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The design of functional molecules has been an active 
area of research in chemistry and molecular biology 
during the past decade, encompassing topics such as 
host-guest chemistry,' ribozymes? catalytic antibodies: 
and most recently, fullerene~.~ Nucleolytic agents that 
cleave the phosphodiester backbone of DNA and RNA 
have been another important focus of a~t ivi ty .~ Interest 
in this subject has paralleled, and relied on, rapid 
advances in molecular biology, genome mapping and 
sequencing, and also the chemical synthesis of deoxy- 
oligonucleotides and peptides. The goals of this re- 
search, the methodological approaches, and the insights 
into chemical biology provided by these molecules are 
the topic of this Account, which will emphasize research 
with the chemical nuclease activity of 1,lO-phenan- 
throlinecopper by our laboratory and others but will 
also summarize the innovative studies of Dervan and 
colleagues using ferrous-EDTA linked to targeting 
molecules.- 

Chemical nucleases are defined here as redox active 
coordination complexes that cleave DNA by an oxi- 
dative pathway. The term "nuclease" is used as a 
shorthand for "nucleolytic activity". Since these re- 
agents are generally used in excess of their substrates 
and also self-destruct because they generate reactive 
intermediates, turnover has not been rigorously dem- 
onstrated. In addition to 1,lO-phenanthr~lineopper~ 
and ferrous-EDTA,lO other chelates capable of cleaving 
the phosphodiester backbone of DNA under physio- 
logical conditions include metall~porphyrins,~~-~~ uranyl 
acetate,14 and octahedral rhodium complexes.1k17 The 
generation of piperidine sensitive cleavage sites re- 
sulting from guanosine oxidation has been achieved 
with rutheniumls and nickel c0mplexes.l9~~0 Chemical 
methods for cleaving the phosphodiester backbone by 
hydrolysis or nucleophilic catalysis are not yet efficient 
enough to be u s e f ~ l . ~ l - ~ ~  

Nuclease Activity of 1,lO-Phenanthroline-Cop- 
per. The nuclease activity of 1,lO-phenanthroline- 
copper (OP-Cu) was reviewed seven years ago in these 
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Accounts.24 At that time, work had focused on the 
untargeted reactivity of the coordination complex. 
Briefly, the tetrahedral 2:l l,l0-phenanthroline cuprous 
complex binds reversibly to the minor groove of DNA 
and then is subjected to the one-electron oxidation by 
hydrogen peroxide.% The oxidative species formed then 
attacks the C-1 hydrogen of the deoxyribose, leading 
to a series of elimination reactions resulting in the 
production of 3' and 5' phosphorylated ends, free bases, 
and 5-methylene-2(5H)-furanone as stable products.26927 

scission products 
(5' and 3' phosphomonoester ends, free bases and S-methylene furanone) 

The secondary structure specificity of OP-Cu in its 
scission of DNA,28 its sequence-dependent reactivity 
in the scission of B-DNA,29-33 and its exceptional 
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reactivity with single-stranded DNA formed at  tran- 
scription start s i t e s % ~ ~ ~  are manifestations of the stability 
of the essential noncovalent intermediate. The copper 
complex of 5-phenyl-1,lO-phenanthroline shows par- 
ticular specificity at  transcription start sites35 and in 
regions where the DNA is bent by protein binding.36 
Enhanced binding of this complex resulting from the 
intercalation of the pendant phenyl group into the 
underwound DNA most likely underlies this increased 
reactivity. 

In its reaction with RNA, OP-Cu exhibits a strong 
kinetic preference for single-stranded loop regions 
relative to double-stranded stem  structure^.^^ The 
molecular structure of the intermediate between the 
tetrahedral complex and loop regions remains unclear. 
However, recent crystallographic studies have indicated 
that unexpected hydrogen-bond patterns appear in 
RNAs.-O Therefore, all loops may have some residual 
structure which might generate a more favorable 
binding site for the tetrahedral 2:11,10-phenanthroline 
cuprous complex than the A-helix of the stem structure. 
The high affinity for the dyes cibracon blue and reactive 
blue 4 that can be demonstrated in RNAs probably 
arises from the variety of unusual structures that may 
be generated in loop regions.41 This finding was 
anticipated by earlier studies which noted the potent 
inhibition of enzymes by aromatic dyes unrelated in 
structure to normal  substrate^.^^ 

