig. 2.3. Cleavage of bacteriophage A DNA with CT and MeCBry
oligonucleotides as a function of oligonucleotide concentration..
Autoradiogram of 32P right (R) end-labeled A DNA (4 uM in base pairs)
reacted in 100 mM NaCl, 25 mM tris-HCI, 1.0 mM spermine*4HCI, and 4 mM
DTT at pH 7.0, 24° C. CT and MeCBry oligonucleotide-EDTA concentrations
were varied between 200 nM and 1 pM using one molar equivalent of
Fe(NHy)2(504)2. Oligonucleotide, Fe(NH4)2(SO4)2:6H20 and spermine were
preequilibrated together for 5 minutes and added to the buffered salt solution
of DNA. The DNA was incubated with oligonucleotide-EDTA ¢Fe(II) for 30
min. to facilitate triple helix formation after which DTT was added to a final
concentration of 4 mM. The cleavage reaction was allowed to proceed for 24
hours. Cleavage products were resolved on a 0.4%, 1xTBE agarose gel. The
gel was dried under vacuum and an autoradiogram obtained with an
intensifying screen at -70° C.

Lane M, DNA markers of the size indicated. Lane 1, R end-labeled
intact A DNA control. Lanes 2-6, reactions with CT oligonucleotide-

EDTA ¢Fe(II) at 1000, 800, 600, 400, and 200 nM, respectively. Lane 7-11,
reactions with MeCBrJ oligonucleotide-EDTA ¢ Fe(I) at 1000, 800, 600, 400, and
200 nM, respectively.
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detected to explain why these sites were cleaved at the exclusion of other sites
with similarly low homology. The data suggest that in addition to having
higher affinity for the target and homologous secondary sites, the base
substitutions produced altered specificity. Subsequent experiments on yeast
genomic DNA demonstrated that the altered specificity was caused by BrU
substitution and not from MeC (25). BrU is known to be mutagenic when
incorporated into DNA, resulting in increased base misincorporation during
replication and transcription (26-28). This could be caused by several
mechanisms including BrU base ionization (29, 30) or ta_utomerization of the
base to the enol form (31, 32). At neutral pH, greater than 40-fold more of the
BrUJ residues are calculated to be ionized than T (7.4% compared to 0.16%) (30),
and the enol tautomer of BrU is ten times more favored than that of T (32).
The resulting alteration in hydrogen bonding properties could contribute to
the broader sequence tolerance of BrU oligonucleotides, though the actual
specificity of BrU within the triple helix has not been determined.

Improved Cleavage Efficiency. Although the target site in
bacteriophage A was cut more efficiently than any other sequence targeted by
oligonucleotide directed affinity cleaving, the cleavage efficiency reached a
maximum at 25% (4). Longer incubation times, higher oligonucleotide
concentrations, additional iron and more reducing agent failed to improve
the cleavage efficiency. In most cases, additional reagents and reaction time
only increased the nonspecific nicking of the DNA substrate. To increase the
efficiency of double strand cleavage, we employed two strategies: (i) cutting
with oligonucleotides containing multiple T* moieties, and (ii) cutting the
target site several times by pH cycling and fresh reagent addition.

Cleavage of Bacteriophage A with Oligonucleotides Containing

Multiple T* Moieties. A number of possible explanations could be advanced
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to explain the cleavage maxima observed with affinity cleaving using
oligonucleotide directed triple helix formation. These include: (i) incomplete
occupation of the target site by fhe oligonucleotide, (ii) rapid probe exchange
at the target site, (iii) low cleavage efficiency of EDTA *Fe(Il) in the major
groove, and/or (iv) autocleavage of the oligonucleotide.

Saturation and oligonucleotide exchange at the target site are not
significantly limiting factors for cleavage. Competition experiments between
probes with and without T* residues demonstrated that there is little probe
exchange at the target site within the time course of the reaction, suggestive of
a slow oligonucleotide off rate (Fig. 2.4) Footprinting and enzyme inhibition
studies demonstrated that under the reported conditions, nearly all the target
sites are occupied (33, 34). Subsequent kinetic analysis of triple helix
formation demonstrated that the oligonucleotide off rate is several hours (35).

Quantitative cleavage of duplex DNA is observed with affinity cleaving
agents that bind in the minor groove (1). Double strand oxidative cleavage is
slowed, however, by low EDTA *Fe(Il) reactivity in the major groove of DNA
(36, 37). It is proposed that the oxidative species must migrate from their
source in the major groove to reactive sites in the minor groove. Due to the
increased lifetime of the reactive species required to access these minor
groove sites, abstraction of hydrogen atoms from the bulk solvent becomes a
significant competing side reaction (36, 37).

The fundamental limitation to the efficiency of affinity cleaving by
oligonucleotide-EDTA ¢Fe(Il) is autocleavage of the oligonucleotide (38, 39).
Griffin and Dervan reported significant degradation of T* oligonucleotides in
solution during the course of a cleavage reaction when monitored by
radiolabeling of the oligomer (38). Ts'o and coworkers also reported

significant degradation of oligonucleotides containing EDTA *Fe(Il) under
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Fig. 2.4. Autoradiogram of a pulse chase competition reaction between
oligonucleotides with and without the affinity cleaving agent EDTA eFe(Il).
Oligonucleotide-EDTA (1uM) was preequilibrated with Fe(NHy)2(SO4)2:6H20
(1uM) and spermine (1 mM) for five minutes. The metal complexed
oligonucleotide was added to R end-labeled bacteriophage A DNA (4 uM in
base pairs) in 100 mM NaCl, 25 mM tris-HCl pH 7.0, at 24° C. The DNA was
incubated with the oligonucleotide for 30 minutes to facilitate triple helix
formation. Fifty fold excess (50 uM) of a non-T* oligonucleotide [5'-
(T)4C(T)C-(T)4CT-3'] identical in sequence to the T* oligomer was added to
the triplex solution. DTT (4 mM) was added to the reaction at variable times
after the addition of the non-T* oligomer and the cleavage reaction allowed
to proceed for six hours. Cleavage products were resolved on a 0.4%, IxXTBE
agarose gel. The gel was dried under vacuum and an autoradiogram obtained
with an intensifying screen at -70° C.

Lane M, DNA markers of the size indicated. Lane 1, cleavage reaction
on bacteriophage A DNA performed in the absence of competitive non-T*
oligonucleotide. DTT was added at t = 0. Lane 2-9, variable times of DTT
addition after the addition of non-T* oligonucleotide. Times are t = 0, 10, 20,
30, 45, 60, 90, and 120 min. Lane 10, unreacted control containing all reagents
except DTT. The higher cleavage efficiency observed in the absence of non-T*
oligonucleotide (Lane 1) suggests that some oligonucleotide exchange might
be occurring during the six hour cleavage incubation, or that the high
oligonucleotide concentration in lanes 2-9 partially quenches the reaction.

The high concentration of non-T* oligonucleotide in the solution
guarantees that if the T* oligomer dissociates from the target site prior to DTT
addition, it would not be capable of rebinding. Despite the presence of non-T*
oligonucleotide for at least 2 hours, the cleavage reaction still proceeds at high
efficiency. This suggests that the oligonucleotide dissociation rate is on the
time scale of hours, and that oligonucleotide exchange at the target site is
quite slow.
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oxidative conditions (39). Autocleavage of an oligonucleotide bound to the
DNA duplex would result in a competitive inhibitor of the reaction. The
degraded species would retain binding capacity, but would be unable to cleave

the target site due to loss of the 5' terminus containing the EDTA eFe(II) (38).

o
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Fig. 2.5. Synthetic scheme for 5'-DMT, 3'-succinyl, thymidine-EDTA-
triethyl ester coupled to control pore glass (CPG). See Materials and Methods
for detailed protocol.
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If autocleavage is the limiting factor for efficient cleavage, one possible
strategy to improve the yield is to construct oligonucleotides containing
multiple cleaving moieties. This would place several EDTA *Fe(Il) groups
into a localized region and generate a high concentration of strand nicking at
the oligonucleotide binding site.

T* can be introduced at the 5' terminus and at any internal position by
coupling T* phosphoramidite to the 5' end of a growing nucleotide chain
during automated DNA synthesis (5, 40). Placement at the 3' terminus,
however, required preparation of a T* solid support (41). Synthesis of 5'-
DMT, 3'-succinyl T* triethylester-control pore glass (CPG) (4) is shown in Fig.
2.5. 5-DMT-T*-triethylester (1) was succinylated at the free 3'-hydroxyl to yield
nucleoside 2. Activation of the succinylated T* derivative with p-
nitrophenol afforded nucleoside 3. The crude mixture containing the
activated T* derivative (3) was added directly to long chain alkyl amine CPG
beads to yield 4. Nucleoside loading was determined by DMT deprotection
with acid. Free amines on the CPG were capped with acetic anhydride to
prevent nonspecific coupling to the support during subsequent
oligonucleotide synthesis.

Oligonucleotides (1-6) specific for the homopurine sequence in the
bacteriophage A genome (Fig. 2.6) (4) containing one to four T* moieties at 5',
3" and internal positions were synthesized. The high resolution cleavage
pattern of oligonucleotides containing a 3'-T* was examined on a 7.4 kb EcoRI
restriction fragment from the bacteriophage A genome. This fragment
contained the homopurine target site 18 bp from the radiolabeled terminus.
Oligonucleotide 1 containing a 5'-T* demonstrated a 5' shifted cleavage
pattern (Fig. 2.7-1) consistent with major groove binding similar to that

reported for a restriction fragment (3). The pattern for the 3' T*
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Fig. 2.6. Enhanced cleavage efficiency using oligonucleotides containing multiple T*
moieties. A. Sequence of oligonucleotides 1-6 specific for triple helix formation at a single
homopurine target site in the bacteriophage 1 genome. B. (Left) Double strand cleavage of
bacteriophage 1 DNA generates two fragments, 39.1 (L) and 9.4 kb (R) in size. (Center) Schematic
model of triple helix formation between the Watson -Crick homopurine-homopyrimidine site on 1
DNA and the Hoogsteen hydrogen bonded pyrimidine oligonucleotide 3 with 5'and 3' EDTA-<Fe(II).
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Fig. 2.7. Histogram of the high resolution DNA cleavage pattern on
bacteriophage A DNA by oligonucleotides 1-3 as derived from densitometry
of the autoradiogram. The arrow height represents the relative cleavage
intensities at the indicated bases. The shaded bases indicate the base bound by
T* in each triplex.



oligonucleotide was also 5' shifted, but the purine strand was cut significantly
less efficiently (Fig. 2.7-2). The cleavage pattern of oligonucleotide 3 with T*
at both termini, was a composite of the slingle T* oligonucleotides, although
the intensity of cleavage at each base was slightly lower (Fig. 2.7-3).

Differential single sirand cleavage efficiency by T* placed at various
positions within the Hoogsteen strand indicated structural features of the
complex (1). The 5'-T* displayed equal cleavage of the purine and pyrimidine
strands. Reduced cleavage of the purine strand by the 3'-T* oligonucleotide 2
is consistent with asymmetric self-footprinting of the DNA. The geometry of
the 3'-T* EDTA in the pyrimidine triple helix motif requires that the
oxidative species diffuse over the oligonucleotide phosphate backbone to
access the purine strand (Fig. 2.6). Thus, the 5' and 3' termini are not
geometrically equivalent. Interestingly, Beal and Dervan showed that 3' T* in
the purine motif shows a reversed pattern of access to the Watson-Crick
strands, i.e., the purine strand is cut efficiently and the pyrimidine strand is
footprinted (42). In this motif the third strand is bound in the reverse
orientation, closer to the center of the major groove, and employs reverse
Hoogsteen TAT triplets (43).

Site specific double strand cleavage efficiencies of the A genome by
oligonucleotides 1-6 were also tested (Fig. 2.8). Oligonucleotide 1 was
previously reported to yield 22+3% cleavage (Lane 1) (4). The double strand
efficiency of the 3' T* oligonucleotide 2 was slightly lower (17+3%) (Lane 2).
Oligonucleotide 3 with T* at both 5' and 3' termini yielded 40+4% cleavage,
approximately the sum of cleavage from oligonucleotides 1 and 2 (Lane 3).
Oligonucleotide 4 also contained two T* residues but generated only 27+3%
cleavage (Lane 4). This may result from lower binding affinity of the probe

due to the close proximity of the two T* residues. Oligonucleotides 5 and 6
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Fig. 2.8. Site-specific double strand cleavage of bacteriophage A DNA by
oligonucleotides 1-6. The number above each lane indicates the
oligonucleotide tested in the reaction. Right end-labeled A DNA (4 uM in base
pairs) was digested with 1.0 pM of oligonucleotides 1-6 in one molar
equivalent of Fe(NHy)2(SO4)2 per EDTA, 1 mM spermine, 100 mM NaCl, 25
mM tris-acetate pH 7.0, and 4 mM DTT at 24° C. Oligonucleotide,
Fe(NH4)2(SO4)2 and spermine were preequilibrated together for 5 minutes,
added to the DNA in buffered salt solution, and incubated an additional 30
minutes to facilitate triple helix formation. DTT was added to a final
concentration of 4 mM, and the cleavage reaction was allowed to proceed for 6
hours. Cleavage products were resolved on a 0.4%, 1xXTBE agarose gel. The
gel was dried under vacuum and an autoradiogram obtained with an
intensifying screen at -70° C.

Lane M, DNA size markers of size indicated. Lane C, intact right end-
labeled 2 DNA control. Lanes 1-6, cleavage reactions using oligonucleotide 1-
6, respectively. Arrow on the right indicates the 9.4 kb cleavage fragment.
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(with three and four T* residues, respectively) failed to cut efficiently (<5%)
(Lanes 5 and 6). Cleavage by oligonucleotides 5 and 6 was enhanced under
more permissive binding conditions, but the effect was small, and cleavage
remained lower than that obtained with either single or double T*
oligonucleotides. This suggests that the oligonucleotides did not bind the
target site, and indicates that binding affinity was reduced by multiple T*
substituents. Decreased cleavage may reflect triplex destabilization due to
unfavorable steric interactions in the major groove involving bulky EDTA
substitutions of thymidine at C5. It further suggests that a critical number of
base triplets were necessary to stabilize each T* residue in the probe (38).
Mathematical Model of Autocleavage. In spite of oligonucleotide
saturation of the target site and the introduction of multiple cleaving
functionalities into a single oligonucleotide, the efficiency of affinity cleaving
remains fundamentally limited by oligonucleotide self cleavage. Statistically,
double strand cleavage efficiency is limited by the probability of cleaving both
duplex DNA strands before suicide inactivation of the probe. A simple
mathematical model expressing the efficiency of double strand cleavage (E) is

the summation:

E = Zpy(i-l).pu + pu(i-l),py (Eq 2.1)
i=2

where detectable oxidative events, i, are defined as those resulting in cleavage
of the purine, pyrimidine, or Hoogsteen strands. The corresponding
probabilities per event are pu, py, and H, respectively. For each detectable
oxidative event, pu + py + H = 1. An analysis using this model was applied to
oligonucleotide 1 containing the 5' T*. For this oligonucleotide, the observed
pu/py ratio was 1.0 (Fig. 2.4), and the double strand cleavage efficiency (E) was

25%. Iteration using the above equation to solve for the cleavage probabilities
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yielded values of 0.29, 0.29, and 0.42 for pu, py, and H, respectively. This
suggests that for each oxidative event, autocleavage is 1.4 times more probable
than cleavage of either the purihe or pyrimidine strands.

In the case of oligonucleotide 2 with a 3'-T*, the pu/py ratio was
reduced to 0.3, while the double strand cleavage efficiency was 17%. The
corresponding values for pu, py, and H were 0.13, 0.46, and 0.41, respectively.
Thus, pyrimidine and Hoogsteen strands were cleaved with approximately
equal probability, while the purine strand was cut less efficiently due to
protection by the bound strand. Partial protection of the purine strand results
in a lower probability of double strand cleavage before the oligonucleotide
was inactivated. Therefore, the difference between the values obtained for
oligonucleotides 1 and 2 reflect the distinct steric environments at the 5' and
3' termini. This simple model allows quantitative estimation of the
significance of autocleavage as a limitation to double strand cleavage
efficiency. -

In addition to providing a simple mechanism to improve the efficiency
of double strand cleavage, the coupling of T* to the CPG solid support offers a
number of synthetic advantages. T* phosphoramidite coupling to the nascent
nucleotide chain typically proceeds with only moderate coupling efficiencies
(50-75%), because the reaction is extremely sensitive to the trace impurities
typically present in the phosphoramidite. Such impurities significantly
reduce shelf life of the T* phosphoramidite making it necessary to freshly
prepare the material for each synthesis. Coupling to the 5' end of the nascent
oligonucleotide chain is also inherently wasteful due to the need for 20-fold
excess nucleoside for efficient coupling. Conversely, the T*-CPG consistently
couples to high efficiency, does not require phosphitylation for activation,

and can produce ten fold more couplings per gram than in the T*
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phosphoramidite form. T*-CPG support is stable at 4° C for at least two years,
and 1.0 g of protected T* coupled to T*-CPG support is sufficient to make
several hundred oligonucleotides.

