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haem in vacuo resulted in absorption shifts very similar to those
observed for deoxyhaemoglobin (Fig. 4b). The a and B bands
are replaced by a single peak at 567.5 nm, and the Soret band
is shifted to 433.5 nm. The corresponding decxyhaemoglobin
peaks were at 555 and 430 nm (Fig. 4b). These changes were
completely reversible, demonstrating that FixL* retains its abil-
ity to respond to oxygen. The extinction coefficient of monomeric
oxy-FixL* at 417 nm is roughly 1.6 x 10° M~ cm ™", on the basis
of protein assays and absorbance at 417 nm. Pyridine haemo-
chrome assay suggests that FixL* contains one mole of haem
per monomer.

FixL* is a novel haemoprotein (Fig. 4) with kinase activity
{Fig. 3). We propose that FixL has at least three distinct regions
(Fig.1). The homologous region (residues 220-464) houses those
functions that are common to the two-component sensors, such
as ATP binding, partner recognition and phosphorylation
(reviewed in refs 5-9). The hydrophobic region (residues 1-85)
probably anchors FixL to the cell membrane. These residues,
absent in FixL*, are unnecessary for haem binding or phos-
phorylation. They may stabilize the protein in vive or protect
the haem from oxidation. Membrane attachment may also
enhance or modify the functions of FixL, or FixL may communi-
cate with other membrane proteins. An extracytoplasmic loop
could lie in the deleted hydrophobic region of FixL*. The
removal of the extracytoplasmic loop from VirA, in the agrobac-
terial virulence system, did not eliminate the in vive response
to acetosyringone, indicating that the site of acetosyringone-
sensing could be intramembranous or cytoplasmic'®. The
remaining region of FixL (residues 86-219) is likely to contain
the haem attachment site, that is, the sensing portion of the

molecule. This region is most probably on the cytoplasmic side
of the membrane, because no hydrophobic stretches separate it
from the enzymatic domain. Histidines are expected to have an
important role in the function of this molecule, because they
are commonly involved in haem coordination and are the sites
of phosphorylation in several proteins homologous to
FixL**'*'¢_ That FixL is a haemoprotein with kinase activity
raises the question of whether the oxygenation state of the haem
moiety affects its kinase activity. Experiments are in progress
to answer this question and to provide evidence for a linkage
between the phosphorylation events involving FixL and FixJ
and signal transduction in nitrogen fixation. O
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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 reagents are the
specificity of binding, the generalizability of the recognition motif,
and the cleavage yield. Oligonucleotide-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 oligonucleotide-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—endonuclease site**. As a demonstration that this technigue
may be applicable to the orchestrated cleavage of large genomic
DNA, we report the near quantitative single-site enzymatic
cleavage of the Saccharomyces cerevisiaze genome mediated by
triple helix formation. The 340-kilobase yeast chromosome III
was cut uniquely at an overlapping homopurine—EcoRI target site
27 base pairs long to produce two expected cleavage 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

* To whom correspondence should be addressed.
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14 megabase pairs of DNA, could enable 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-endonuclease site'!:!?,
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 triple-helix structure'=>'1%,
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 triple-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 demonstrate single-site enzymatic cleavage of the yeast
genome by this technique, a sequence containing an overlapping
24-bp purine tract and 6-bp EcoRI site was inserted proximal
to the LEU2 (ref. 21) gene on the short arm of chromosome
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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 EcoRI restriction endonuclease, is added and allowed to proceed to
completion. The methylase is inactivated and the tripie 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 compietion with £coRl restriction endonuclease. The cleavage products
are separated by pulsed-field gel electrophoresis and efficiencies quantitated
by Southern blotting.
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FIG. 3 Single-site enzymatic cleavage of yeast genomic DNA with reagents
indicated above figure. 1, Yeast chromosomal DNA embedded in low-melting-
point agarose (~50 i) was washed twice in 1.0 mi of 100 mMNaCl, 100 mM
Tris-HCI, 10 mM EDTA, 2mM spermine, pH 7.6 for 10 min, decanted, and
overlayed with 150 pl 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 3 h. 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-HCI pH 9.5,
10 mM EDTA for 30 min. The oligonucleotide and detergent were then
removed with 4 X 10 min washes (1.0 mi) with 10 mM Tris-HCi pH 9.5, 10 mM
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FIG. 2 Left, genetic map of S. cerevisiae chromosome lll. The locations of
the HIS4 and LEUZ loci (boxes), the centromere (circle), and the triple
helix-EcoRl 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
DNA duplex, and covers half the EcoRl site.
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EDTA. 4, The agarose plug was washed twice with 1.0 ml 2 Xpotassium
glutamate restriction enzyme buffer (200 mM potassium glutamate, 50 mM
Tris-acetate, pH 7.6, 20 MM magnesium acetate, 100 pg mi™* BSA, 1 mM
2.mercaptoethanol), decanted, overlayed with 150 ul of buffer and the DNA
digested to completion with 20 U EcoRi 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 pulsed-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 LEUZ (b) and HIS4 {c) chromosome markers.
Cleavage efficiencies were measured using storage phospho imaging plates
with a Molecular Dynamics 400S Phospholmager.
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111 (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 M°C®U nucleotides'®. The
genetic map of yeast chromosome III (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 III was cut
exclusively at the target site when a M*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 LELU2 (ref. 24) marker (Fig. 3b). The cleavage
efficiency was 94 =2%. Similar efficiencies were seen with a CT
oligonucleotide up to pH 7.4 and M*CT and ™*C®'U oligonucleo-
tides past pH 7.8 (Fig. 4). The cleavage efficiency with all
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
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
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FIG. 4 Triple-helix-mediated enzymatic cleavage of the yeast genome as a
function of oligonucleotide composition and pH. Lanes 1-12, reactions on
a yeast strain containing the triple helix target site with oligonucieotides
(CT, MeCT and MeC®U) and pH values (6.6, 7.0, 7.4 and 7.8) as indicated
above figure. Methylation time was 4.5h. 170-kb and 650-kb (unresolved)
secondary cleavage products were observed with both M°C substituted
oligonucleotides at or below pH 7.4. The cleavage site can be assigned to
chromosome Il (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 MeC®'U oligonucieotide at pH 6.6 (lane 9). The 180- and 480-kb products
were assigned to chromosome X1 (660 kb), and the 330 and 780 kb (unresol-
ved) products were assigned to the VII/XV doublet (1,100 kb) by the same
method (data not shown).
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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.

Whereas affinity cleaving using oligonucleotide-EDTA-Fe
identifies all sites of oligonucleotide binding'-3, 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.
BamH], 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 principle, 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). O
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