Nucleolytic Activity of Ferrous-EDTA. In con- 
trast to OP-Cu, ferrous-EDTA does not form a complex 
with nucleic acids in its scission reaction with RNA 
and DNA and therefore is not selective unless it is linked 
to a ligand with specificity for some aspect of nucleic 
acid s t ruct~re.~U6 It generates hydroxyl radicals and 
has been widely used for “hydroxyl radical footprinting” 
because the free coordination complex cuts evenly at  
all sequence positions as long as the phosphodiester 
backbone is solvent accessible. In its reaction with 
RNA, it has been used to distinguish nucleotides on 
the exterior from those on the interior.45 
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Goals in the Design of Chemical Nucleases 

The design of chemical nucleases relies on the kinetic 
scheme postulated above for the chemical nuclease 
activity of OP-Cu. Like affinity labeling reagents used 
in the site-specific modification of an enzyme, one aspect 
of their structure is responsible for recognition (R in eq 
2) and the second is devoted to chemical attack on the 
DNA target (X in eq 2).47 R can be an oligoribonu- 
cleotide, a proteinlpeptide, or a DNA-binding drug; X 
can be 1,lO-phenanthroline-copper, ferrous-EDTA, or 
a metalloporphyrin. The formation of a productive 
noncovalent intermediate provides specificity in the 
reaction. 

DNAJ 

/ 
Cleavage Products 

The obvious challenge in the design of chemical 
nucleases is choosing a recognition element (R) specific 
for the desired target that is consistent with the reactive 
properties of X. In the case of OP-Cu, the coordination 
complex must be directed or accessible to the C-1 
hydrogen of the deoxyribose. In B-DNA, the C-1 
hydrogen is located at  the floor of the minor groove. 
For ferrous-EDTA, the scission chemistry apparently 
can be initiated by oxidation at  either the C-1 or C-4 
hydrogens in the minor groove or the C-3 hydrogen in 
the major groove. 

Chemical nucleases have been useful in two contexts. 
In the first, the pattern of scission observed with the 
chemical nuclease has been used to provide information 
on the binding of the affinity element.7 This approach 
for studying the binding of ligands to nucleic acids has 
been called affinity cleaving and bears a strong resem- 
blance to photoaffinity labels for enzymes.48 It is not 
necessary for these nucleases to be efficient to provide 
valuable insights into the structure of biologically 
important complexes under physiological conditions. 

The second motivation for designing chemical nu- 
cleases is to transform the carrier into an efficient 
cleaver. This application not only requires the spec- 
ificity inherent in affinity cleaving but also demands 
that the covalent chemistry be robust. For example, 
if the goal is to design alternatives to restriction 
enzymes, the yield of the scission reaction must be high 
and the product distribution limited. Alternatively, if 
an oligonucleotide is synthesized as an antisense 
reagent, linking it to a cutting reagent should enhance 
its ability to inactivate a messenger RNA. Presently, 
chemical nucleases have been more useful in defining 
ligand binding than in generating a family of new 
reagents or drugs. 
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Chemical Nucleases Linked to Oligonucleotides 
and Proteins 

Seven years ago, our research program began focusing 
on the design of site-specific nucleases using OP-CU.~~ 
Among the reasons that we concentrated on this 
chemical nuclease activity were our familiarity with its 
reactive properties, its known chemical mechanism of 
scission, and the ready availability of substituted 
phenanthrolines which could allow its convenient 
coupling to both proteins and nucleic acids. In addition, 
since the chemistry did not depend on diffusible 
hydroxyl radicals, background scission might be min- 
imal. This is important for the design of scission 
reagents of high molecular weight DNAs. Although 
our work has been weighted toward the protein targeting 
of OP-Cu, results obtained using deoxyoligonucleotides 
as targeting vehicles will be briefly reviewed. 