Enhanced cleavage of bacteriophage A DNA by pH cycling. Despite the
improved cleavage efficiency produced by chemical modification of the
oligonucleotide, binding affinity and autocleavage still limit the overall
cleavage efficiency. A second method to improve the cleavage yield was by
performing multiple rounds of cleavage. Because the majority of the binding
site remained occupied despite autocleavage of the oligonucleotide, and the
inactivated autocleavage product of autocleavage could readily bind to the
target site after denaturation, it was necessary to physically remove the third
strand from the substrate DNA between each round of reagent addition.
Several attempts to use increased temperature to remove the third strand
proved unsuccessful as the elevated temperature promoted strand nicking by
oxidative reagents in the solution, and no overall cleavage enhancement was
observed at the target site. Ethanol coprecipitated the 48.5 kb substrate and the
18 base oligomer. Triple helix formation in the pyrimidine motif is highly
pH sensitive, and providing a nondestructive mechanism for triple helix
disruption (3, 4, 24, 44-47). Separation could be achieved by embedding the
DNA substrate in agarose and diffusing the oligomer into and out of the
matrix as a function of pH (4). The size differential between the
oligonucleotide and genomic substrate would facilitate efficient separation.

Three cleavage cycles were performed on bacteriophage A DNA using
high pH washes between cleavage cycles to remove the oligonucleotide.
Increased efficiency was observed after each round of cleavage (Fig. 2.9)
Although DNA embedded in agarose was generally cut slightly less efficiently

than in solution, pH cycling resulted in improved cleavage yields. Using
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oligonucleotide 1, the efficiency improved from 18% after one pH cycle, to
29% after two, and 37% cleavage after three cycles (Fig. 2.9). The yields using
oligonucleotide 2 also improved with cycling, but they were not significantly
better than observed in solution with a single round of cleavage. The values
were 19% after one cycle, and 37% after two cycles.

Although theoretically, the cleavage rounds could be continued until
the substrate DNA was cut quantitatively, incomplete removal of reagents
from the previous cycles resulted in gradually lower efficiency in later
cleavage rounds. Additionally, the nonspecific oxidative nicking became
significant after the first two cycles. Despite the preference of performing the
reactions in solution for both ease and reduced levels of random DNA
degradation, pH cycling was a useful method for improving the efficiency of
cutting large chromosomal DNA that must be manipulated in agarose (see

Chapter 3) (48).
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Fig. 2.9. Improved cleavage efficiency of bacteriophage A DNA by pH
cycling. P32 right end-labeled A DNA embedded in 0.8% low melting point
agarose (=100 pL total plug volume) was equilibrated in 1.0 mls of triplex
buffer (NTS: 100 mM NaCl, 25 mM tris-HCI pH 7.0, and 1.0 mM
spermine*HCI) for 15 minutes, decanted and overlaid with 120 pL of NTS.
2uL of 100 uM oligonucleotide 1 was preequilibrated with an equal volume of
Fe(NHy)2(SO4)2-6H20 and 3pL of the resulting solution added to the plug.
The mixture was incubated for 3.0 hours at 24° C to facilitate diffusion of the
oligonucleotide into the agarose and to promote triple helix formation. The
NTS was then decanted and a fresh 120 pL aliquot of NTS added to the plug.
3 uL of 0.2 M DTT was added and the reaction incubated an additional 7
hours. The reaction was stopped by the addition of 1.0 ml of 100 mM tris-HCl
pH 8.5 to disrupt the triplex. The oligonucleotide was removed from the
solution by three 1.0 ml washes (15 min. to overnight) with 100 mM tris-HCl
pH 8.5. The plugs were then reequilibrated in NTS buffer and the reaction
repeated as described. After 1, 2, or 3 rounds of cleavage were complete, the
plugs were equilibrated in 10 mM tris-HCl, 1 mM EDTA pH 8.0 and loaded
onto a 0.5% agarose gel for resolution of the cleavage products. The gel was
dried under vacuum and an autoradiogram obtained with an intensifying
screen overnight at -70° C.

Lane C, No treatment control of intact right end-labeled A DNA. Lanes
1-3, cleavage reactions using oligonucleotide 1 with 1, 2 and 3 pH cycles,
respectively. The 9.4 kb cleavage product is indicated with an arrow to the
right.
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Part I1

Cooperative Site Specific Binding of Oligonucleotides to Duplex DNA

Cooperative binding to DNA has been observed in many natural
systems (for reviews see references 49-51). Cooperative interactions between
DNA binding proteins result in greater sequence specificity and improved
sensitivity to changes in concentration. The activity of a number of DNA
binding proteins is affected by cooperative interactions with homologous or
heterologous proteins bound at neighboring recognition sites (52-60). The
cooperative interaction is typically through protein-protein contacts between
domains distinct from those for DNA binding (52-60).

Cooperativity has also been implicated in binding of small molecules
to DNA (49). The interaction is either between the DNA binding molecules
or through a cooperative allosteric change in the DNA (49). Examples of the
first are the heterodimeric binding of distamycin and 2-imidazole-netropsin
in the minor groove of DNA (61), and the cooperative intercalation of
acridine (62). In the second cooperative model, the molecules interact
indirectly by altering the conformational state of the nucleic acid. Examples of
this include ethidium (63), daunomycin (64), actinomine (65), or actinomycin
D (65) cooperatively binding to left-handed Z DNA producing a local
conformational change to a right-handed helix.

Cooperative binding of single stranded oligonucleotides to single
stranded templates has also been examined. Studies on the binding of
oligoinosine I(pI)5-19 to a polycytidine template found that the oligomer

cooperatively bound in clusters (66). Cooperativity was also detected for the



binding of sequence specific oligonucleotides to adjacent target sites on single
stranded RNA or DNA templates (39, 67, 68).

To define the degree of cooperative interaction between two
heterologous ligands, it is necessary to determine binding isotherms for one
ligand in the presence and in the absence of the second ligand (56). A
qualitative estimate can be made, however, by observing differential cleavage
efficiencies by affinity cleaving. This analysis was used to examine
cooperative interactions between heterologous oligonucleotides bound to

adjacent sites on double stranded DNA by triple helix formation (7).
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Cooperative interactions between DNA binding ligands are
critical to their specificity, affinity, and biological activity.!™
Triple helix formation by oligonucleotides is the most powerful
chemical approach to date for the sequence-specific recognition
of double helical DNA.*® Hoogsteen hydrogen bonded base
triplets, TAT and C+GC, result from pyrimidine oligonucleotides
binding site specifically to purine duplex sequences. In the triple
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Figure 1. Upper: pyrimidi 2 designed to bind adjacent
half-sites of the target sequence. A® and B® contain an EDTA cleaving
function at their 3’ and 5’ termini, respectively. Lower: double strand
cleavage of A DNA affords two fragments, 39.1 and 9.4 kbp in size.
Simplified models of the triple helix complex between adjacent Wat-
son-Crick homopurine—homopyrimidine haif-sites and the Hoogsteen
pyrimidine oligonucleotides A* and B* bound head-to-tail.

Tantidee A

oli

Two pyrimidine oligonucleotides, specific for the adjacent half
sites, were tested for cooperative binding interaction by the affinity
cleaving method. %1112

Oligonucleotides A*, B, and B* were synthesized by automated
methods (Figure 1). A modified nucleoside for cleaving DNA,
thymidine-EDTA (T*),'? was placed at the 3’ end of 5-
T,CT,CT*-3, (A*).” Oligonucleotides 5'-T,CT,-3’ were syn-
thesized with and without a T* moiety at the 5 end (B* and B,
respectively). X DNA'Z was labeled with *2P at the right end (R}
with AMV reverse transcriptase.® Specific double strand oxidative
cleavage at the target site by an oligonucleotide-EDTA-Fe affords
a 9.4 kbp fragment (Figure 2).® The intensity of the 9.4 kbp
fragment indicates the extent of oligonucleotide binding.

Combinations of oligonucleotides A*, B, and B* at 5 uM
concentrations were incubated at 24 °C with Fe(NH,),(S0,),,
spermine (1.0 mM), A DNA (approximately 4 uM in base pairs),
100 mM NaCl, and 25 mM tris-acetate at pH 6.6. Dithiothreitol
(4 mM) was added after 0.5 h to initiate strand cleavage. The

(11) Dervan, P. B. Science 1986, 232, 464.
968(l?.) Dreyer, G. B.; Dervan, P. B. Proc. Natl. Acad. Sci. U.S_A4. 1985, 82,

{13) Thymidine-EDTA (T*)'? was placed at the 3’ terminus of oligo-
leotide A® by coupling 3 DMT-thymidine EDTA-triethyl ester to a control
pore glass support. Eighteen base oligonucleotides with T* at the 3’ end are
capable of genurlﬁng*dnuble strand cleavage in 17% yield under previously
described conditions.™ Strobel, S. A,; Dervan, P. B., unpublished work.
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Figure 2. Site iophage A DNA.

~gpecific-double stran,
Autoradiogram of ?P right end-labeled A DNA, 48.5 kbp in size, on an
0.5% agarose gel. Lane M, DNA size markers obtained by restriction
enzyme digestion of left end-labeled DNA with BamH1, Apa I, and Sma
I; digestion of right end-labeled DNA with BamH]1, Sma I, and Xho [:
48.5 (undigested DNA), 19.4, 15.0, 10.1, 8.6, 6.7, and 5.5 kbp. Lane 1,
right end-labeled intact A\ DNA control. Lane 2, right end-labeled A
DNA with 5.0 uM A®* and 5 uM Fe(IT). Lane 3, A DNA with 5.0 uM
A®, 50 uM B, and 5.0 uM Fe(1l). Lane 4, A DNA with 5.0 uM B* and
5.0 uM Fe(ll). Lane 5, A DNA with 5.0 xM A®* 5.0 uM B*, and 10
kM Fe(II). Arrow on the right indicates 9.4 kbp cleavage fragment.

reactions proceeded for 6 h (24 °C) and were stopped by ethanol
precipitation. Double strand cleavage products were separated
by agarose gel electrophoresis and visualized by autoradiography
(Figure 2). Cleavage efficiency was quantitated by scintillation
counting of the individual bands.

A* incubated in the absence of B generated a marginally de-
tectable level of cleavage, 1.3 (£0.2)% (Figure 2, lane 2). A
similar result 1.7 (£0.2)% was observed for B* incubated alone,
(lane 4). This suggests that these nine base pyrimidine oligo-
nucleotides have low binding affinity for their target sites under
the conditions chosen (24 °C, pH 6.6), consistent with previous
observations.® In contrast, when A* was incubated in the presence
of B, the cleavage efficiency improved to 4.4 (£0.5)% (lane 3).
This 3.5-fold improvement in double strand cleavage indicates a
positive binding interaction between contiguous oligonucleotides
A® and B, aligned head-to-tail in the major groove of duplex DNA.
Double strand cleavage can be further increased to 10.5 (£1.1)%
when both oligonucleotides were equipped with EDTA (A® in the
presence of B*, lane 5).

Cooperative binding could arise from two different interactions:
base stacking of the terminal thymine bases of the Hoogsteen
strand in the major groove and/or an induced conformational
change at contiguous DNA sites. There is literature precedent
for both types of interactions, although in significantly different
systems.2™* [f base stacking between the terminal bases of con-
tiguous oligonucleotides in the triple helical complex is important
for cooperative binding,'? then disruption of this interaction could
be utilized to make sequence-specific recognition highly sensitive
to single base mismatches. Design of structural motifs that en-
hance the cooperative interaction of adjacent sequence-specific
binding oligonucleotides on duplex DNA is in progress.
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National Institutes of Health (GM-35724) and the Caltech
Consortium in Chemistry and Chemical Engineering (Founding
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(14) Strain c1857 ind! Sam? from New England Biolabs. :

(15) (a) Solie, T. N.; Schellman, J. A. J. Mol. Biol, 1968, 33, 61. (b)
le;;l. T. E.; Berkovich-Yellin, Z.; Shakked, Z. J. Biomol. Struct. Dyn. 1984,
2.397.
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Nature of the Cooperative Interaction. We originally proposed two
possible mechanisms to explain the cooperative effect observed with these
oligonucleotides: (i) base stacking of the terminal thymine bases of the
Hoogsteen strand in the major groove, and/or (ii) an induced allosteric
change in the DNA at contiguous binding sites (7). While we can not rule out
either of these explanations, recent data demonstrates the importance of base
stacking for cooperativity. Horne and Dervan incorporated an abasic
deoxyribose residue into a full length oligonucleotide and observed a
significant reduction in binding affinity (69). Distefano and Dervan did not
observe cooperative binding if the ends of the oligonucleotides were
separated by one base (70). Povsic and Dervan failed to detect end-to-end
cooperativity if the oligonucleotides were abutting, but on opposite faces of
the major groove (33). This configuration would eliminate base stacking
while retaining contiguous binding. In a similar study, Beal and Dervan
failed to detect cooperativity between two oligonucleotides that bound
adjacent sites in the pyrimidine and purine motifs, respectively (42). This
configuration also minimized base stacking while retaining contiguous
binding. Together these data suggest that cooperativity is primarily through
base stacking between the terminal bases, or possibly hydrogen bonding
between the terminal deoxyribose sugars (71, 72).

In 1989 we reported a 3.5 fold cooperative enhancement. Subsequent to
this analysis cooperative binding isotherms were studied by a restriction |
enzyme assay (34) in a system more compatible with analysis of cooperativity.
Ratios as high as ten to one were obtained at optimal concentrations on the
binding isotherm (73). Povsic and Dervan also assayed end-to-end

cooperativity by alkylation and observed similar values (33).
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Artificial Motifs for Cooperative Triple Helix Formation. Other
cooperative systems involving oligonucleotide directed triple helix formation
have now been demonstrated. Povsic and Dervan observed cooperative
binding to yeast genomic DNA (33). Distefano and Dervan observed greater
than a 40-fold increase in binding affinity due to cooperativity between two
oligonucleotides capable of forming a Watson-Crick duplex dimerization
domain perpendicular to the triple helix (70, 74). Gates and Dervan observed
a modest cooperative effect of 3.7 using a metalloregulated domain for
dimerization (75). In this system, oligonucleotides equipped with 1, 10
phenanthroline at their 5' terminus bound cooperatively to a duplex DNA

template only upon the addition of cobalt, cadmium or zinc.

Conclusion. Bacteriophage A genomic DNA served as a valuable
substrate for the study of triple helix formation in the critical size range
between plasmid DNA and the complex genomes of yeast and human
(Chapters 3-4). Cleavage efficiencies as high as 45% were detected at a single
target site with low background. Efficient cleavage of DNA embedded in
agarose (37%) was also demonstrated. The stringency of triple helix
formation was examined as a function of pH, temperature, and
oligonucleotide base composition. Cooperative binding of oligonucleotides to

duplex DNA via triple helix formation was also demonstrated.
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Material and Methods

1H nuclear magnetic resonance (NMR) spectra were recorded on a Jeol
JNM-GX400 FT 400 MHz spectrometer and are reported in parts per million
(ppm) from tetramethylsilane. Ultraviolet-visible (UV-Vis) spectra were
recorded on a Perkin-Elmer Lambda 4C UV /Vis spectrophotometer. Flash
chromatography was carried out under positive air pressure using EM Science
Kieselgel 60 (230-400 Mesh). Thin-layer chromatography (TLC) was
performed with precoated 0.25 mm silica gel 60 F-254 TLC plates (EM
Reagents, Darmstadt F. R. G.). Long chain alkyl amine control pore glass
beads (CPG) were obtained from Sigma. T* and T* diisopropyl amino -
cyanoethyl phosphoramidites were synthesized as described (5).
Oligonucleotide synthesis was performed on a Beckman System 1 Plus DNA
Synthesizer using standard B-cyanoethyl phosphoramidite chemistry and
reagents purchased from Beckman (41). 5-methylcytosine and 5-bromouracil
B-cyanoethyl phosphoramidites were purchased from Cruachem. Aqueous
5'-[a-32P]dATP, 5'-[-32P]dGTP and 5'-[y-32P]dATP (3000 Ci/mmol; 1 Ci = 37
GBq) were purchased from Amersham. Radioactivity was measured with a
Beckman LS 3801 liquid scintillation counter. Unlabeled
deoxynucleotriphosphates were purchased from Boehringer Mannheim.
Bacteriophage A DNA (cI857ind1Sam7) and all enzymes were obtained from
New England Biolabs except AMV reverse transcriptase and calf intestinal
alkaline phosphatase, which were purchased from United States Biolabs and
Boehringer Mannheim, respectively. Solutions of Fe(NHy)2(SO4)2-6H20, and
dithiothreitol (DTT) were freshly prepared.
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Synthesis of 5'-DMT, 3’-succinyl T* triethyl ester control pore glass:
Nucleoside 2. Succinic anhydride (150 mg, 1.5 mmol) was slowly added to a
solution of 5'-DMT-T* triethylester (1) (1.007 g, 1.0 mmol) and 4-
dimethylaminopyridine (DMAP) (60 m.g, 0.5 mmol) in dry pyridine (4 mls)
and stirred under argon for six hours. A second portion of DMAP (60 mg, 0.5
mmol) and succinic anhydride (100 mg, 1.0 mmol) was added and complete
conversion to nucleoside 2 was obtained after 12 hours. The solution was
reduced to a gum by rotary evaporation and the residual solvent removed by
coevaporation with dry toluene. The crude mixture was dissolved in CH,Cly
(5 mls), washed with 10% cold sodium citrate (2x 5 mls) and H>O (2x5 mls),
dried over anhydrous NaySOy, and reconcentrated. The residue was
redissolved in CH,Cl; (5 mls), precipitated in stirring hexane (250 mls),
decanted, and dried under vacuum to give nucleoside 2 (1.023 g, 0.93 mmol,

- 92% yield). TH NMR (CDCl3): d 9.67 (1H, bs), 8.46 (1H, m), 7.48 (1H, s, Hg), 7.39
(2H, d), 7.32-7.22 (7H), 6.88 (1H, m), 6.84 (4H, d), 6.24 (1H, t, Hy"), 5.35 (1H, m,
H3'), 4.15 (6H, m, OCH>CH3), 4.11 (1H, m, Hy), 3.78 (6H, s, OCH3), 3.53 (4H, s),
3.41-3.27 (8H), 2.96 (2H, s), 2.78 (4H, m), 2.76 (4H, m), 2.31-2.18 (7H), 1.24 (9H, t,
OCH2CH3). TLC (5% MeOH in CH2Clp): R¢=0.10.

Nucleoside 4. A solution of nucleoside 2 (1.023 g, 0.93 mmol) in
anhydrous dioxane (4 mls) and pyridine (0.2 mls) was stirred with p-
nitrophenol (140 mg, 1 mmol) and dicyclohexylcarbodiimide (515 mg, 2.5
mmol) for 2 hours to yield nucleoside 3. (R¢g=0.75 in 10% MeOH, CHCI3). The
crude mixture was filtered through a fritted funnel, washed with
dimethylformamide (DMF) (5 mls) and added to CPG beads (5.0 g).
Triethylamine was added and the slurry was swirled periodically for 8 hours.
The solution was decanted, an additional portion of CPG added (2.5 g), and

the coupling reaction allowed to proceed for 12 hours. The derivatived CPG
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was washed successively with DMF, followed by MeOH, and finally with
ether. The T*-CPG was dried under vacuum. Nucleotide loading was
determined to be 29 pmoles of nucleoside per gram of support by a DMT
deprotection assay (41). The uncoupled amine groups on the CPG support (7.5
g) were capped in pyridine (30 mls) with acetic anhydride (2 mls) and DMAP
(100 mg, 0.8 mmol) for 30 minutes. The support was then refiltered, washed,
and dried as above. T* derivatized CPG (25 mg) was loaded into 1.0 pmole
fritted columns for automated oligonucleotide synthesis.

Oligonucleotide Synthesis. Oligonucleotides were synthesized by
standard automated methods using B-cyanoethyl phosphoramidites.
Oligonucleotides with a 3' T* were synthésized using T* derivatived CPG
support. T* nucleotides at other locations were introduced as activated 3-
cyanoethyl phosphoramidites as described (5). Oligonucleotides were
deprotected with 0.1 N NaOH (1.5 mls) for 24 hours at 55° C. The oligomers
were purified on a 20% denaturing polyacrylamide slab gel (19:1 bisacrylamide
crosslinked) containing 45% urea. The products were visualized by UV
shadowing, excised from the gel, extracted with 100 mM NaCl, 1 mM EDTA
for 40 hours, and dialyzed against distilled water at 4°C for 3-4 days. The water
was changed every 6-10 hours. Oligonucleotide concentration was
determined by UV absorption at 260 nm. The extinction coefficient for each
oligonucleotide was calculated using the following nucleotide extinction
coefficients: T, T*=9000 M-1, C=8000 M-1, BrU=4600 M-1, and MeC=5700 M-1.
The MeCBry oligonucleotides were slightly shifted towards the visible with a
Amax of 277 nm compared to a Ayax for the CT oligonucleotide of 267 nm.

Preparation of End Labeled DNA for High Resolution Analysis.
Bacteriophage A DNA was digested to completion with EcoRI to produce 21.2,
74,58,5.6,4.9, and 3.5 kb products. The ends of all fragments were 5' or 3'
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end labeled. The digest was 3'-end labeled with [a-32P]dATP by Klenow
fragment of DNA polymerase. 5'-End labeling was performed by alkaline
phosphatase treatment to remove the 5' terminal phosphates, followed by
phosphoryl transfer with [y-32PJdATP and polynucleotide kinase.
Unincorporated mononucleotides were removed by G-50 Sephadex spin
column chromatography in water. The 3' or 5' end labeled 7.4 kb fragment
containing the homopurine target site was isolated on a 0.5% agarose gel,
extracted by electroelution, ethanol precipitated, and dissolved in 250 mM
NaCl and 62 mM tris-acetate pH 7.0.

Preparation of End Labeled DNA for Low Resolution Analysis.
Bacteriophage A DNA was uniquely labeled at the right or left terminus by
filling in the single stranded cos ends. This was done by providing the
polymerase with only the appropriate mononucleotides for partially filling in
one end. In the absence of all four nucleotides, many polymerases have
extensive 3' exonuclease activity that remove nucleotides from the 3'
terminus and subsequently fills in with the radioactive nucleotides provided.
This results in both ends becoming equally labeled. To achieve unique end-
labeling it was necessary to select an enzyme lacking exonuclease activity. For
this reason, end-labeling reactions were performed with AMV reverse
transcriptase.

Linear bacteriophage A DNA (7.5 pug) was incubated in 100 mM tris-HClI,
pH 8.3, 140 mM KCl, 10 mM MgCly, 28 mM B-mercapthoethanol, and 5 units
of AMV reverse transcriptase. For unique labeling of the right end, 0.6 mM
dCTP and 2.5 ul of [a-32P]JdGTP were added to the 50 pl final reaction volume
(Fig. 2.10). For left end labeling, 2.5 pl of [0-32P]dATP was added. The
unincorporated mononucleotides were removed by G-50 Sephadex spin

column chromatography preequilibrated in H»O. Radioactive incorporation
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was quantitated by scintillation counting and the DNA diluted to 5000 cpm
per microliter. The quality of the DNA was improved and the shelf-life
extended if the DNA was stored in a buffered solution (250 mM NaCl, 62 mM
tris-acetate, pH 6.6-7.4).

Cleavage Reactions. Affinity cleaving reaction conditions are described
in the figure legends. Cleavage efficiencies were determined either by laser
densitometry of the autoradiograms or radioactive scintillation counting of
the excised bands. Efficiencies were expressed as a ratio of radioactive
emissions in the product band to the sum of emissions in the product and

uncut substrate bands.
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Chapter III

Site Specific Cleavage of Yeast Genomic DNA
Mediated by Triple Helix Formation

Site specific cleavage of bacteriophage A DNA (104 bp) demonstrated the
utility of using oligonucleotide directed triple helix formation for genomic
cleavage (1). The next incremental step toward site specific cleavage of a
human chromosome (109 bp) was to demonstrate that an oligonucleotide was
capable of mediating target site cleavage within yeast genomic DNA (107 bp).
The Saccharomyces cerevisiae genome contains more than 14 megabase pairs
(Mb) of DNA divided among 16 autonomously segregating chromosomes (2).
The chromosomes range in size from 220 kb to 2.5 Mb and are readily
resolvable by pulsed-field gel electrophoresis (3-8). Chromosome III, one of
the smallest yeast chromosomes (340 kb), was chosen as a target because of its
ease of manipulation and resolution. Yeast is an ideal organism for genetic
manipulations, and many genes and sequences have been mapped to specific
chromosomal locations (2, 9). One such gene is LEU2 which maps to the
short arm of chromosome III (3p) near the centromere (9), and encodes for -
isopropylmalate dehydrogenase, an enzyme that catalyzes the third step in
leucine biosynthesis (10-12). LEU2 can be used to specifically insert a triple
helix target sequence by homologous recombination at a defined position in a
yeast chromosome and select for the insertion by screening cells for the ability
to synthesize leucine .

This chapter describes the site specific cleavage of yeast chromosome III
by oligonucleotide directed triple helix formation. It is divided into two

sections based on the method of cleavage. The first describes the site specific
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cleavage of yeast chromosome III by oligonucleotides containing the affinity
cleaving agent EDTA eFe(II) (T*) (13). It includes the use of specific, base
modified, and nonspecific oligonucleotides to cut yeast chromosome III by
affinity cleaving, and an analysis of the specificity of triple helix formation as
a function of pH and oligonucleotide composition. The major findings of
this work were published in Science 249, 73-75 (1990) (14). The second section
describes single site cleavage of the yeast genome by a modification of the
Achilles heel technique for enzymatic cleavage, and analyzes the effects of
oligonucleotide composition and pH on cleavage specificity by this technique.
The results Wére reported in two publications. The report in Nature 350, 172-
174 (1991) emphasized the experimental result (15), while the paper to appear
in Methods in Enzymology (in press) provides a detailed description of the
protocol (16). This chapter also contains a methods section that provides a
complete description of plasmid construction, chromosomal recombination,
and polymerase chain reaction (PCR) protocols used to generate and verify

the yeast strains used as genomic substrates in these reactions.
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Site-Specific Cleavage of a Yeast Chromosome by
Oligonucleotide-Directed Triple-Helix Formation

ScotT A. STROBEL AND PETER B. DERVAN*

Oligonucleotides equipped with EDTA-Fe can bind specifically to duplex DNA by
triple-helix formation and produce double-strand cleavage at binding sites greater than
12 base pairs in size. To demonstrate that oligonucleotide-directed triple-helix
formation is a viable chemical approach for the site-specific cleavage of large genomic
DNA, an oligonucleotide with EDTA-Fe at the 5’ and 3’ ends was targeted to a 20—
base pair sequence in the 340-kilobase pair chromosome III of Saccharomyces
cerevisiae. Double-strand cleavage products of the correct size and location were
observed, indicating that the oligonuclcotide bound and cleaved the target sitc among
almost 14 megabase pairs of DNA. Because oligonucleotide-directed triple-helix
formation has the potential to be a general solution for DNA recognition, this result
has implications for physical mapping of chromosomes.

T ECHNIQUES FOR THE SITE-SPECIFIC
cleavage of double-stranded DNA
are vital to chromosomal mapping,
gene isolation, and DNA sequencing (1, 2).
Restriction endonucleases with 4— to 6—
basc pair (bp) binding sites cleave too fire-
quently for many chromosomal DNA ma-
nipulations (3). Rare-cutting restriction en-
zymes with 8-bp specificities have found
widespread use in genetic mapping; howev-
er, these enzymes are few in number, are
limited to the recognidon of CpG-rich se-
quences, and cleave at sites that tend to be
highly clustered (4). Combinations of meth-
ylases and restriction enzymes that require
methylated sequences can produce cleavage
specificities of 8 to 12 bp (5). Transient
methylase protection can be induced by
DNA binding proteins that recognize se-
quences with overlapping restriction-meth-
ylation sites; restriction enzyme digestion
then produces specific cleavage at the pro-
tein binding site (6). Recently, endonucle-
ases encoded by group I introns have been
discovered that might have greater than 12
bp specificity (7). Unfortunately, none of
these strategies can be generalized to recog-
nize and cleave at any of the large number of
unique sequences contained in human
DNA.

Pyrimidine oligonucleotides bind specifi-
cally ro purine sequences in duplex DNA o
form a local triple-helix structure (8-12).
The oligonucleotide binds in the major
groove parallel to the Watson-Crick purine
strand by Hoogsteen hydrogen bonding (8-
12). Triple-helix specificity is derived from
thymine (T) binding to adenine-thymine
base pairs (T-AT base triplet) and protonat-
ed cytosine (C+) binding to guanine-cyto-
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sine base pairs (C + GC base triplet) (8-15).
Guanine recognition of thymine-adenine
basc pairs (GTA base wriplet) within the
pyrmudmc triple-helix modf (9) and recog-
nition of (purine),(pyrimidine),, type se-
quences by alternare strand triple-helix for-
mation (10) have extended recogniton of
duplex DNA ro a wide class of mixed pu-
rine-pyrimidine sequences (16). Oligonucle-
otides 15 to 20 bases in length equipped
with an EDTA-Fe moiety produce se-
quence-specific double-strand breaks with
efficiencies ranging from 5 to 25% ac their
target sites within genomes as large as that
of bacteriophage A (48.5 kbp) (8-10). In
order to determine if this specificity can be
achieved in chromosomal DNA, a reriple-
helix target site, 5'-A,GA(GAIGA;GAs-3',
was inserted proximal to the LEUZ2 gene on
the short arm of the 340-kb chromosome IIT
of Saccharomyces cerevisiae (17-25) by ho-
mologous recombination (Fig. 1). The ge-

Pal”

Flg. 1. Schemaric diagram of pUCLEU2B con-
structed by insertion of the Pst I-Xma I 4.0-kb
LEUZ fragment from YEpl3 into pUCIS by
standard procedures (19). Complementary oligo-
nucleondes containing a homopurine sequence

netic map location of the LEUZ locus indi-
cates that double-strand cleavage at the 20-
bp targer sitc should produce two frag-
ments, approximately 110 = 10 and 230 *
10 kb in size (26) (Fig. 2). We report the
site-specific cleavage at this generically engi-
neered sequence on chromosome III by an
oligonucleotde-(EDTA-Fc),.

A 20-base pyrimidine oligonucleotide, 5'-
T*TCT..CT;CI;CI‘ 4T*-3', with thyl'l'l.ld.lﬂc
EDTA (T*) (27) at the 5' and 3" termini,
was synﬂ'ncsu.cd by automated methods be-
ginning with 5'-O-DMT-thymidine-EDTA-
triethylester 3'-succinyl control pore glass as
the solid support (DMT, 4,4’ -dimethoxytri-
tyl). Cleavage reactions were performed on
yeast transformants SEY6210 (— rarget
site) and SEY6210B (+ target site) (28).
Chromosomal DNA embedded in an agar-
osc plug was equilibrared with oligonucleo-
tide-(EDTA-Fe); to facilirate diffusion into
the agarose and triple-helix formation (pH
7.2, 22°C). The cleavage reaction was initi-
ated by additon of dithiothreitol (DTT).
To improve the cleavage yield, a second
cleavage cycle was performed by disrupting
the triplex at conditions of high pH (8.5),
reequilibrating the plug in a triplex-compat-
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Flg. 2. (Left) Genetic map of S. cerevisiae strain
SEY6210B (+ target site) chromosome III, The
locations of HIS4, PGK1, LEU2 loci (boxes), the
centromere {circle), and the triple-helix rarget site
are indicated. The sizes of the cleavage products
(based upon genetic map distances and experi-
mental resules) are shown. (Right) Schematc
dxagram of the mpl: -helix complex. The pyrimi-
dine ¢ leotide with EDTA-Fe at the ' and

were ligated into the unique Xho I site, upstream
of the LEUZ2 gene.
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ible buffer, and repeating the reaction with
fresh reagents. The chromosomes were sepa-
rated by pulsed-field gel electrophoresis and
detected by ethidium bromide staining (Fig.
3, A and B). Cleavage products were detect-
ed by DNA blotting with chromosome ITI-
specific probes (Fig. 3, C and D).

The HIS4 (29) and PGK1 (30) genes arc
located on the short and long arms of chro-
mosome III, respectively (Fig. 2). DNA
hybridization of the resolved cleavage prod-
ucts (Fig. 3A) with a radiolabeled HIS4
probe revealed a 110 = 10 kb fragment
present only in the yeast strain containing
the engineered target site (SEY6210B) (Fig.
3C, lanes 3 and 4). Hybridizadon with a
radiolabeled PGK1 probe revealed a second
unique fragment 230 = 10 kb in size (Fig.
3D, lanes 3 and 4). The extent of double-
strand cleavage at the target site was estimar-
ed at 6% by densitometry. The observed
fragment sizes are consistent with those
estimated from the genetc map (26). Thus,
after searching through aimost 14 megabase
pairs of yeast DNA, the oligonucleotide
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bound and cleaved specifically at the 20-bp
target site while leaving the other chromo-
somes largely intact (Fig. 3B).

The sequence specificity of pyrimidine
oligonucleotides for local triple-helix forma-
ton on duplex DNA is dependent upon pH,
temperature, and organic cosolvents (8).
Under conditions of lower pH, lower tem-
perature, or added ethanol, oligonucleotides
have been observed to bind to sites that are
in significant but not perfect match with the
target-site sequence (8). Because the com-
plete sequence of the yeast genome is not yet
available, the location and number of sec-
ondary binding sites on chromosome III
could not be predicted a priori. Interesting-
ly, one major (300 = 10 kb) and three
minor (190, 210, and 240 = 10 kb) second-
ary cleavage fragments were detected on
chromosome Il at pH 7.2 (Fig. 3, Cand D,
lanes 3 and 4) (31). The appearance of the
three minor fragments (190, 210, and 240
kb) upon hybridization with the flanking
markers HIS4 and PGK! indicates that the
minor secondary cleavage sites are found on
the long arm of chromosome I1I, distal to
the engineered target site. The major sec-
ondary cleavage site (300 kb) was not
flanked by the markers, bur must map to
within 40 kb of a chromosome III telomere.