Oligonucleotide-Linked Reagents. The first ex- 
ample of a targeted scission reagent using OP-Cu was 
synthesized by linking a 21-nucleotide-long deoxyoli- 
gonucleotide at  its 5-phosphorylated end to 5-glycy- 
lamido-1,lO-phenanthroline by condensation with a 
water soluble ~arbodiimide.~g The scission pattern 
observed in the complementary strand was consistent 
with the formation of a double-helical structure with 
antiparallel strands and established that one phenan- 
throline was sufficient to ensure the chemical reactivity 
of the copper-oxo species. Two phenanthrolines per 
copper ion are essential without a targeting ligand.25 

Oligonucleotide-targeted scission of DNA using the 
nucleolytic activity of ferrous-EDTA had previously 
been demonstrated using a carrier linked at  the 5’-endm 
and at  an interior nucle0tide.5~ Strict comparison 
between the efficiency of the scission using ferrous- 
EDTA and 1,lO-phenanthroline as the nucleolytic 
agents is not possible although the scission by 1,lO- 
phenanthroline-copper is less diffuse and concentrated 
in fewer bands. 

Scission of RNA. OP-linked deoxyoligonucleotides 
also cleave complementary RNA sequences with rates 
comparable to that observed with DNA yielding pat- 
terns anticipated for antiparallel hybridizat i~n.~~ If 
the target sequence is within a stable stem structure, 
the RNA must be denatured to permit the hybridization 
of the OP-linked deoxyoligonucleotide. Disruption of 
the RNA structure is not necessary if the loop region 
is the target. Although RNase H, which is specific for 
RNA-DNA heteroduplexes, can be used in conjunction 
with deoxyoligonucleotides to detect single-stranded 
regions, OP-linked deoxyoligonucleotides have the 
advantage that they can nick nucleotides which are 
adjacent in space but not continuous in sequence. In 
Figure 1, the scission sites in the stem loop are presented. 
The nicks at  13-15 are anticipated, but those at  +3 and 
+4 must arise because these sequence positions are 
adjacent to the 1,lO-phenanthroline of the hybridized 
heptamer. These initial experiments have clearly 
indicated that linking the nucleolytic activity to an 
oligonucleotide will not improve its efficiency as an 
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Figure 1. Sites of scission in an E. coli lac mRNA fragment by 
B’-OP-ATCCGCT-3’, a deoxyoligonucleotide complementary to 
the loop. 
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Figure 2. Scission patterns indicate that abiological a-deoxy- 
oligonucleotides bind parallel to their complementary sequence 
while natural 8-deoxyoligonucleotides bind antiparallel. 

antisense reagent. The complexes are simply too 
flexible for the cleavage reaction to be very robust. The 
principle utility of these targeted nucleases is to explore 
the conformation of RNAs. 

Novel Mechanisms of Hybridization. Targeted 
chemical nucleases have been useful for probing the 
hybridization of biological nucleotides and the forma- 
tion of triple-stranded structures. For example, as part 
of their innovative program of developing modified 
oligonucleotides as specific inhibitors of gene expression, 
Helene and colleagues have explored the hybridization 
properties of nuclease resistant a-deoxyoligonucleotides 
by affinity ~ l e a v i n g . ~ ~ ~ ~ ~  As demonstrated in Figure 2, 
these abiological deoxyoligonucleotides hybridize with 
an orientation parallel to the phosphodiester back- 
bone.54 

Triple-stranded structures were initially proposed 
25 years ago to account for a complex, detected 
spectroscopically, composed of two poly U strands and 
one poly A strand. In the model, a poly U strand (the 
guest) binds in the major groove of a poly A:poly U 
duplex (the host) using Hoogsteen hydrogen bonds. 
Analogous structures have been proposed for guanosine 
and cytosine containing polynucleotides although pro- 
tonation of cytosine is required to form stable Hoogsteen 
base pairs. Intramolecular triple-stranded structures 
appear responsible for the sensitivity of DNA within 
chromatin to S-1 and single-strand specific chemical 
 reagent^.^^^^^ 

Since triplex formation does not require the disrup- 
tion of a preexisting duplex structure, it is a potentially 
powerful method for targeting a homopurine-homopy- 
rimidine stretch for scission either to modulate the 
biological activity of a gene or to target a given sequence 
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domain for scission. While high-resolution NMR 
studies are providing detailed structures of t r i p l e ~ e s , 5 ~ ~ ~  
affinity cleaving using both ferrous-EDTA and OP- 
linked deoxyoligonucleotides is a rapid and reliable 
approach for investigating strand polarity, stringency, 
and stability of these molecular c o m p l e ~ e s . ~ ~  These 
results will influence the potential application of triplex 
formation in the modulation of gene expression as well 
as in the development of scission reagents suitable for 
chromosomal mapping. Initial results in the cleavage 
of double-stranded DNA by these reagents have been 
reported for SV-40 DNA (about 5 kB),s4 X phage DNA 
(about 50 kB),a and yeast chromosome I11 (about 340 
kE3)67 into which a target sequence was inserted by 
homologous recombination. Yields in the latter case 
were about 20-30 % with deoxyoligonucleotides ap- 
proximately 20 bases long. 

Targeting the Chemical Nucleases with DNA- 
Binding Proteins. DNA-binding proteins (e.g., re- 
pressors, transcription factors) derivatized with scission 
reagents can be used to probe their binding properties. 
In addition, chimeric proteins efficient in DNA scission 
might be useful in analyzing high molecular weight DNA 
because they would recognize DNA sequences 17 bp 
long. The first example of the transformation of a DNA- 
binding protein into a DNA cutter was carried out with 
the Escherichia coli Trp repressor which represses ita 
own synthesis as well as three operons involved in 
tryptophan metabolism in the presence of L-trypto-  
~ h a n . 6 S ~ ~  Since the protein lacks cysteine residues, it 
was derivatized with 1,lO-phenanthroline by modifi- 
cation of the lysine residues with imin~thiolane~~ and 
then alkylation of the resulting sulfhydryl groups with 
5- (iodoacetamido)-l,l0-phenanthroline. The modified 
protein retained high-affinity DNA binding as measured 
by DNase I footprinting and cleaved ita target operators 
in a reaction that required ita corepressor, ~-tryptophan. 
The scission patterns with the aro H and trp EDCBA 
operators indicated that Trp repressor binds to these 
two operators in different orientations.68 However, for 
this conjugated protein, double-stranded scission was 
relatively inefficient: only about 17 % . 

The likelihood of converting any given DNA-binding 
protein into a nucleolytic agent by the two-step 
modification protocol is not predictable. Even if a 
productive scission reagent is generated, subtle ques- 
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tions as to the orientation of the protein to the target 
DNA cannot be addressed because it is not possible to 
associate a given scission site with a particular lysyl 
residue on the multiply modified protein. In order to 
generate chemically discrete chimeric proteins capable 
of efficient double-stranded DNA scission, we decided 
to introduce cysteine residues at  unique positions in 
DNA-binding proteins genetically and then alkylate 
them with 5-(iodoacetamido)-l,lO-phenanthroline. The 
proteins chosen were the X phage cro protein and the 
Trp repressor. 

While this work was in progress, Ebright and col- 
leagues chemically transformed the wild-type E. coli 
catabolite activating protein into a site-specific nuclease 
by alkylating the unique cysteine residue (cysteine 178) 
at amino acid position 10 of the helix-turn-helix 
domain.74 Although alkylation decreases the DNA- 
binding affiiity to the 22-base-pair recognition sequence 
by a factor of 400, scission is observed at exactly the 
positions predicted from the X-ray structure.76 It 
therefore provides strong confirmation of the congru- 
ence of the crystal results with those in solution. 

Targeting Scission with the Cro Protein. In 
pioneering studies on the cro protein, Matthews and 
colleagues first recognized the helix-turn-helix motif 
that is frequently found in prokaryotic DNA-binding 
proteins.7678 Model-building studies further suggested 
that the five C-terminal residues of cro were accessible 
to the minor groove, possibly contributing additional 
stability to binding.79 NMR and crystallographic 
studies have indicated that these residues are flexi- 
ble.w2 Site-directed mutagenesis of this region has 
shown that these residues are not the principal source 
of stability for the protein-DNA interactionam 

Nevertheless, the conversion of this protein into a 
site-specific scission reagent was appealing because it 
was possible to direct the nucleolytic activity of 1 , lO-  
phenanthrolinecopper toward ita chemically reactive 
site in the minor groove without diminishing its high- 
affinity binding in the major groove. The design of our 
experiment is indicated schematically in eq 3.84986 To 
achieve this goal, the C-terminal alanine residue was 
changed into a cysteine residue by site-directed mu- 
tagenesis. The protein was then expressed in bacteria. 
Rather than purifying the protein to homogeneity, 
bacterial cell extracts were modified directly by &(io- 
doacetamid0)-l,10-phenanthroline. A gel retardation 
assay with the high-affinity operator OR-3 as probe 
(labeled on either strand) was used to purify cro A66C- 
OP from excess 5- (iodoacetamido) - 1 , lO-  phenanthr oline 
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and any other 1,lO-phenanthroline-modified proteins 
present in the extract. 