The extent of sequence similarity of the
secondary sites to the target site can be
estimated by examining the cleavage pattern
as a funcdon of increasing pH. The cleavage
products were examined over the pH range
7.2 1o 7.8 (Fig. 3E). The 190- and 210-kb
bands were not observed above pH 7.4

Flg. 3. Site-specific cleavage of yeast chromo-
somes. Lanes 1 and 2 (all gels): SEY6210 (~ tar-
get site) and SEY6210B (+ target site) chromo-
somal DNA unreacted controls, respectively.
Lanes 3 and 4 (all pgels): SEY6210 and
SEY6210B chromosomal DNA, respectively, af-
ter reaction with oligonucleoride-(EDTA-Fe),.
(A) Separation of yeast chromosomes less than
400 kb in size by pulsed-field gel ¢lectrophoresis
on a Bio-Rad CHEF system. Pulse times were
ramped from 10 to 20 s during a 24-hour period
(14°C and 200 V). Chromosomal DNA was
detected by ethidium bromide staining. Fragment
sizes were estimated by comparison to bacreri-
ophage A concatemers. (B) Separation of all yeast
chromosomes with tentative assignments. A 60-s
pulse time for 16 hours was followed by 90-s
pulses for 8 hours (14°C, 200 V). Sizes were
estimated by comparison to YNN295 chromo-
somal DNA (24). (C) DNA blot hybridization of
reactions shown in (A) with a 250-bp HiS4
fragment labeled with **P by random priming
(19). The DNA blot ransfer and hybridization
were performed by standard procedures (19). The
cleavage products were visualized by autoradiog-
raphy and quantitared by laser densitometry. (D)
Dgh\ blot hybridization as in (C) excepr a 1.3-kb
marker from the promoter rlEFim of PGK1 was
used for hybridization (E}. p! K{tmﬁlc of cleavage
products hybridized with PGKI marker.

(lanes 7 to 10), whereas raising the pH
above 7.6 climinated the 240-kb fragment
{lanes 9 and 10). The 300-kb band and the
fragment corresponding to the designed tar-
get site were still observed at pH 7.8 (lanes 9
and 10) though at lower cleavage efficien-
cies. This suggests that the order of se-
quence similarity of the different sites with
the rarget site are 300 > 240 > 210, 190
kb.
A chemical approach for the site-specific
cleavage of intact chromosomes at 12- to
20-bp sequences might assist the large cfforr
being directed toward mapping genomic
DNA. For an unambiguous test of site-
specific cleavage on chromosomal DNA by
oligonucleotide-directed triple-helix forma-
ton, a target site of known sequence and
approximate physical location was chosen
for this experiment. However, the ability of
oligonucleotide-directed triple-helix forma-
tion to recognize a wide variety of purine
and mixed purine-pyrimidine sequences (16)
could allow the orchestrated cleavage of
large genomic DNA at any genetic marker
for which some sequence information is
known.
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Comments to Site-Specific Cleavage of a Yeast Chromosome by
Oligonucleotide-Directed Triple Helix Formation. Although a number of
endogenous triple helix target sites could be identified within the yeast
genome, including at least one within the LEU2 gene itself (12), it was
advantageous to engineer target sites into yeast chromosome III for a number
of reasons: (i) a site of optimal length and A vs. G content could be targeted
for initial studies on the larger DNA substrate, (ii) it provided a positive and
a negative control for specific cleavage of a large DNA substrate that had not
been fully mapped or sequenced, (iii) it enabled construction of chromosomes
containing target sites compatible with triplex mediated enzymatic (15),
alkylation (17, 18), and affinity cleaving techniques for cutting (1, 14, 19), and
(iv) yeast constructs containing specific target sites from human DNA
sequences were used to optimize conditions for cleaving the human genome
(20).

The yields from affinity cleaving of yeast were significantly lower than
observed with bacteriophage 2 (1). One possible explanation stems from the
use of high EDTA concentrations (0.5 M) in preparing the yeast chromosomes
(21, 22). Unless all the EDTA was removed, the exogenous EDTA could
compete for the Fe2+, reducing the concentration of oligonucleotide-

EDTA Fe(Il) complexes. A second possibility is that the bacteriophage A yields
were uncharacteristically high for this type of reaction. No other substrate has
been cut with efficiencies comparable to A phage. Plasmid DNA containing
the yeast target site was cut at less than 15% cleavage, suggesting that the low
efficiency was not inherent to the cleavage of megabase genomic DNA. A
third possibility is that the target site was not saturated, however subsequent
enzyme inhibition experiments proceeded almost quantitatively, arguing

strongly against this possibility (15). Modest yields are more likely due to a
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Fig. 3.1. Map of primary and secondary cleavage sites recognized by
oligonucleotide CT7+ on chromosome III at pH 7.0. The centromere (circle),
PGK1, LEU2, and HIS4 loci are shown as rectangles along chromosome III
(dark line). The sites shown with arrows above the chromosome have
defined map locations, while the site below the line could map to either 3p or
3q (both possible sites are shown). The pair of numbers next to each arrow
correspond to the product sizes observed with HIS4 and PGK1 hybridizations,
respectively.

combination of a target site less susceptible to triple helix mediated affinity
cleaving and exogenous EDTA in the reaction competing for the metal
cofactor.

In addition to the primary target site near the LEU2 gene, the CTt*
oligonucleotide was reported to cut at four secondary sites on chromosome
III. Hybridization of the reaction products with HIS4 (23, 24) and PGK1 (25,
26) identified the location of the secondary cleavage sites (Fig. 3.1) . The 300 kb
product was not flanked by either of the markers and could not be definitively
mapped to either end of chromosome III.

Cleavage of Yeast Chromosome III with MeC and BrU Modified
Oligonucleotides. Oligonucleotides CT1+ MeCT1+ and MeCBrUr» were
synthesized specifically for the target site on yeast chromosome III with T* at
the 5' and 3' ends and MeC and BrU base modifications (27). Reactions were

performed as a function of pH between 7.0 and 7.6 to examine the relative
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specificity of the oligonucleotides (Fig. 3.2 A). Ethidium bromide staining of
the cleavage products showed little chromosomal degradation by CTt+ at any
pH. MeCT1» showed significant degradation of all chromosomes at pH 7.0,
and modest degradation at pH 7.2 and above. MeCBrUr» extensively degraded
the DNA, leaving no visibly intact chromosomal bands except at pH 7.6,
where secondary cleavage remained extensive.

DNA hybridization with the LEU2 (12, 28, 29) gene confirmed the
general observations evident by ethidium bromide (Fig. 3.2 B). The
oligonucleotide with the greatest specificity under the conditions tested was
CTt+. At pH 7.6 only the 110 and 230 kb products were detected in significant
yield (Strain SEY6210B (30) has a duplication of the LEU2 locus that flanks the
engineered target site resulting in detection of both the 230 and 110 kb
cleavage products upon hybridization with LEU2). Oligonucleotide-MeCT»
showed slightly less specificity, and generally higher overall background,
particularly at lower pH. The specificity was partially restored at pH 7.6,
though the secondary cleavage sites were cut more extensively than with
CTr= at the same pH. MeCBrUr+ was very nonspecific under these reaction
conditions resulting in a broad smear in which all the chromosome III
molecules had been cut at least once at pH 7.0. At pH 7.6, the specificity
slightly improved, and specific bands became visible above the high
background.

The relative specificities of the oligonucleotides was similar to that
observed with bacteriophage A cleavage (1) (Chapter 2). It suggests that both

pH and oligonucleotide composition can be used to adjust the specificity of
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Fig. 3.2 Triple helix mediated affinity cleaving of yeast chromosomal
DNA prepared from strain SEY6210B as a function of oligonucleotide
composition and pH.

A. Ethidium bromide stained gel of total yeast chromosomal DNA
reacted with oligonucleotides CTt+, MeCT7+, and MeCBrU» at pH 7.0 to 7.6
(conditions in each lane listed in legend above gel). Chromosomal DNA
embedded in 0.6% Incert LMP agarose was washed extensively to remove
exogenous EDTA and equilibrated fro 12 hours in 100 mM NaCl, 25 mM tris-
acetate, pH 7.0 to 7.6, and 1.0 mM spermine*4HCI (NTS buffer). The agarose
blocks (=80 ul) were transferred to 2.0-ml flat bottom eppendorf tubes and
overlaid with 120 pl of NTS buffer. 2.5 ul of 100 uM oligonucleotide (CTT»,
MeCTrx, or MeCBrUt+) was equilibrated with 2.5 pul of 100 uM
Fe(NH4)2(SO4)226H70 (freshly prepared) for 5 minutes, and 4 pl of the
resulting solution added to the DNA. The solution was incubated for 3 hours
to promote triple helix formation, and the affinity cleaving reaction was
initiated by the addition of 4 pl of 200 mM DTT (freshly prepared). The
cleavage reaction was allowed to proceed for 8 hours. The DNA was digested
a second time with fresh reagents by washing agarose plugs with 1.0 ml
aliquots of 100 mM tris-HCI (pH 8.5) for 30 min. three times, and
reequilibrating the plugs in NTS buffer. The plugs were then incubated with
a second aliquot of oligonucleotide, Fe(NH4)2(SO4)2°6H20 and DTT.
Reactions were performed at room temperature (22° C). After two reaction
cycles, the chromosomal plugs were washed in 1 ml of 10 mM tris-HCI (pH
7.5), 1 mM EDTA, and loaded on a 1% agarose (0.5xTBE) gel at 6.0 V/cm, 120°
switch angle, 15-30 sec. ramped switch times for 25 hours at 14° C. The DNA
stained with ethidium bromide and visualized by UV irradiation.

B. DNA hybridization of gel shown in A, hybridized with the PCR
product of the LEU2 subcloned plasmid pUCKE400 (see methods for plasmid
construction and hybridization protocol). A duplication of the LEU2 gene in
construct SEY6210B resulted in the detection of both the 110 and 230 kb
products upon hybridization with LEU2. Other secondary cleavage sites are
also evident as a function of pH and oligonucleotide composition.
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triple helix formation. This observation was useful for the identification of
endogenous target sites in unsequenced human DNA (20) (Chapter 4).

Cleavage of Yeast Chromosomal bNA with Nonspecific
Oligonucleotides. The observation that an oligonucleotide was capable of
cleaving sites for which it was not specifically designed and not completely
homologous (14), suggested that it should be possible to use nonspecific
oligonucleotides to cut yeast chromosomal DNA. To test this,
oligonucleotides specific for sites in bacteriophage A (oligonucleotides 1 and 2)
and adenovirus (oligonucleotides 3 and 4) genomes were used to cut yeast
chromosome III (Fig. 3. 3A). No degradation was apparent by ethidium
bromide staining for reactions with oligonucleotides 1, 2, and 3.
Oligonucleotide 4, containing a long T sequence, produced a faint smear
consistent with a large number inefficiently cut sites. This oligonucleotide is
specific for poly-A runs frequently found in genomic DNA.

DNA hybridization with chromosome III specific markers PGKI and
HIS4 revealed a discrete set of cleavage products generated by the
oligonucleotides (Fig. 3.3 B). Oligonucleotides 1 and 2, differing only in the
number of T* moieties, produced identical products with different
efficiencies. Oligonucleotide 2 cut less efficiently, suggesting that the second
T* was destabilizing for these target sites. Oligonucleotide 3, containing a
high C content, inefficiently cut only two sites suggesting low oligonucleotide
affinity and minimal sequence similarity. In contrast, the poly-T
oligonucleotide 4 produced six discrete cleavage products in good yield.

Comparison of PGK1 and HIS4 hybridizations allowed most of the sites
to be mapped to a specific position on chromosome III (Fig. 3.4).
Oligonucleotides 1, 2 and 4 bound a sequence at or near the engineered target

site producing 110 (HIS4) and 230 (PGK1) kb cleavage products. It is
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Fig. 3.3. Cleavage of yeast chromosomal DNA with nonspecific
oligonucleotides by affinity cleaving. Top. Oligonucleotide-EDTA sequences
specific for target sites in other substrates. Oligonucleotides 1 and 2 were
designed to cut bacteriophage A DNA at the origin of replication. These
oligonucleotides were originally given the title A5 and A5'3', respectively.
Oligonucleotides 3 and 4 were designed for target sites in adenovirus-2
genomic DNA. They were originally titled Ad-1 and Ad-2, respectively.
Middle. Ethidium bromide staining of cleavage reactions using
oligonucleotides 1-4 (indicated above gel) to cut chromosomal DNA prepared
from SEY6210B. Cleavage reactions and pulsed-field gel electrophoresis were
performed as described in Fig. 3.2 except only one cleavage cycle was
completed. Bottom. DNA hybridization of gel shown above with DNA
markers HIS4 and PGK1. DNA transfer, immobilization, and hybridization
were performed as described in the methods section of this chapter. Cleavage
products were detected by autoradiography, and size estimates made by
comparison to a bacteriophage A DNA ladder.
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Fig. 3.4. Map of primary and secondary cleavage sites recognized by
oligonucleotides 1-4 on chromosome III at pH 7.0. The centromere (circle), PGK1,
LEU2, and HIS4 (rectangles) loci are shown along chromosome III (dark line). The
sites shown with arrows above the chromosome have defined map locations, while
sites below the line could map to either 3p or 3q (both possible sites are shown). The
pair of numbers next to each arrow correspond to the product sizes observed with
HIS54 and PGKI hybridizations, respectively.
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noteworthy that there is a long poly-A run about 300 bp 5' of the target site
that could be recognized by the oligonucleotides (12). All of the sites
recognized by oligonucleotides 1 and 2 were cut more efficiently by
oligonucleotide 4, suggesting that the sites bound were predominated by A
rich sequences. This is indirectly supported by the observation that sites
recognized by oligonucleotide 3, a sequence with high-C content, were not
detected by any of the other oligonucleotides.

The cleavage pattern demonstrates that T* oligonucleotides are useful
for generating a partial DNA digest whose products depend upon the
sequence of the oligonucleotide, without requiring prior knowledge of
sequence information. Affinity cleaving mediated by nonspecific
oligonucleotides is similar to restriction enzyme mapping by partial digestion.
This could potentially be useful if affinity cleaving oligonucleotides designed
for conserved sequence elements within protein coding regions could be used
to map the location and frequency of such sequences within the genome.

Conclusions. This work demonstrated the feasibility of targeting
specific sites within megabase genomic DNA by triple helix formation with
small oligonucleotides. Oligonucleotide binding was assayed by affinity
cleaving of yeast chromosome III. In addition to the target site, affinity
cleaving detected four secondary binding sites on yeast chromosome III and
DNA hybridization facilitated the identification of their map position. The
specificity of oligonucleotide directed triple helix formation could be
regulated by adjusting the pH and the base composition of the
oligonucleotides. Although the low efficiency of cutting by this method
makes generating large quantities of cleaved genomic material impractical,

affinity cleaving demonstrated the specificity of triple helix formation on
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large DNA, and could be useful for mapping the frequency and location of

conserved sequence elements within chromosomes.
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Part I1

Single Site Enzymatic Cleavage of Yeast Genomic DNA
Mediated by Triple Helix Formation

While affinity cleaving was useful for demonstrating triple helix
formation at specific sites within large genomic DNA, it was limited by low
cleavage efficiency and cutting at secondary sites (1, 14). Because affinity
cleaving cut all sites bound by the T* end of the oligonucleotide, it
demonstrated the gap between the theoretical frequency of the target site (one
site in 1011 bp) (31) compared to the actual ability of the oligonucleotide to
differentiate between several similar but imperfectly matched binding sites
(approximately one site in 10° bp). Thus, despite the size of the recognition
site, affinity cleaving mediated by oligonucleotide directed triple helix
formation was insufficient to define a single site in megabase DNA.

Single site cleavage of megabase DNA was achieved by two techniques
that coupled the specificity of triple helix formation with a sequence specific
cleaving function (15-18). Triple helix mediated alkylation combined triple
helix formation with the requirement for a G (alkylation at N7) two bases to
the 5' end of the oligonucleotide (Appendix B) (17). Work done in
collaboration with Povsic demonstrated that double strand cleavage was only
observed if the sequence met the following criterion: (i) there must be two
oligonucleotide binding sites, (ii) the oligonucleotide binding sites must be on
opposite strands, (iii) there must be a G two bp to the 5' side of each binding

site, and (iv) the binding sites must be within approximately 20 bp of each



other to facilitate strand separation (32). Such a rigidly defined class of
sequences occurs sufficiently infrequently to specify a single site in megabase
DNA. Alkylation was highly efficient, producing double strand cleavage
yields approaching 90% (Appendix B).