Cro A66C-OP retains high-affinity binding compa- 
rable to that of the wild-type protein. The scission 
chemistry was carried out by activating the chemical 
nuclease activity within the gel slice by adding cupric 
ion, 3-mercaptopropionic acid, and hydrogen peroxide, 
quenching the reaction after 10 min with 2,9-dimethyl- 
1,lO-phenanthroline, eluting the scission products, and 
analyzing them on a sequencing gel. The sites of scission 
were within the recognition sequence and were exactly 
the nucleotides that were protected when the cro-OR-3 
complex was footprinted within the gel matrix using 
1,lO-phenanthroline-coppers6 (Figure 3). The minor 
groove reactivity of cro A66C-OP, an essential feature 
of the design of the chimeric catalyst, can be inferred 
by the 3’-stagger of the sequence positions of the 
prominent scission sites (Figure 4). Since the two 
strands of B-DNA are antiparallel, the deoxyribose 
moieties closest to the OP-Cu within the minor groove 
are displaced two to three sequence positions with 
respect to one another in the 3’-dire~tion.~~ 

How effective is cro A66C-OP as a targeted nuclease? 
Let us consider the satisfactory aspects of the design, 
the deficiencies, and possible approaches for improve- 
ment. As an affinity cleaving reagent, the essential 
conclusions of the X-ray, NMR, and site directed 
mutagenesis experiments have been confirmed. Gel 
retardation assays indicate that cro A66C-OP binds to 
OR-3 with affinity comparable to that of the wild-type 
protein. The C-terminus of cro is clearly accessible to 
the minor groove and able to approach the reactive C-1 
hydrogen of the deoxyribose on either strand. The 
observation of cleavage over the entire recognition 
sequence most likely reflects the flexibility of the 
C-terminal arm. 

Roughly 40% of either the Watson or Crick strand 
is nicked within a 10-min incubation by OP-Cu linked 
to the C-terminal end of cro. At a concentration of the 
complex of 1 X M, this is a t  least 10 times more 
rapid than the rate observed with the (nonsaturating) 
30 pM 2: 1 1,lO-phenanthroline-copper complex used 
in the footprinting reaction in the presence of the 
protein. Linking the nuclease activity to the C-terminus 
of cro, therefore, increases the rate of scission within 
the recognition sequence by a factor of greater than 3 
X lo5. The efficiency of cro A66C-OP can also be 
expressed as the ratio of the turnover number (1.5 X 

s-l) to the dissociation constant M). This 
value is 1.5 X lo6 M-l s-l, indicating that cro A66C-OP 
is a respectable, if not perfect, catalyst.88 

The principal problem with cro A66C-OP as a 
nuclease is not its rate of single-stranded scission but 
rather its inefficiency in causing double-stranded 
breaks. Under conditions where each strand is cleaved 
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Figure 3. Cro-protein targeted scission of OR-3. All reactions 
were carried out in gel on DNA and protein-DNA complexes 
isolated using a gel retardation assay. See ref 78 for experimental 
details. Lane a is 5’ 32P labeled OR-3 operator DNA. Lanes b-d 
are the OP-Cu digestions of OR-3. Lanes c and d contain wild- 
type cro and cro A66C footprints, respectively. Lane e shows the 
site-specific digestion pattern of cro A66C-OP. Lane f is a control 
of wild-type cro (cro-Ala) that has been treated with 5-(iodoac- 
etamido)-1,lO-phenanthroline. Note: Scission by cro A66C-OP 
is observed within the recognition sequence. 

to the extent of 20%, the yield of double-stranded 
breaks is only about 5 % . This suggests that the single- 
stranded nicks are independent of one another and that 
the probability of double-stranded breaks is just the 
product of the probabilities that each single-stranded 
break will occur within two nucleotides of each other. 

Perhaps cro A66C-OP is poor a t  accomplishing 
double-stranded breaks because it nicks both strands 
throughout the recognition sequence. Two features of 
cro A66C-OP lead to this diffuse pattern of scission 
sites in addition to the possible diffusion of oxidative 
species responsible for strand scission. The first is the 
flexibility of the C-terminal arms. The second, and 
possibly more crucial, is their antiparallel orientation 
within the dimeric protein. This places the 1 , lO-  
phenanthroline-copper of each subunit a t  the outer 
limits of OR-3 and works against the clustering of the 
cleavage sites and the likelihood of double-stranded 
breaks. Our two goals in improving the design of 
protein-targeted nucleases therefore were to attach the 
phenanthroline (a) to a rigidly determined part of the 
protein and (b) near its 2-fold dyad axis. 

Targeting Scission with E. coli Trp Repressor. 
These plans were executed with the Trp repressor 
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Figure 4. (A) Model of the cro dimer with the covalently attached 
OPs in the minor groove of the DNA. (B) Histogram of the 
single-stranded scission patterns of the cro A66C-OP nuclease 
on the OR-3 operator. The sequence position numbering scheme 
is dictated by the upper strand (corresponding to the sense strand 
of the cro gene in A) by convention, with “0” increasingly positive 
and positions 5’ increasingly negative. Scission of both strands 
of OR-3 by cro A66C-OP was assayed as single-stranded nicks. 

because of the availability of a structure of the Trp 
repressor-trp EDCBA complex which suggested that 
preparation of the mutant Trp repressor E49C would 
achieve the dual design objectives cited a b o ~ e . ~ ~ ~ ~  Since 
the cocrystal structure has been dismissed (and sup- 
portedg1) as a nonspecific protein-DNA its 
ability to predict scission sites would provide a test of 
the model. The controversial features of this model 
are its suggestion that subtle differences in the geometry 
of the recognition sequence rather than specific amino 
acid-nucleotide interactions are responsible for the 
high-affinity site-specific binding.93 The structure of 
the cocrystal has indicated that the protein binds to 
DNA primarily by making hydrogen bonds to the 
phosphodiester backbone either directly or mediated 
through hydrogen bonds to water? 
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Figure 5. (Left, A) Scission of trp EDCBA operator by E. coli 
Trp repressor E49C. Lanes a and b DNase footprint in the 
presence and absence of tryptophan. Lane c: G + A sequencing 
lane. Lane d: scission by E. coli Trp repressor upon addition 
of cupric, thiol, and hydrogen peroxide. (Right, B) Double- 
stranded scission of trp EDCBA. 

Using a protocol parallel to that outlined above for 
the cro protein, Trp repressor E49C-OP was isolated 
by a gel retardation assay using a labeled DNA fragment 
containing either the trp EDCBA or aro H operator. 
Scission was activated within the gel slice in the presence 
of the corepressor L-tryptophan, and the products were 
isolated and assayed as single-stranded nicks (Figure 
5A) or double-stranded breaks (Figure 5B). In contrast 
with the results obtained with cro A66C-OP, the scission 
sites are highly localized and the rate of formation of 
double-stranded breaks is within a factor of 2-3 of that 
for single-stranded nicks. The robust double-stranded 
scission catalyzed by Trp repressor E49C-OP is com- 
petitive with naturally occurring restriction enzymes 
with respect to rate and yield.94 

As an affinity cleaving reagent, Trp repressor E49C- 
OP is highly informative with respect to the model of 
the protein’s binding to DNA. Since amino acid 49 is 
adjacent to the dyad axis of the protein structure, Trp 
repressor E49C-OP should cut the target DNA at  this 
symmetry position of the recognition sequence. Our 
results are fully supportive of the cocrystal structure 
because the major site of scission of trp EDCBA is at 
the principal dyad as anticipated. We conclude that 
the protein-DNA complex studied by X-ray crystal- 
lography is biologically relevant. 
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dative chemistry always brings with it the specter of 
significant background chemistry that will only be 
apparent when very large molecular weight DNAs are 
analyzed. Ironically, Trp repressor may be too specific 
for chromosomal mapping since a recognition sequence 
15 bp long may be present only once in lo9 base pairs. 
This estimation is probably flawed since Trp repressor 
recognizes three different operators with related but 
distinct sequence, and it is possible that these sequences 
will have evolutionary cousins in other genomes capable 
of high-affinity binding to the wild-type Trp repressor. 
Moreover, selection and screening methods can be used 
to search for alternate DNA binding specificities of a 
mutagenized Trp r e p r e s ~ o r ' . ~ ~ ~ ~ ~  