A second strategy for generating quantitative single site cleavage
combined triple helix formation with the specificity of methylases and
restriction enzymes (15, 33, 34). In this approach, a triple helix site partially
overlapping the recognition site of a sequence specific methylase blocked the
methylase activity only at the site bound by the oligonucleotide. All other
methylation sites were modified by the enzyme. Subsequent methylase
inactivation, triple helix disruption, and digestion by the cognate restriction
enzyme produced cleavage only at the unmodified site previously bound by
the oligonucleotide. In this approach, cleavage is only observed if the
oligonucleotide binding site partially overlaps the methylation site. If there is
no overlap, or if the site bound is not adjacent to a methylation site, no
cleavage is observed. This section describes the application of this technique

to the cleavage of yeast chromosome III at a single site.
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Site Specific Cleavage of Plasmid DNA Containing a Triple Helix
Target Site. Koob and Szybalski originally demonstrated that protein
mediated methylase inhibition could be used to modify the effective
specificity of a restriction enzyme on plasmid and yeast genomic substrates
(15, 33, 34). They entitled the procedure Achilles’ heel cleavage because of its
similarity to the story of Achilles from Greek mythology. Maher, Wold, and
Dervan demonstrated the feasibility of triple helix mediated methylase
inhibition on plasmid DNA using the cognate enzymes Taql methylase and
Taql endonuclease (35, 36). Although this conceptually verified that triple
helix mediated Achilles' heel cleavage was also possible, it utilized the
unique thermostability of the restriction enzyme to remove the
oligonucleotide. Therefore, it was necessary to optimize triple helix and
enzyme conditions for thermolabile enzyme pairs. The temperatures used to
destabilize the triplex were incompatible with large DNA as the LMP agarose
used to retain chromosomal integrity would melt at 65° C. To optimize low
temperature reaction conditions, the plasmid used for homologous
recombination with chromosome IIlI, pUCLEU2A, was used as a cleavage
reaction substrate.

Plasmid pUCLEU2A was generated by inserting a homopurine
sequence overlapping an EcoRI methylase/endonuclease site into the unique
Xhol site of pUCLEU2 (Fig. 3.5) (see methods). The plasmid contained a total
of three EcoRI sites, as well as a unique HindIII site immediately opposite the
EcoRI target site. Thus, if the DNA was linearized with HindIII and cut only
at the desired EcoRI site, the linear 6.6 kb plasmid would be cut into two 3.3 kb
products. The ratio of the 6.6 to the 3.3 kb band detected by ethidium bromide

staining would define the cleavage efficiency.
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HindIIl

Fig. 3.5. Map of pUCLEU2A showing the triple helix target site. The
target EcoRlI site is shown in a shaded box within the duplex sequence
inserted into the Xhol site (top). The triple helix binding site is shown as a
dark line within the duplex. Also shown are the restriction sites used in this
study, the LEU2 gene, the pUC19 vector, and the size of the plasmid.

It was initially important to define a strategy for the removal of the
oligonucleotide from the target site. LMP agarose has an upper temperature
limit of 55° C, a temperature too low for complete triple helix disruption.
Triple helix formation was shown to be polycation sensitive suggesting that
removal of the spermine from the solution should be sufficient to destabilize
the triplex (19). This approach was problematic because the restriction
enzyme buffer contains magnesium, a dication capable of triplex stabilization.
If oligonucleotide was still present upon addition of endonuclease buffer, the

oligonucleotide could reform the triplex, block the restriction enzyme, and
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reduce.the cleavage efficiency. Several studies demonstrated that triple helix
formation is highly pH sensitive (19, 27, 37). By raising the pH of the
restriction enzyme digestion buffer to between 8.5 - 9.5, the oligonucleotide
was removed from the target site, without effecting the fidelity of the
restriction enzyme.

Reactions performed as a function of methylation time and pH are
shown in Fig. 3.6. No cleavage was observed in the absence of
oligonucleotide indicating that the methylase had reacted to completion
(lanes 5, 10, 15). Complete digestion of plasmid DNA was observed in the
absence of methylase despite the addition of oligonucleotide (lanes 4, 9, 14).
This indicates that the high pH workup conditions were sufficient to remove
the oligonucleotide from the duplex target site, that the specificity of the
restriction enzyme was not significantly affected by the high pH buffer, and
that EcoRI was cutting the DNA to completion. Plasmid DNA methylated in
the presence of the oligonucleotide was cut by EcoRI endonuclease only at the
triplex target site to generate the desired 3.3 kb products in 92 + 3% yield (lanes
1-3, 6-8, and 11-13). After longer methylation times, the cleavage efficiency
was gradually reduced, suggestive of a slow oligonucleotide off rate (38)
(compare lanes 1 &3, 6 & 8, and 11 &13). The cleavage efficiency was slightly
better at pH 6.6 than at pH 7.4 indicative of triple helix stabilization at low pH.
However, at lower pH the methylase required a slightly longer incubation
time to achieve complete methylation (lane 1). While the techniques used at
the plasmid level could not be immediately transferred to yeast chromosomal
DNA, i.e, the reactions were phenol extracted and ethanol precipitated, two
procedures incompatible with agarose embedded chromosomal DNA, they

demonstrated that an oligonucleotide was capable of site specific protection
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Fig. 3.6. Enzymatic cleavage of plasmid pUCLEU2A DNA mediated by
triple helix formation. Reagents, methylation times, and pH were as
indicated above the figure. pUCLEU2A plasmid DNA (2 pg) was incubated
for 2.5 hours with 1 pM MeCBrJ, oligonucleotide in methylation buffer
containing 100 mM NaCl, 100 mM tris-HCI, 100 pg/ml BSA, 2 mM spermine,
10 mM EDTA, pH 6.6, 7.0, or 7.4 at 22° C. Following triple helix formation 160
MM S-adenosyl methionine (SAM) and 120 units of EcoRI methylase were
added resulting in a final volume of 20 ul. The DNA was methylated for 2, 4,
or 7 hours at 22° C after which the methylase was stopped by phenol
extraction. The DNA was recovered by ethanol precipitation, 70% ethanol
washing, and drying. The DNA was resuspended in EcoRI restriction enzyme
buffer containing 10 units EcoRI, 100 pg/ml BSA, 100 mM tris-HCI, pH 9.5, 50
mM NaCl, 5 mM MgCl, and digested to completion at 37° C for 45 min. The
products were loaded directly on a 0.8% agarose gel containing 1xTAE and
ethidium bromide. Products were visualized by UV illumination.
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pH 6.6 7.0 7.4
/—H A
r— " r N
Methylation Time (hrs) 2 4 7 0 2 2 4 7 0 2 2 4 7 0 2
EcoRI Endonuclease + 4+ + + + + + + + + + + + + +
EcoRI Methylase + + + - + + + + - + + + + - o+
Oligonucleotide MeCBUJ, + + + + - + + + + - + + + + -

11 12 13 14 15
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against EcoRI methylation resulting in highly efficient cleavage upon EcoRI
restriction enzyme digestion.

Comparable experiments were performed on plasmid DNA using
enzymes Hpall, Haelll, Mspl, dam/Mbol, Alul, Taql, Alul-Me/Sstl, and
HindIll. Nonoptimized cleavage efficiencies ranging from 50-98% were
observed. In each system it was necessary to reduce the pH of the
manufacture's recommended buffer to near pH 7.0, add spermine to promote
triple helix formation, and add at least 50 mM NaCl to prevent DNA

precipitation by the spermine.



106

Reprinted from Nature, Vol. 350, No. 6314, pp. 172-174, 14th March. 1991
© Macmillan Magazines Lid., 1991

Single-site enzymatic cleavage of
yeast genomic DNA mediated

by triple helix formation

Scott A. Strobel & Peter B, Dervan®*

Division of Chemistry and Chemical Engineering,
California institute of Technology, Pasadena,
Caiifornia 91125, USA

PHYSICAL mapping of chromosomes would be facilitated by
methods of breaking large DNA into manageable fragments, or
cutting uniquely at genetic markers of interest. Key issues in the
design of sequence-specific DNA cleaving reageats are the
specificity of binding, the generalizability of the recognition motif,
and the cleavage yield. Oligonucieotide-directed triple helix for-
mation is a generalizable motif for specific binding to sequences
longer than 12 base pairs within DNA of high complexity'™.
Studies with plasmid DNA show that triple helix formation can
limit the operational specificity of restriction enzymes to endonu-
clease recognition sequences that overlap oligonucieotide-binding
sites®*, Triple helix formation, followed by methylase protection,
triple helix-disruption, and restriction endonuclease digestion pro-
duces near quantitative cleavage at the single overlapping triple
helix—endonuciease site*. As a demonstration that this technique
may be applicable to the orchestrated cleavage of large genomic
DNA, we report the near quantitative single-site enzymatic
cleavage of the Saccharomyces cerevisiae genome mediated by
triple helix formation. The 340-kilobase yeast chromosome III
was cut uniguely at an overlapping homopurine—EcoRI target site
27 base pairs long to produce two expected cieavage products of
110 and 230 kilobases. No cleavage of any other chromosome was
detected. The potential generalizability of this technique, which is
capable of near quantitative cleavage at a single site in at least
14 megabase pairs of DNA, could ensble selected regions of
chromosomal DNA to be isolated without extensive screening of
genomic libraries.

Chemical reagents and biological methods that infrequently
cleave double helical DNA are being developed for genomic
mapping'~'%. Recently, Szybalski and coworkers reported an
*Achilles heel cleavage’ technique that limits restriction enzyme
cleavage to an overlapping lac repressor-endonuciease site'"-'2,
Protein-mediated Achilles heel cleavage may, however, not be
readily generalized to unique cleavage at selected genetic
markers owing to the paucity of applicable DNA-binding pro-
teins relative to the number of sites in megabase genomic DNA.
To achieve orchestrated cleavage at selected genetic markers in
human DNA by this approach may require the protein-binding
sequence to be artificially inserted into the chromosome at
precise locations. A more general method for recognition of
endogenous DNA sequences might be a chemical approach
based on oligonucleotide-directed triple helix formation'.
Pyrimidine oligonucleotides bind specifically to purine sequen-
ces in duplex DNA to form a local tripie-helix structure!"*'>4,
The generalizable code for triple-helix specificity is derived from
thymine (T) binding to adenine-thymine base pairs (T-AT base
triplet)'® and N3 protonated cytosine (C+) binding to guanine-
cytosine base pairs (C+GC base triplet)'®'’. Higher affinity
oligonucleotides can be obtained by substituting 5-bromouracil
for thymine and 5-methylcytosine for cytosine'®. Moreover, the
number of potential target sequences amenable to recognition
by the triple helix motif can be extended to some mixed purine-
pyrimidine sequences'®*°. By replacing the lac repressor protein
in the Achilles heel technique with tripie-helix-mediated protec-
tion, one combines the strengths of the two approaches; a general
chemical method for recognition of DNA sequences in the range
of 15-20 base pairs (bp) with the cleavage efficiency of restriction
enzymes (Fig. 1).

* To whom

~0~0 (At~

¢ Bind oligonucleatide W

Methylate

—ANT——8

l Inactivats methylase/disrupt triplex

AVAV
44— 1+

‘ Restriction enzyme digestion

—

- [l

D Restriction enzyme site, cleavable

Methylated restriction enzyme site,
not cleavable

: Oligonucleotide binding site
W Oligonucleotide

FIG. 1 General scheme for single-site enzymatic cleavage of genomic DNA
by oligonucleotide-directed triple helix formation. Chromosomal DNA is
equilibrated with an oligonucleotide in a methylase compatible buffer contain-
ing polycation. EcoRl methylase which methylates the central adenines of
the sequence 5'-GAATTC-3' and renders the sequence resistant to cleavage
by EcoRl restriction endonuciease, is added and allowed to proceed to
completion, The methylase is inactivated and the triple helix is disrupted at
55 °C in a high-pH buffer containing detergent. After washing extensively,
the chromosomal DNA is re-equilibrated in restriction enzyme buffer and
cut to comptetion with EcoR| restriction endonuclease. The cleavage products
are separated by pulsed-field gel electrophoresis and efficiencies quantitated
by Southern biotting.

To demonstrate single-site enzymatic cleavage of the yeast
genome by this technique, a sequence containing an overlapping
24-bp purine tract and 6-bp EcoRl site was inserted proximal
to the LEU2 (ref. 21) gene on the short arm of chromosome
IIT (Fig. 2) (ref. 3). Oligonucleotides designed to form triple
helix complexes that overlap half of the EcoRI recognition site
were synthesized with CT, M*CT or ™*C®U nucleotides'®. The
genetic map of yeast chromosome 111 (refs 22, 23) and affinity
cleaving data’ indicate that cleavage at the target site should
produce two fragments 110+ 10 and 230 = 10 kilobases (kb) in
size (Fig. 2).

Resolution of total yeast chromosomal DNA by pulsed-field
gel electrophoresis®™** revealed that chromosome Il was cut
exclusively at the target site when a °CT oligonucleotide was
used for triple helix formation at pH 7.6 (Fig. 3, lane 1). No
cleavage was detected on any other chromosomes under these
conditions nor was cleavage observed in the absence of oligonu-
cleotide (lane 2) or in a yeast strain lacking the target sequence
(lane 3). The expected 110-kb product was visualized with
ethidium bromide staining and confirmed by Southern blotting
with a HIS4 (ref. 26) marker (Fig. 3¢). The 230-kb product
comigrated with chromosome I, but was detected by Southern
blotting with a LEU2 (ref. 24) marker (Fig. 3b). The cleavage
efficiency was 94 + 2%. Similar efficiencies were seen with a CT
oligonucieotide up to pH 7.4 and ™*CT and **C® U oligonucleo-
tides past pH 7.8 (Fig. 4). The cleavage efficiency with ail
oligonucleotides was gradually reduced with longer methylation
times, suggesting that the oligonucleotide dissociation rate might
be the limiting factor for efficiency in this system?®”.

The specificity of triple helix formation has been shown to
be pH-dependent'~. By lowering the pH, sequences of near but
imperfect similarity can be bound and cleaved'~. In agreement
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FIG. 2 Left, genetic map of 5. cerevisiae chromosome Iil. The locations of
the HIS4 and LEUZ loci {boxes), the centromere (circle), and the triple
helix-EcoR! target site are indicated. The expected sizes of the cleavage
products are shown. Right, schematic diagram of the triple helix complex
overlapping the EcoRl restriction-methylation site. The pyrimidine oligonu-
cleotide is bound in the major groove parallel to the purine strand of the
DINA duplex, and covers half the EcoRl site.

1
a Oligonucleotide  + +
TargeL site + + -+ +
Mecthylase + + + -
Endonuclease + + + + +

-4 430 kb ([X)

340 kb (L111 o=
- 260 kb (V)

230 kb = . 230 kb ([)

110 kb ==

FIG. 3 Single-site enzymatic cleavage of yeast genomic DNA with reagents
indicated above figure. 1, Yeast chromosomal DNA embedded in low-meiting-
point agarose (~50 ul) was washed twice in 1.0 mi of 100 mM NaCl, 100 mM
Tris-HCl, 10 mM EDTA, 2mM spermine, pH 7.6 for 10 min, decanted, and
overlayed with 150 ul of the same buffer. Oligonucleotide was added to
1 uM final concentration and incubated 8 h at 22 °C. 2. Bovine serum albumin
(100 ug mi~*), S-adenosylmethionine (160 uM) and EcoRl methylase (80
units) were added to the overlay and incubated with shaking for 3h. 3, The
triple helix was destabilized and the methylase was simultaneously inacti-
vated at 55°C in 1.0ml of 1% lauryl sarcosyl, 100 mM Tris-HC! pH9.5,
10mM EDTA for 30 min. The oligonucleotide and detergent were then
removed with 4 X 10 min washes (1.0 ml) with 10 mM Tris-HC| pH 9.5, 10 mM

h LEU2 ¢ HIS4
1 2 3 3 &8 R 7 1 2 3 4 5§ & 7
Oligonucleotide . - . -
Target Site +  + -+ - + o+ = -
Methylase + + + - @ @b W
Endonuclease + + + + + . = s o+
340 kb (1111 o= - - e - e - ==
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EDTA. 4, The agarose plug was washed twice with 1.0 ml 2 x potassium
glutamate restriction enzyme buffer (200 mM potasswm glutamate, 50 mM
Tris-acetate, pH 7.6, 20 mM magnesium acetate, 100 ug mi~* BSA, 1 mM
2-mercaptoethanol), decanted, overlayed with 150 ul of buffer and the DNA
digested to completion with 20 U EcoRl restriction endonuclease for 6 h at
22 °C. After digestion the enzyme was heat-inactivated at 55 °C for 10 min
and the DNA loaded onto a 1% agarose. 0.5 x TBE puised-field gel at 14 °C,
200 V. Switch times were ramped from 10-40 s for 18 h followed by ramping
from 60-90 s for 6 h. Products were visualized by ethidium bromide staining
{a) and Southern blotting with LEUZ2 (b) and HIS4 {c) chromosome markers.
Cleavage efficiencies were measured using storage phospho imaging plates
with a Molecular Dynamics 400S Phosphalmager.
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FIG. 4 Triple-helix-mediated enzymatic cleavage of the yeast genome as a
function of oligonucleoticge composition and pH. Lanes 1-12, reactions on
a yeast strain containing the triple helix target site with oligonucleotides
(CT, ™CT and ™C™U) and pH values (6.6, 7.0, 7.4 and 7.8) as indicated
above figure. Methylation time was 4.5 h. 170-kb and 650-kb (unresoived)
secondary cleavage products were observed with both ™*C substituted
oligonucleotides at or below pH 7.4. The cleavage site can be assigned to
chromosome |l (820 kb) by two-dimensional pulsed-field gel electrophoresis
in which the DNA was triple helix-protected and methylated before the first
dimension and restriction enzyme-digested before the second dimension
(data not shown), Additional secondary cleavage sites were observed with
the M*C™U oligonucleotide at pH 6.6 (lane 9), The 180- and 480-kb products
were assigned to chromosome X| (660 kb, and the 330 and 780 kb (unresol-
ved) products were assigned to the VII/XV doublet (1.100kb) by the same
method (data not shown).

with this observation, secondary cleavage sites were revealed as
a function of oligonucleotide composition and pH (Fig. 4).
Cleavage at the secondary site was preferentially reduced by
longer methylation times, suggesting differential oligonucleotide
dissociation rates between the primary and secondary target
sites. Cleavage at all secondary sites could be eliminated at a
threshold pH for each oligonucleotide.
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Whereas affinity cleaving using oligonucleotide-EDTA Fe
identifies all sites of oligonucleotide binding'~?, triple-helix-
mediated endonuclease cleavage exposes only those sequences
that also partially overlap a restriction site**. The sequence
requirement of a methylation-restriction site increases the
cleavage specificity but reduces the number of available sites.
To partially overcome this limitation, other commercially avail-
able methylation and restriction enzyme pairs with homopurine
half sites were tested on plasmid DNA. In addition to Tagl
(ref. 4) and EcoRI (ref. 5), single-site protection of plasmid
DNA was possible with Mspl, Hpall and Alul methylases.