Alternate Method Approaches for Selected Scis- 
sion of DNA. Within the past two years, a powerful 
new method of selective and programmable DNA 
scission has been introduced that relies exclusively on 
biological reagents. This procedure, initially introduced 
by Szybalski and colleagues,99 depends on the selective 
protection of a restriction enzyme site from methylation 
by a cognate methylase. Protection can be accom- 
plished by the binding of a repressor,99 triple-helix 
formation,lm or RecA-mediated strand invasion.lol All 
unliganded sites of this restriction enzyme are then 
methylated. When the protecting ligand is removed, 
its binding site is susceptible to hydrolysis by the 
cognate restriction endonuclease. The results with this 
procedure, particularly when the methylation reaction 
is protected by RecA-mediated strand invasion,lol shows 
strong promise as a method for achieving sequence- 
specific scission of a selected target. 

t *  

" 111 
0 0 P - c ~  cleavage 

DNase I cleavage 

Site of scission by E49C-OP 1 
Figure 6. Scission sites (solid arrows) of E.  coli trp EDCBA 
superimposed on footprints (open and stippled bars) obtained 
with OP-Cu and DNase I. The central dyad axis is shown as 
dashed arrows. Asterisks above correspond to sequence positions 
protected from methylation by dimethyl sulfate. 

However, the scission patterns generated by Trp 
repressor E49C-OP also indicate that the Trp repressor 
can bind at two sites in the aro H operator and at  three 
in the trp EDCBA locus. This conclusion had been 
independently reached by Gunsalus and colleagues 
using DNase I and dimethyl sulfate fo~tpr in t ing .~~ On 
the basis of their experiments, they proposed the 
binding model for trp EDCBA summarized in Figure 
6. The guanines blocked from alkylation by dimethyl 
sulfate, the sequence positions protected from scission 
by DNase I and OP-Cu footprinting, and the scission 
sites of Trp repressor E49C-OP are all indicated. The 
nucleotides at  the dyad axis are precisely those attacked 
with Trp repressor E49C-OP. These diverse experi- 
mental methodologies agree on the number and position 
of the binding sites for Trp repressor. Variation of the 
Trp repressor E49C-OP concentration in the binding 
reaction prior to a gel retardation assay has never 
resulted in more than one detectable protein-DNA 
complex. Our results are consistent with the isomer- 
ization of the protein between isoenergetic binding sites 
detected by the scission chemistry within the 1:l 
complex isolated in the gel retardation assay.% 

Trp repressor E49C-OP is the first example of an 
engineered protein capable of precise and efficient 
double-stranded scission of a target sequence. It is 
currently being used to dissect the circular E. coli 
chromosome which contains four known Trp repressor 
regulated operons. Four separable fragments with sizes 
consistent with the genetically and physically mapped 
loci should be obtained. This will be ita first test as a 
rare cutting restriction enzyme that might be useful in 
chromosomal mapping. A variety of problems can be 
envisioned which might block this application. Oxi- 
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Conclusions 

Linking a nucleolytic agent to a carrier ligand is a 
reliable method for inferring the stereochemistry and 
specificity of its binding to a nucleic acid. Affinity 
cleaving has provided insight into the mechanism of 
triplex formation, the binding of abiological nucleotides, 
and the interaction of proteins with nucleic acids. To 
be informative, the scission does not have to be robust. 
Parallel results have been obtained with either ferrous- 
EDTA or OP-Cu as the nucleolytic agent. 

To be competitive with other methods in the scission 
of high molecular weight DNA, efficiency as well as 
specificity of targeted nucleases is desirable. Chimeric 
proteins are most efficient in the double-stranded 
scission of DNA if the nucleolytic agent is held rigidly 
near the DNA and directed toward a unique locus of 
the DNA-binding site. Engineered restriction enzymes 
designed like Trp repressor E49C-OP may prove useful 
in the analysis of high molecular weight DNAs especially 
if variants with altered recognition can be isolated. The 
enhancement of biological activity of a carrier by linkage 
to a chemical nuclease has not yet been achieved. 
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