BamHI, Haelll and dam methylases could potentially be used,
but remain untested.

The generalizability of triple helix-mediated enzymatic
cleavage affords high specificity that can, in principie, be custom.
ized to unique genetic markers without artificial insertion of a
target sequence. The use of degenerate oligonucleotides in this
technique to rapidly screen genetic markers for overlapping
triple-helix methylation-restriction sites could make it possible
to cut chromosomal DNA uniquely and efficiently at
endogenous sites with minimal sequence information (S.A.S.
and P.B.D., unpublished observations). a
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Oligonucleotide directed triple helix formation is a generalizable chemical
approach for the recognition and cleavage of a single target site within several
megabase pairs of duplex genomic DNA (1-4). Pyrimidine
oligodeoxyribonucleotides 15 to 25 bases in length form a highly specific triple helix
structure with purine tracts in double stranded DNA of high complexity (1-4). The
pyrimidine oligonucleotide binds by Hoogsteen hydrogen bonding in the major
groove of the DNA duplex parallel to the Watson-Crick purine strand (1). The
recognition motif is generalizable to homopurine target sites utilizing thymine
binding to adenine-thymine base pairs (T*A-T triplet) (5) and N3 protonated
cytosine binding to guanine-cytosine base pairs (C+G-C triplet) (6-8). 5-bromouracil
(BrU) and 5-methylcytosine (MeC) can be substituted in the third strand for T and C
respectively, to generate oligonucleotides with higher binding affinities at slightly
basic pH's (9). The triple helix motif is partially extended to mixed
purine-pyrimidine sequences utilizing guanine binding to thymine-adenine base
pairs (G*T-A triplet) (10) and alternate strand triple helix formation (11). More
recently, a G-rich oligodeoxyribonucleotide third strand has been shown to bind
antiparallel to the Watson-Crick purine strand via G*G-C, A*A-T, and T*A-T base
triplets (12). The binding site size of triple helix recognition is sufficiently large to
statistically identify a unique site in the human genome (>16 bp) (13, 14).

Koob et. al. demonstrated the feasability of using a DNA binding protein to
uniquely block the action of a methylase at a single overlapping recoy..ition site

while methylating all other sites (15, 16). Using this Achilles' heel cleavage
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procedure, they demonstrated single site cleavage of yeast and E. coli genomes upon
digestion with a restriction enzyme able to cut only at unmethylated sites (16).
Protein-mediated Achilles heel cleavage may not, however, be readily generalizable
to unique cleavage at selected genetic markers without artificial insertion of the
target sequence due to the paucity of applicable DN A-binding proteins. A more
general approach for recognition of endogenous DNA sequences might be a
chemical approach based on oligonucleotide directed triple helix formation. This
strategy offers a generalizable DNA binding motif that is capable of locally protecting
the DNA from methylation at an overlapping target site while not affecting the
activity of the methylase at its other recognition sites (17, 18). Triplex formation,
global methylation and triple helix disruption results in DNA that is resistant to
endonuclease digestion at all sites except the one previouslylbound by the
oligonucleotide (17, 18) (Fig. 1). Subsequent restriction enzyme digestion produces
nearly quantitative single site cleavage of large genomic DNA at endogenous
sequences (4). In this chapter we fully describe the procedure for triple helix
mediated enzymatic cleavage of the Saccharomyces cerevisiae genome at a single
predetermined site on chromosome III (340 kb) using a 24 base oligonucleotide and

EcoRI methylation and restriction enzymes.
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Materials and Methods
Media, Solutions, and Reagents
YPD media: 1% (w/v) bactoyeast extract, 2% (w/v) bactopeptone, 2% (w/v) glucose.
Autoclave yeast extract and peptone for 20 minutes, cool and add 1/25th
volume of sterile 50% (w/v) glucose.
Spheroplasting Solution: 0.9 M sorbitol, 20 mM Tris pH 7.5, 50 mM EDTA pH 8.0,

7.5% B-mercaptoethanol, and 20 pg/ml zymolyase 100T (ICN). Zymolyase is

prepared as a stock solution at 2 mg/ml in 10 mM phosphate buffer pH 7.0
and 50% (w/v) glycerol.

Sucrose Solution: Same as above without zymolyase.

NDS Solution: 0.5M EDTA pH 8.0, 10 mM Tris pH 7.5, 1% (w/v) lauryl sarcosyl, 1.0
or 0.5 mg/ml proteinase K (BRL).

Triple Helix/EcoRI Methylase Solution (THEM): 100 mM NaCl, 100 mM Tris-HCl,
10 mM EDTA, 2 mM spermine*4HCI (Nuclease free grade from Sigma).
Adjust final solution to pH 6.6, 7.0, 7.4, or 7.8.

Inactivation Buffer: 1% lauryl sarcosyl, 100 mM Tris-HCl, 10 mM EDTA. Adjust
final solution to pH 9.0.

Wash Buffef: 10 mM Tris-HCI, 10 mM EDTA at final pH 9.0.

2xKGB Buffer: 200 mM potassium glutamate, 50 mM Tris-acetate, 20 mM
magnesium acetate. Adjust to pH 7.6 with acetic acid or potassium hydroxide.
Add BSA and p-mercaptoethanol to final concentration of 100 pg/ml and 1

mM, respectively.
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Preparation of Yeast Chromosomal DNA

. Add 50 ul of saturated overnight cultures of haploid yeast strain SEY6210 or
recombinant derivatives (3, 4) to 100 mls of YPD media. Grow overnight to VODego
between 4-6.

. Harvest the cells by centrifugation at 5,000 rpm for 5 min. at 5° C. Discard the
supernatant and wash with 20 mls 50 mM EDTA pH 8.0. Harvest and drain the
pellet well.

. Resuspend the yeast in 6-8 mls of spheroplasting solution and incubate at 37° C
for 60 min. Gently swirl the solution every 15 min. to resuspend the cells. After
spheroplasting is complete, centrifuge the cells as before, decant, and resuspend
in 6-8 mls of sucrose solution. Add an equal volume of liquified 1.4% LMP Incert
(FMC) agarose in sucrose solution preheated to 42° C, mix and cast in 6x6x100
mm molds. Solidify the agarose on ice to prevent leakage.

. Carefully remove the plugs from the molds and transfer two plugs (=3.5
mls/plug) to 25 mls of NDS solution in a 50 ml conical centrifuge tube. Incubate
with gentle shaking at 50° C for 24 hours. The plugs which were originally pale
white become transparent upon lysis. Decant and add a second 25 ml aliquot of
NDS solution with 0.5 mg/ml proteinase K and incubate at 50° C for an
additional 3 hours.

. Wash the plugs 3x30 mis for 20-30 min. with gentle shaking using 0.5 M EDTA
8.0. Repeat the 3x30 ml washes with 10 mM EDTA. Add 1/100 volume of 100

mM PMSF dissolved in 100% ethanol and incubate on shakei' for at least 1 hour
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to inactivate any residual proteinase K. Complete five 20-30 min. washes with 30
mls of 10 mM EDTA and store the plugs at 4° C until use.
Comments: DNA prepared from SEY6210 was more susceptible to degradation
during preparation than other yeast strains tested. For this reason the standard
procedure for DNA preparation from S. cerevisiae (19) was modified to maximize
chromosomal integrity. In addition to the preparation in agarose blocks described
above, DNA was prepared in agarose beads (16). Little difference was found in

either the quality of the DNA or its reactivity in subsequent enzymatic treatments.

Preparation of Oligonucleotides

1. Synthesize oligonucleotides on a 1 umole scale using commercially available
N,N diisopropyl p-cyanoethyl phosphoramidites (BrU and MeC phosphoramidites
are available through Cruachem). Deprotect oligonucleotides in concentrated
ammonium f\ydroxide at 55° C overnight and rotovap to dryness.

2. Purify oligonucleotides by 15% polyacrylamide gel electrophoresis in 1xTBE.
Briefly visualize bands under a hand-held short-UV lamp and cut
oligonucleotides from gel. Care should be taken with oligonucleotides
containing BrU due to UV induced strand scission. Crush the polyacrylamide
slice to powder and extract the oligonucleotide in 8.0 mls of 200 mM NaCl, 1 mM
EDTA pH 8.0 at 37° C overnight. Pass extracted oligonucleotides through a 0.45
um cellulose acetate centrex filter (Schleicher and Schuell) to remove

polyacrylamide fragments.
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- Desalt the oligonucleotides by slowly loading eluent on diposable Cis reverse
phase column (Waters). Remove salt by washing extensively with 20 mls of
distilled water, and eluting in 2.0 mls of 40% acetonitrile in water. Determine
concentration by ODy¢o absorbance. Transfer oligonucleotides to eppendorf tubes

in 20 nmole aliquots and dry on speedvac. Store at -20° C in the dark until use.

Triple Helix Mediated Enzymatic Cleavage'

. Cut 1.5 mm slices of yeast plugs (=50 pl volume) and transfer to 1.8 ml flat bottom
microcentrifuge tubes. Wash 2 x 1.0 ml with THEM buffer for 15 minutes. Decant
and overlay the plug with 120 ul of THEM buffer.

. Add 2 ul of 100 uM oligonucleotide to the overlay and incubate at room
temperature on shaker (150 rpm) for 8 hours to facilitate oligonucleotide
rdiffusion and triple helix formation.

. Add 1 ul of 20 mg/ml acylated BSA (nuclease free grade from Sigma), 1 ul of 32
mM S-adenosyl-methionine in 5 mM H;50,, 10% ethanol, and 2 ul of 40 units/pl
EcoRI methylase (New England Biolabs). Incubate an additional 3-5 hours at
room temperature with shaking.

. Simultaneously disrupt the triplex and inactivate the methylase by removing the
supernatant above the plug and adding 1.0 mlis of inactivation buffer. Heat plugs
to 55° C for 30 min. Place tubes on ice following inactivation to harden the

agarose plug before decanting.
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5. Remove lauryl sarcosyl, oligonucleotide and methylase from plug by washing 4 x
15 min. with 1.0 ml of wash buffer.

6. Equilibrate the DNA in restriction enzyme buffer by washing 2 x 15 min. with 1.0 |
mi of 2xKGB. Decant and overlay with 120 ul of buffer. Add 1 ul of 20 units/pl
EcoRI restriction enzyme (New England Biolabs) and digest DNA for 6 hours at
room temperature on shaker.

7. Decant plugs and add 1.0 ml of 0.5x TBE. Disrupt any DNA protein interactions
by heating to 55° C for 10 min. and cooling quickly on ice.

8. Resolve cleavage products' by pulsed field gel electrophoresis (20, 21) using a 0.5x
TBE, 1% agarose gel at 14° C, 200 V on a CHEF II system (BioRad). Ramp switch
times from 10-40 sec. for 18 hrs. and 60-90 sec. for 6 hrs. Visualize products by
ethidium bromide staining (500 ng/ml) and Southern blotting with 0.45 um
Nytran membranes according to manufactures proticols (Schleicher and Schuell).

Comments: The incubation time necessary for complete methylation is dependent

upon the pH of the buffer. The pH optimum is 8.0 for EcoRI methylase, but triple

helix formation is more effective at neutral pH. Methylation is complete within
three hours at pH 7.4, but 4.5 hours are necessary at pH 6.6. Thus, the methylation
time must be optimized for the conditions chosen.

Commercial preparations of EcoRI methylase contain endonuclease impurities
that are active in the presence of magnesium. Fortunately, methylases do not
require a metal cofactor for activity. To prevent nonspecific degradation of the

chromosomal DNA, the methylation reactions were performed without
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magnesium in the presence of the metal chelator EDTA. After methylation is
complete, the methylase impurities must be inactivated in warm detergent before
addition of the restriction enzyme buffer.

Because triple helix formation can specifically block the activity of both
methylases and restriction enzymes (17, 18) it is necessary to remove the
oligonucleotide from the target site. Utilizing the observation that triple helix
formation is temperature, polycation and pH dependent (1, 3) the complex can be
readily disrupted in the absence of spermine at moderate temperatures and high pH.
After triplex disruption and before the addition of magnesium (a dication necessary
for the restriction enzyme that also stabilizes triple helix formation) the plug must

be thoroughly washed to remove the oligonucleotide.

Two Dimensional Pulsed Field Gel Electrophoresis

1. Follow steps 1-3 as described above. After complete methylation of the DNA but
before restriction enzyme digestion, separate the yeast chromosomes by pulsed
field gel electrophoresis in a 0.5x TBE, 0.8% Incert LMP agarose gel at 14° C and
200 V. Set switch times at 60 sec. for 18 hours and 90 sec. for 6 hours to fully
resolve all the yeast chromosomes. Include an untreated control lane to serve as
a size standard.

2. Cut the size standard from the gel and stain with ethidium bromide. Do not
stain the methylated DNA. Based upon the location of the chromosomal bands

in the standard lane, carefully cut a full length strip of methylated DNA and
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place it in a 15 ml centrifuge tube containing 4 mis of 2x KGB buffer. Equilibrate
for 10 min. at room temperature.

3. Decant and add 4 mls of 2x KGB buffer and 10 pl of EcoRI restriction enzyme (200
units). Digest at RT with shaking (60 rpm) for 6 hrs.

4. Load strip onto a second 1% agarose pulsed field gel containing 0.5x TBE at 14° C
and 200 V. Set switch times as in step 1. Visualize products by ethidium bromide

staining.

Results and Discussion

Studies with plasmid DNA demonstrate that oligonucleotide directed triple helix
formation in cofnbination with appropriate methylases and restriction enzymes can
limit the operational specificity of restriction enzymes to endonuclease recognition
sequences that overlap oligonucleotide binding sites (17, 18). To demonstrate the
feasibility of single site enzymatic cleavage of genomic DNA by triple helix mediated
Achilles' heel cleavage, a sequence containing an overlapping 24 bp purine tract and
6 bp EcoRlI site was inserted proximal to the LEU2 gene (22) on the short arm of
chromosome III (340 kb) by homologous recombination (Fig. 2) (3). Oligonucleotides
designed to form triple helix complexes that overlap half of the EcoRI recognition
site were synthesized with CT, MeCT, MeCBrU nucleotides (Fig. 2) (9). The genetic
map of yeast chromosome III (23, 24) and affinity cleaving data (3) indicate that
cleavage at the target site should produce two fragments 110 £ 10 and 230 £ 10 kb in

size (Fig. 2).
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Use of the MeCT oligonucleotide for triple helix formation at pH 7.4 followed by
EcoRI methylase and endonuclease treatments, resulted in exclusive cleavage of
chromosome III at the target site (Fig. 3, lane 1). No cleavage was detected on any
other chromosomes under these conditions. Cleavage was neither observed in the
absence of oligonucleotide (Lane 2) nor in a yeast strain lacking the target sequence

(Lane 3). The expected 110 kb product was visualized with ethidium bromide
staining and confirmed by Southern blotting with a HIS4 marker (Fig. 3C) (25). The
230 kb product comigrated with chromosome I, but was detected by Southern
blotting with a LEU2 marker (Fig. 3B) (22). The cleavage efficiency was 94 £ 2% with
a three hour methylase incubation. Longer methylation times resulted in a gradual
reduction in the observed cleavage efficiency, suggesting that the oligonucleotide
dissociation rate might be the limiting factor for efficiency in this system (26).

The specificity of triple helix formation has been shown to be pH dependent (1, 2,
3). Atlower pH, sequences of near but imperfect similarity can be bound and
subsequently cleaved. In agreement with this observation, secondary cleavage sites
were revealed as a function of oligonucleotide composition and pH (Fig. 4). Using
either the MeCT or MeCBrU oligonucleotides at or below pH 7.4, 170 and 650 kb
secondary cleavage products were observed (Fig. 4, lanes 5 and 9). The cleavage site
can be assigned to chromosome II (820 kb) by two-dimensional pulsed-field gel
electrophoresis (Fig. 5). Additional secondary cleavage sites were observed with the
MeCBrU oligonucleotide at pH 6.6 (Fig. 4, lane 9). The 180 and 480 kb products were

assigned to chromosome XI (660 kb), and the 330 and 780 kb products were assigned
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to the VII/XV doublet (1100 kb) (Fig. 5). Cleavage at all secondary sites could be
eliminated at a threshold pH for each oligont_lcleotide (Fig. 4, lanes 2, 8, and 12).
Because of the greater triple helix stability at pH's optimal for the methylase (pH 8.0),
MeC substituted oligonucleotides are preferréd over C substitutions in this assay.

BrU substitutions offered little additional pH stability and increased the number of
secondary cleavage sites observed. This property of BrU substituted
oligonucleotides is useful in searching for endogenous homopurine-methylase sites
in unsequenced DNA by using degenerate oligonucleotides containing MeC and BrU.

Many methylases, including Alul and dam, exhibit optimal activity in low salt
buffers. Unfortunately, spermine rapidly precipitates DNA at low sodium chloride
concentrations. To prevent precipitation during triple helix formation and
methylation reactions, the salt concentration must be adjusted to 25-50 mM. The
enzyme activity retained under these conditions is sufficient to yield complete
methylation of genomic DNA if adequate time and enzyme concentration are
employed.

Not all methylases are compatible with this technique. BamHI methylase is
significantly inhibited by spermine. Haelll restriction enzyme can cut
hemimethylated sites, making it much more difficult to achieve complete
methylation (27). An additional concern when working with genomic DNA,
particularly with enzymes sensitive to CpG methylation such as Hpall and Hhal, is
the prior methylation state of the target DNA. A large yet variable percentage of

CpG sequences in mammalian cells are methylated in vivo (28, 29). Achilles heel
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cleavage at these sites would not be possible unless methylation free DNA could be
prepared.

Affinity cleaving using oligonucleotide-EDTA *Fe, a technique that generates
cleavage at all sites of oligonucleotide binding but in low yield, demonstrated that
triplex formation is occurring at several positions on the yeast chromosomes besides
the single target site (3). Triple helix mediated Achilles heel cleavage exposes only
those sites that are tightly bound and partially overlap a complete
methylase/endonuclease site (4, 17, 18). The probability of finding an endogenous
homopurine sequence that overlaps a EcoRI methylase site is quite low, possibly one
every 500 kb or less (3). The frequency of targetable sequences is increased, however,
when other methylase/endonuclease pairs are considered. In addition to Tagl and
EcoRI (4, 17, 18), single site protection of plasmid DNA has been achieved with Mspl,
Hpall, and Alul methylase/endonucleases pairs. Several other methylases could be
used, but remain untested. To date, complete methylation of yeast genomic DNA
under conditions compatible with triple helix formation has been achieved with
- EcoRI, Alul and dam methylases. The list will expand as target sites of interest are
identified. Although all enzyme sets tested might not be effective, the use of several
different methylase/endonuclease combinations could increase the frequency of
cleavable sites in endogenous sequences to as high as one every 10-30 kb (3, 27).

The generalizability of triple-helix mediated enzymatic cleavage affords high
specificity that can be readily customized to unique genetic markers without

artificial insertion of a target sequence. Extensive sequencing to identify target sites
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could be avoided by using degenerate oligonucleotides to screen genetic markers for
overlapping triple helix/endonuclease sites. The potential generalizability of triple
helix mediated Achilles heel cleavage, a technique capable of near quantitative

cleavage at a single site in at least 14 megabase pairs of DN A, could assist in physical
mapping of chromosomal DNA and expedite isolation of DNA segments linked to

disease.
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Fig. 1 General scheme for single-site enzymatic cleavage of genomic DNA by
oligonucleotide-directed triple helix formation (4). Chromosomal DNA is
equilibrated with an oligodeoxyribonucleotide in a methylase compatible buffer
containing polycation. EcoRI methylase, which methylates the central adenines of
the sequence 5-GAATTC-3' and renders the sequence resistant to cleavage by EcoRI
restriction endonuclease, is added and allowed to methylate to completion. The
methylase is inactivated and the triple helix is disrupted at 55° C in a high pH buffer
containing detergent. After washing extensively, the chromosomal DNA is
reequilibrated in restriction enzyme buffer and cut to completion with EcoRI
restﬁction endonuclease. The cleavage products are separated by pulsed-field gel
electrophoresis and efficiencies quantitated by Southern blotting (From ref. 4).

Fig. 2 (Left) Genetic map of S. cerevisiae chromosome III. The location of the HIS4
and LEUZ loci (boxes), the centromere (circle), and the triple helix-EcoRI target site
are indicated. The expected sizes of the cleavage products are shown. (Right)
Schematic diagram of the triple helix complex overlapping the EcoRI
methylase-endox{udease site. The pyrimidine oligonucleotide is bound in the
major groove parallel to the purine strand of the DNA duplex, and covers half of
the EcoRI site (From ref. 4).

Fig. 3 Single site enzymatic cleavage of yeast genomic DINA with reagents indicated
above figure. Products were visualized by ethidium bromide staining (A) and
Southern blotting with LEU2 (B) and HIS4 (C) chromosome markers (From ref. 4).

Fig.4 Triple helix mediated enzymatic cleavage of the yeast genome as a function of
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oligonucleotide composition and pH. (A) Lane 1-12: Reaction on a yeast strain
containing the triple helix target site with oligonucleotides (CT, MeCT, and MeCBrUJ)
and pH (6.6, 7.0, 7.4, and 7.8) as indicated above figure (From ref. 4).

Fig. 5 Two dimensional pulsed field gel analysis of MeCBrUU oligonucleotide
incubated at pH 6.6. Intact chromosomes form a diagonal with cleavage products

located immediately to the left of the chromosome of origin.
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Conclusion. Single site cleavage of the yeast genome was achieved
enzymatically by oligonucleotide directed triple helix formation. Triple helix
specificity alone was insufficient to define one site on a single yeast
chromosome even under optimized conditions. By coupling the specificities
of triple helix formation and enzymatic methylation/digestion, a single
cleavage site was detected within plasmid and yeast genomic DNA. The
sequence requirement of a triplex binding site overlapping a complete
methylation site was sufficient to define a single site within 14 Mb of DNA
and cut it at efficiencies exceeding 94%. Secondary target sites within the yeast
genome could be detected with this cleavage technique through the use of
modified oligonucleotides at low pH. The number of cleaved sites were
surprisingly few considering the extent of degradation observed with MeCBry
oligonucleotides by affinity cleaving. The chromosomal identification and
sizes of the products generated by cleavage at the less stringent triple helix
condition were determined by two-dimensional pulsed-field gel

electrophoresis.

Materials and Methods.

Materials Restriction enzymes were obtained from New England
BioLabs, Boehringer Mannheim, and Gibco BRL (Sstl only). All methylases
were obtained from New England Biolabs and used without further

purification. T4 DNA ligase and the Klenow fragment of E. coli DNA
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polymerase were obtained from New England Biolabs. Sequenase 2.0 dideoxy
sequencing kits were purchased from Unites States Biolabs. Tagq DNA
polymerase and PCR buffers were obtainéd from Perkin Elmer Cetus. PCR
reactions were performed on a Perkin Elmer Cetus thermocycler. Prep-a-
Gene DNA purification matrix and buffers were obtained from Bio-Rad.
Large scale plasmid purification was performed using maxi-plasmid
purification kits from Qiagen according to manufacture suggested protocols.
Radioactive nucleotides 32P-a-dCTP and 32P-o-d ATP were obtained from
Amersham [10 mCi/ml, 3000 Ci/mmol]. Unlabeled mononucleotides were
purchased from Pharmacia, mixed at 2.5 mM in each nucleotide, and stored
in small aliquots for PCR reactions. Sephadex G-10 and G-50 matrices,
sf)ermine *4HCI (nuclease free), ampicillin, lauryl sarcosyl, isopropyl p-D-
thiogalactopyranoside (IPTG), 10 mg/ml salmon sperm DNA (fragmented
and phenol extracted), and bovine serum albumin (20 mg/ml nuclease free)
were obtained from Sigma. 5-Bromo-4-chloro-3-indolyl p-D-galactopyranoside
(X-gal) and proteinase K were purchased from Boehringer Mannheim.
Zymolyase was obtained from ICN Biochemicals. Fe(NH4)2(SO4)2¢6H,0O and
ultrapure dithiothreitol were obtained from Baker Chemical and Gibco BRL,
respectively. YNN295 yeast chromosomal size standards were a gift from Dr.
Bruce Birren. The concatenated A DNA size standard and Incert low melting
point (LMP) agarose was purchased from FMC Bioproducts. Electrophoresis
grade agarose and LMP agarose were purchased from Gibco BRL.

Plasmid pUC19 was obtained from Pharmacia. Plasmid YEp13 (28) and
the haploid yeast strain SEY6210 (30) were gifts from the laboratory of
Professor Scott Emr. Plasmid YCp503 was a gift from Professor Randy
Scheckman (24). Plasmid pMA91 was the gift of Professor Judy Campbell (25).
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Chromosomes and cleavage products were resolved on a CHEF-DRII
Pulsed-field gel electrophoresis chamber from Bio-Rad. DNA blotting was
accomplished using a Stratagené Pressure Blotter. 0.45 Micron Nytran
membrane was obtained from Schleicher and Schuell. DNA nicking was
accomplished with a UV Products short UV TS-20 transilluminator. The
DNA was immobilized by UV irradiation with a Stratagene Stratalinker.
Radioactive emissions were detected on a Beckman LS 3801 liquid
scintillation counter. DNA hybridization (Southern blotting) was
accomplished in a Robins Scientific rotating hybridization incubator, Model
310. Autoradiography was performed using Kodak X-Omat AR film with an
intensifying screen at -70° C and developed on a Kodak M35 A X-OMAT film
processor. Densitometric traces were recorded on an LKB Bromma Ultrascan
XL Laser Densitometer.

Media and Buffers. YPD media was prepared by mixing 10 g yeast
extract, 20 g bactopeptone, 20 g bactoagar (if for plates), 960 mls of water and
autoclaving for 20 min. 40 mls of sterile 50% w/v glucose was added to bring
the volume to 1.0 L.

Minimal media plates (leu’) were prepared by mixing 6.7 g yeast
nitrogen base, and 25 g bactoagar in 860 mls of water and autoclaving for 20
min. Sterile 50% w/v glucose (50 mls) and sterile 10x amino acid mix (200
mg uracil, 200 mg histidine, 200 mg adenine, 300 mg lysine, 200 mg
tryptophan, 200 mg methionine, 300 mg tyrosine in 1000 ml sterilized for 20
min. in autoclave) (100 mls) were added, mixed, and poured into plates.

LB media and TYE plates were prepared as previously described (39).

Stock solutions for DNA electrophoresis and hybridization were as follows:

-1xTAE, 40 mM tris-acetate, 1 mM EDTA, pH adjusted to 8.0 with glacial
acetic acid.
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-1xTBE, 45 mM tris-base, 45 mM boric acid, 2 mM EDTA, pH 8.0.
-20xSSPE, 3.6 M NaCl, 0.2 M NaPOy, 20 mM EDTA, pH 7.7.
-20xSSC, 3.0 M NaCl, 0.3 M NaCitrate pH 7.0.

-50xDenhardt's Reagent, 1% w/v ficoll, 1% w/v polyvinylpyrrolidone,
1% bovine serum albumin.

Oligonucleotide Synthesis and Purification. Oligonucleotides for triple
helix formation and affinity cleaving were synthesized, deprotected, and
purified as described in Chapter 2. Oligonucleotides for use in plasmid
construction, PCR, or as sequencing primers were synthesized on an Applied
Biosystems 380 B DNA synthesizer and deprotected in concentrated NH4OH
at 55° C for 12 to 24 hours in screw cap eppendorf fubes. Following
deprotection the ammonia was removed with argon for 30-60 min. The
oligonucleotides were dried by lyophilization, redissolved in 1.0 ml water,
desalted through a Sephadex G-10 size exclusion spin column, and the
oligonucleotide concentration determined by A 2¢p absorbance.

Plasmid Construction. Target site insertion into yeast chromosome III
was achieved by homologous recombination with a LEU2 fragment
containing the target sequence. The LEU2 fragment was derived from the
plasmid YEp13, which contained the gene on a Pstl fragment inserted into the
shuttle vector CV4, a pBR322 derivative containing the small EcoRI fragment
from the 2p circle (12, 28, 29). Although YEp13 contained a unique Xhol site
for target site insertion, it also contained two undesirable features: (i) it was a
large low copy number plasmid, difficult to prepare in good yield, and (ii) it
contained a 2y circle replication origin that facilitated extrachromosomal
expression of the LEU2 phenotype. Because this could potentially reduce the

recombination frequency of the target site into chromosome I1I, a high copy
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Fig. 3.7. Construction of plasmid pUCLEU2 and its derivatives from
parent plasmid YEp13. Top. The Pstl/Xmal fragment of YEp13 was ligated
into the polylinker region of pUCI19 by a three piece ligation. The resulting
plasmid, pUCLEU?2, contained a unique Xhol site upstream of the LEU2 gene
into which oligonucleotide duplexes A, B, C, D, E, H, and P were inserted.
The plasmid also contained a unique HindlIII site, opposite the Xhol site, that
was frequently used for plasmid linearization in cleavage reactions. Bottom.
The plasmid names, duplex sequences, and restriction enzyme sites inserted
into the parent plasmid pUCLEU2. An additional plasmid containing two
inserts of the A duplex was also constructed (pUCLEU2Aj). Constructs E, H,
and P are from sequences in human chromosome 4 (see Chapter 4). The
sequence in plasmid P was changed slightly from the endogenous sequence to
generate a BamHI site. The endogenous sequence reads GGATCT instead of
GGATCC. Both sites are recognized by the dam methylase sensitive enzyme
MIIIL
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number plasmid, pUCLEU2, lacking the 2 p circle was constructed (Fig. 3.7).

Restriction maps of YEp13 showed the LEU2 insert to be on a single Pstl
fragment with an Xmal site immediately adjacent to one end. YEp13 DNA
was cut with Pstl and Xmal and ligated into Pstl/Xmal linearized pUC19 DNA
(Fig. 3.7). DNA was transformed into XL-1 blue competent cells and
transformants selected by a-complementation on TYE plates with ampicillin,
IPTG, and X-gal. Few white colonies were detected if the YEp13 fragment was
gel purified, and many plasmids with small Xmal/PstI inserts were detected if
the DNA from YEp13 was not purified after digestion. This suggested that
there might be a second Pstl site internal to the Xmal site, and that the desired
product required a three piece ligation. Plasmid DNA isolated from several
clones was screened by restriction enzyme digestion (Pstl, Xhol, EcoRlI, Sall,
Xmal, and HindIIl) to identify a single colony with the proper construction.
Sequencing of this plasmid revealed a Pstl site approximately 60 bp from the
Xmal site indicating that it was the product of a three piece ligation. Despite
the difficulty of constructing the desired product because of an error in the
restriction map, PstI digestion of this plasmid, pUCLEU2, generated a single
fragment complementary to the defective leu2 locus on yeast chromosome III
of SEY6210.

pUCLEU2 contained a single Xhol site upstream of the LEU2 gene into
which oligonucleotide duplexes with homopurine target sites were ligated
(Fig. 3.7). A number of duplexes with target sites for affinity cleaving (A and
B), alkylation (C and D), and enzymatic cleavage (A, B, E, H, and P) were
ligated into the Xhol site of pUCLEU2 (Fig. 3.7). The duplexes were designed
to contain ends compatible with ligation into a Xhol site, and an internal C to
destroy the Xhol site upon duplex insertion. In this way, the desired plasmid

could be selected prior to transformation by performing a second Xhol digest
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after ligation, relinearizing only those plasmids lacking an insert. The
internal C also generated a Sall site if multiple duplexes were inserted,
facilitating rapid clone identification by Sall digestion following
transformation and colony selection. In this way, plasmid pUCLEU2A, was
selected containing two tandem inserts of the A duplex.

Molecular cloning was performed using techniques previously
described (39). pUCLEU2/duplex ligations were performed with 1 unit T4
DNA ligase using a 20-fold molar ratio of unphosphorylated duplex (=5 x 10~
12 moles) to plasmid (=2.5 x 10-13 moles or 1 pg) in 20 pl. Ligations were
performed in IxKGB buffer (100 mM potassium glutamate, 25 mM tris-
acetate, 10 mM magnesium-acetate, 50 pg/ml BSA, 0.5 mM B-mercaptho-
ethanol, pH 7.6) and 0.5 mM ATP at 16° C for 2-4 hours, after which Xhol (20
units) was added directly to the reaction mixture and incubated at 37° C for an
_ additional hour. Transformation, selection, restriction enzyme digestion, and
plasmid isolation were performed as described. Transformants were
characterized by restriction enzyme digestion of purified plasmid DNA. The
orientation and sequence of the inserts was directly determined by dideoxy
sequencing with Sequenase 2.0. Large scale plasmid preparation was
performed by double cesium chloride banding (pUCLEUZ2, A, A; and B) or ion
exchange chromatography (pUCLEU2C, D, E, H, and P). For reasons that are
not clear, control ligations lacking the duplex generated significantly more
transformants than ligations with the duplex, despite digesting both with
Xhol. In spite of this troubling observation, roughly half of the resulting
colonies contained the desired insert.

Homologous Recombination of Yeast Chromosome III. Competent
yeast were transformed with the Pstl fragment from pUCLEU2 and its

derivatives to homologously recombine the triple helix target site into
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chromosome III (40-43). Haploid yeast strain SEY6210 (MATa leu2-3, 112
ura3-52 his3-A200 trp-A901 lys2-801 suc2-A9 GAL) was grown in 100 mls YPD
at 30° C to Agpo = 0.6 to 0.8 (OD readings taken on 10 fold dilutions from the
concentrated culture). Cells were harvested by centrifugation at 5000 rpm for
5 min. at 5° C, decanted, washed in sterile water, reharvested, and decanted.
The cells were then resuspended in 20 mls 0.1 M lithium-acetate, 5 mM tris-
HCl pH 8.0, 0.1 mM EDTA and incubated at 30° C for 30 min. The cells were
harvested, resuspended in 1 ml of lithium-acetate solution, and 50 pl
transferred to 1.8 ml eppendorf tubes for transformation.

Plasmid DNA (5 ng) was digested to completion with Pstl, added to the
competent yeast cells, and the mixture incubated at 30° C for 30 min. Freshly
sterilized 40% polyethylene glycol-4000 (0.6 ml) was added, mixed and
incubated an additional hour at 30° C. Cells were heat shocked at 37° C for 5
min., collected by quickly spinning in a microcentrifuge, decanted,
resuspended in 125 puL water, and plated on leucine deficient minimal media.
Transformants were incubated for 48 hours at 30° C, after which several very
small colonies and 10-25 large colonies were visible. Replating the small
colonies on minimal media showed they were defective for growth, while the
large colonies showed significant growth after 2 additional days at 30° C. Four
of the large colonies were picked for storage and one of them screened for
proper insertion of the target site. 7

Confirmation of the Target Site in Yeast Chromosome III. Two
procedures were used to demonstrate the target site had been inserted at the
desired location within the yeast genome: (i) DNA hybridization with the
LEU2 gene (39, 44), and (ii) PCR amplification of the target site region
followed by product digestion with informative restriction enzymes (45-48). If

the target site was properly inserted, only one copy of the LEU2 gene would be
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present and hybridization would show its location on chromosome III. If
recombination had occurred at a second_nonhomologous site, the
hybridization would detect two chromosomes containing the LEU2 gene, the
parental chromosome III and a second chromosome that had undergone
recombination.

Chromosomal DNA was prepared in Incert LMP agarose from
recombinant yeast strains as described (14, 16, 22). The chromosomes were
resolved by pulsed field gel electrophoresis using a 1% agarose, 0.5xTBE gel,
6.0 V/cm, 120° switch angle, 60 sec. switch times for 16 hours, followed by 90
sec. switch times for 8 hours at 14° C (3-8). The DNA was stained with
ethidium bromide, photographed, nicked on a short UV light box for 30 sec.
each side, and denatured by incubating the gel in 300 mls of 0.4 M NaOH/0.6
M NaCl twice for 30 min. The DNA was transferred to a 0.45 pm Nytran
membrane by pressure blotting (75 torr) in the alkaline solution for 1-4 hours.
The membrane was neutralized in 2xSSPE and the DNA photocrosslinked.
The membrane was incubated for 1-24 hours in 5 mls of 6xSSPE or SSC,
10xDenhardt's reagent, 0.5% sodium dodecyl sulfate (SDS), and 50-200 pg/ml
fragmented and denatured salmon sperm DNA at 42° C.

Southern Blot Hybridization. The location of the LEU2 gene within
the yeast genome was determined by hybridization with the Kpnl/EcoRI
fragment from pUCLEU2 (12, 28). This fragment was subcloned into pUC19
(Kpnl/EcoRI cut) to generate plasmid pUC-KE400. Large quantities of vector
free fragment were prepared using the PCR (protocol below) with universal
primers UP1200 and UP1201 (Appendix A) and 10 ng of pUC-KE400 DNA
template. The PCR fragment (20-100 ng) was random primer radiolabeled
with fully degenerate hexanucleotides, a-32P-dCTP, and the Klenow fragment

of DNA polymerase (39, 49). Unincorpofated mononucleotides were
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eliminated by size exclusion Sephadex G-50 spin chromatography.
Radioactive yields between 15 and 50 million cpm were typically obtained.
The DNA was denatured by the addition of 0.1 volumes of 1 N NaOH with
incubation at room temperature for 15 min.

Following prehybridization, the solution was decanted from the
membrane and incubated 4-24 hours at 42° C with 4 mls hybridization
solution containing 6 x SSPE or SSC, 0.5% SDS, 40% formamide, 50-200 pg/ml
fragmented and denatured salmon sperm DNA, and the radiolabeled and
denatured PCR fragment from pUC-KE400. After hybridization, the solution
was decanted, and the membrane washed twice with 6xSSPE, 0.5% SDS for 10
min. at room temperature, and twice in 1xSSPE, 0.5% SDS for 15 min. at 42° C.
The membrane was placed between two pieces of plastic wrap and the
radioactive signal detected by autoradiography.

PCR Amplification and Product Digestion. PCR analysis was also used
to confirm the presence of the triple helix target site by amplifying all the loci
in the genome that were upstream of a LEU2 gene. If a wild type sequence
was present, the PCR product would be sensitive to digestion with Xhol and
insensitive to the enzyme characteristic of the desired construct. If the wild
type sequence had been replaced by recombination, the reverse pattern would
be observed. If both wild type and altered sequences were present, PCR
products would be partially cut by both enzymes . By selecting for the LEU2
phenotype, screening recombinants by LEU2 hybridization, and confirming
the presence of the target site by the PCR, several chromosome III constructs
containing triple helix target sites were generated.

PCR primers were developed to amplify the region surrounding the
Xhol site upstream of the LEU2 gene. The sequence of the Xhol/Sall fragment
(Fig. 3.7) containing the LEU2 gene had been fully determined, but the
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Xmal
CCCGGGCAGCCTGCTCTGCCTGTGTTITCTTTAATTGAGCAGTAGACCATTTAGCAGTTGCATGA 65
Pstl
ATAGCTGCAGATGCAGGGGTGAGTTATGTTGTTGCTTTACTTTTTAGCTTGCTTGCTGGAACTAC 130

ATTAGGTATTTGGGGTATTGCTATTGTTACAGGTTTTTTTTTTTTTTTTITTTTTITTTTTITTTT 195
UP-MID
TITTTTTTAAAGGCT TACTTACTGATAGTAE&TCAACGATCAGTATAATTAAGTCTACAAATGAA 260

GAGAAATTTAGAAACAGATTTTTTGGCACAAAGGCAAATGAGACTTAGAGATGAAGTATCAGGTA 325

ATAATTTATACGTATACTACATCGAGACCAAGAAGAACATTGCTGATGTGATGACAAAACCTCTT 390

e
CCGATAAAAACATTITAAACTATTAACTAACAAATGGATTCATTAGATCTATTACATTATGGGTGG 455
A-MID Xho+250
TATGTTGGAATAAAAATCAACTATCATCTACTAACTAGTATTTACGTTACTAGTATATTATCATA 520
—l—

TACCGTGTTAGAAG ATGACGAAAATGATGAGAAATAGTCATCTAAATTAGTGGAAGCTGAAACGC 585

AAGGATTGATAATGTAATAGGATCAATGAATATTAACATATAAAATGATGATAATAATATTTATA 650
Xhol
GAATTGTGTAGAATTGCAGATTCCCTTTTATGGATTCCTAAATCCTCGACTCGAGGAGAACTTCT 715
LEU2-Sequence
) AGTATATCCACATACCTAATAEATTGCC’IT ATTAAAAATGGAATCCCAACAATTACATCAAAAT 780

CCACATTCTCTTCAAAATCAATTGTCCTGTACTTCCTTGTTCATGTGTGTTCAAAAACGTTATAT 845

TTATAGGATAATTATACTCTA'ITTCTCAACAAGTAATTGGTTGTTTGGCCGAGCGGTCTAAGG(_?S 910
Xho-235
CCTGATTCAAGAAATATCTTGACC 934

Fig. 3.8. Sequence of pUCLEU2 from the Xho-235 hybridization site to the Xmal
ligation site in the pUC19 vector. Oligonucleotides used for sequencing primers or
PCR amplification are indicated as arrows within the sequence. The arrowhead
indicates the 3' end of the oligonucleotide. Restrlchon enzyme sites Xmal, Pstl, and
Xhol are also indicated.
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sequence from Xhol to the Xmal ligation site was unknown. This sequence
was obtained by dideoxy sequencing of pUCLEU2 using sequencing primers
UP1200, LEU2-Sequence, A-MID, UP-MID, and Xho+250 (Fig. 3.8) (Appendix
A). The region contained approximately 700 bp of sequence including the
small Xmal/PstI fragment that is unlikely to be contiguous on chromosome

III.

PCR amplification using primers Xho+250 and Xho-235 (1 uM each)
was conducted on 1.0 pl of yeast chromosomal DNA embedded in agarose, or
5 ul of yeast cells lysed by vortexing in a 10 mM EDTA solution containing
glass beads. Buffer conditions were 10 mM tris-HCIl, pH 8.3 (at 25° C), 50 mM
KCl, 1.5 mM MgClp, 0.001% (w/v) gelatin, 200 pM of each dNTP, and 2.5 units
of Tag DNA polymerase in 100 pl total volume. Temperatures and times
were 94° C, 1 min.; 55° C, 1 min.; and 72° C, 1 min. for 30 cycles. Reactions
were performed under light mineral oil to prevent evaporation. The PCR
product (10 pl) was digested with either Xhol or a construct specific restriction
enzyme (A: EcoRI; B: BamHI; C: Spel; D: HindlI; E: SstI; H: HindIII; P: BamHI)
to confirm the presence of the target site in the yeast genome. Products were
resolved on a 1.0% agarose gel in IXTAE and ethidium bromide and
visualized by UV illumination.

Yeast constructs SEY6210, A, Ay, B, C, D, and E were prepared and
confirmed by this method. In the case of SEY6210B, the hybridization signal
on chromosome III was twice as intense as the wild type, and the PCR
reactions showed a product partially cut by both Xhol and BamHI. This
suggested that there was a duplication of the LEU2 gene on chromosome IIL
Subsequent cleavage experiments demonstrated that the duplication flanked
the target site resulting in detection of both cleavage products. In the case of

SEY6210E, very few transformants were observed and the one which was
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subsequently characterized contained an insertion of the target site into yeast
chromosome XI. A chromosome III insertion for SEY6210E was not critical,
and therefore a second clone was not characterized. Although homologous
recombination proceeds with good fidelity, the overall error rate for these
constructs likely increased due to the presence of a Tyl repetitive element
upstream of the LEU2 gene (12, 28).

Affinity Cleaving Reactions. Reactions were performed as described
above in footnote 28 (14) and in figure legends.

Enzymatic Cleavage Reactions. Reactions were performed as described
above in figure legends 3 and 4 (15) or more completely in the methods
section of the Methods in Enzymology manuscript (16).

Southern Blotting of Cleavage Products. The 110 and 230 kb cleavage
products were detected by hybridization with radiolabeled fragments from
HIS4 (23, 24) and PGK1 (25, 26), respectively. HIS4 hybridization was
performed with a 250 bp Sall/EcoRI fragment derived from the HIS4-SUC2
fusion plasmid YCp503 (24). The Sall/EcoRI HIS4 fragment was ligated into
pUC19 to generate pUCHIS4-SE250. DNA for hybridization was prepared by
the PCR using universal primers UP1200 and UP1201 specific for the pUC19
vector arms. PCR conditions were performed as described above except 10 ng
of pUCHIS4-SE250 were used as template. The DNA was radiolabeled and
hybridized as described above.

DNA for PGK1 hybridization was amplified by the PCR directly from
pMAO9I1, a plasmid containing the LEU2 gene, the 2 circle, and the PGK1 gene
promoter inserted into pBR322 (25). PCR primers were designed for the
amplification of a 1.3 kb fragment from the 5' promoter of PGK1. The first
primer, PGK.PCRI1, was derived from the sequence between the EcoRI and
HindlII sites in pBR322. The second primer, PGK.PCR2, was designed to
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hybridize to the promoter region of pMA91 immediately upstream of the
transcription initiation site (Appendix A). PGK.PCR2 was designed to avoid
amplification of conserved sequences in the promoter to minimize possible
cross-hybridization to other loci in the yeast genome. PCR amplification was
as described above using 10 ng of pMA91 as template. The PCR product was
radiolabeled and hybridized as described above.
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Chapter IV

Site Specific Cleavage of Human Chromosomal DNA
Mediated by Triple Helix Formation

Triple helix experiments on plasmid, bacteriophage A, and yeast
chromosomal DNA demonstrated the feasibility of cutting genomic DNA at a
single site within DNA of high complexity (1-4). The specificity and efficiency
were sufficient to suggest that triple helix formation could find application in
the site specific cleavage of human chromosomal DNA (4). The human
haploid genome contains approximately three billion base pairs of duplex
DNA (109 bp) divided into 23 chromosomes ranging in size from 25-300 Mb.
Complete sequence determination of the human genome is a major goal of
the human genome initiative (5). A preliminary goal is the identification of
genetic markers at approximately 5 centimorgan intervals, or approximately
every 5 megabases (Mb) along the length of each chromosome (5, 6). This goal
has been reached in some regions of the genome (5-7). In light of this effort, it
is desirable to develop a cleavage strategy capable of cutting uniquely at each
genetic marker to liberate the intervening megabase fragment for subsequent
analysis and subcloning. As an initial demonstration of the site specific
cleavage of a human chromosome mediated by oligonucleotide directed triple
helix formation, we targeted the tip of human chromosome 4 in a region
known to contain the Huntington disease (HD) gene.

Huntington Disease: Review of the Mapping Literature. HD is an
autosomal disorder characterized by progressive neurodegeneration
(reviewed in 8). Outward characteristics of the disease include involuntary

movements by all parts of the body, cognitive deterioration, and often severe
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emotional disturbance. The degree of emotional disturbance is variable, but
usually includes depression, irritability, apathy, and occasionally violent
outbursts, hallucinations and delusions. Patients often develop dysarthria
which impairs their speech to the point that they become mute. Patients lose
short term memory and organizational abilities, but retain awareness of time,
place, and recognition of their own identities and that of family and friends.
They are often keenly aware of their intellectual failures.

The biochemical basis of HD is not known, but the disease is
characterized physiologically by genetically programmed cell death of specific
neuron classes in the caudate nucleus and the basal ganglia (9, 10). Cell loss
also occurs in the cortex, globus pallidus, hypothalamus, and cerebellum (8).

Average age of onset is approximately 39 years, but cases of early (ages 2
to 20) and late (ages greater than 60) onset are not uncommon (8). The disease
manifests itself at a slow rate, showing symptoms for a period of 3 to 10 years
before HD can be definitively diagnosed. The disease has an average duration
of approximately 19 years before the death of the patient. Although
invariably fatal, HD is the underlying rather than the immediate cause of
death. The primary causes of death are aspiration-induced pneumonia,
choking, heart failure, hematomas, or suicide.

HD shows a classical pattern of autosomal dominant inheritance at a
single locus, but also shows many unusual genetic characteristics. HD has a
very low mutation rate. No cases of a new mutation have been documented,
suggesting that the mutation arose only once in history and is possibly of
European origin (8). A second unusual feature of HD is its inheritance as a
autosomal dominant trait that exhibits full penetrance (11). Phenotypic
characterization of a number of individuals likely to be homozygous for the

mutation demonstrated no increase in the severity of the symptoms or age of
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onset compared to heterozygotes for the disease (11, 12). This represents the
first human disease that displays complete phenotypic dominance and is
suggestive of a gain of function allele (11).

An alternative hypothesis suggests that the HD gene is subject to
dominant position-effect variegation (13). In this model a gene located close
to a highly condensed heterochromatic region of the chromosome, such as
the telomere, may become inactivated by the heterochomatic DNA due to
chromosomal rearrangement, insertion, deletion or local region inactivation.
The dominant effect comes from trans inactivation of the wild type allele.
This pattern of inheritance has been demonstrated in the dominant
Drosophilia mutation brown+ (14, 15).

A third unusual feature of HD inheritance is the pattern of early onset.
Individuals that display early onset typically inherit the HD mutation from
the father rather than the mother (16), suggesting that the gene is subject to
chromosomal imprinting (17, 18), possibly by an altered methylation state of
the inherited DNA (19). It is not clear why paternal inheritance does not
always lead to early onset, or why early onset is observed from maternal
inheritance.

Efforts to clone the HD gene have relied upon knowledge of its
chromosomal location, because the nature of the gene responsible for HD is
not k