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Catalysts have been generated that sequence-specifically hydrolyze RNA and DNA at predefined
sites, i.e., a new class of restriction enzymes. New binding domains (oligonucleotides or peptides of
defined sequence) were introduced site-selectively into the relatively nonselective phosphodiester-
ases, staphylococcal nuclease and ribonuclease S, to generate hybrid enzymes that site-specifically
cleave nucleic acids. Subsequent mutagenesis of the hybrid enzymes has generated enzymes that site-
selectively hydrolyze one bond in large RNAs and DNAs in a catalytic fashion. We have been able to
use these hybrid enzymes to selectively cleave duplex plasmid DNAs via D-loop formation. This
work has not only resulted in powerful tools for studying RNA and DNA structure but also may
provide a general strategy for designing other selective hybrid enzymes for important biclogical
transformations, such as the selective cleavage of genomic DNA, or selective cleavage of peptide
amide bonds.
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Hybrid Enzymes and the Sequence-Specific Cleavage of Nucleic Acids 3
1 Introduction

Chemists and biologists are focusing considerable effort on the design and
synthesis of novel catalysts with enzyme-like specificities. Chemists have become
increasingly proficient in the synthesis of selective catalysts that complex and
transform small molecules or structural motifs. Chiral transition metal com-
plexes are proving to be useful general catalysts in organic synthesis [1,2].
Cavity-containing hosts are also being derivatized with chemically reactive
groups in an effort to construct catalysts that mimic and generalize enzyme-
catalyzed reactions [3-5]. Although catalysts of this sort have not yet proven
generally useful in synthesis, they do have potential for studying the mechanisms
of molecular recognition and catalysis.

As the size and complexity of substrates increase, the ability to generate
catalysts for rationally manipulating their structures becomes quite limited. The
synthesis of such catalysts requires the generation of bifunctional molecules
which combine binding sites capable of discriminating complex polyfunctional
molecules, with the appropriate chemical groups to carry out subsequent
catalysis. To date, only limited success has been achieved in the rational design
of receptors capable of selectively binding complex molecules. Most efforts have
focused on modification of the specificity of existing proteins by oligonucleotide-
directed mutagenesis [6]. For example, the specificities of the proteolytic
enzyme subtilisin [ 7] and the pyridoxal phosphate-dependent enzyme aspartate
aminotransferase [8] have been successfully altered. More recently, a method
has also been developed which allows the genetic insertion of unnatural amino
acids into proteins at specific locations [9]. This approach may increase our
ability to rationally manipulate protein function through the substitution of
amino acids with novel electronic and structural properties. Random mutage-
nesis of proteins in combination with genetic selections and screens also holds
promise for generating proteins with novel functions. Genetic selections have
been used to modify the specificity of DNA binding proteins [10] and to
generate heat stable proteins [11-13]. Successes are also being realized in the de
novo design of peptides and proteins of predefined structure and/or functions
[14-17]. An exciting recent approach to the design and generation of novel
catalysts involves exploitation of the vast binding repertoire of the immune
system to generate highly selective catalysts. Antibodies have been generated
that selectively catalyze hydrolytic [18—20], photochemical {21], elimination
[22] and pericyclic reactions [23,-24].

2 Semisynthetic Proteins

Another powerful approach to the design of catalysts is the generation of
semisynthetic proteins. Semisynthesis combines elements of both the biological
and chemical strategies described above. The chemically modified protein,
which is a hybrid of a catalytic and a binding domain, has new properties which
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reflect both constituents. This approach exploits the innate binding specificities
or catalytic activities of proteins, and the diverse chemical functionality avail-
able from synthetic chemistry. Keys to the design and generation of semi-
synthetic proteins are: (1) the ability to selectively modify a complex multifunc-
tional protein at the desired site with the chemical moiety of interest and (2)
fusion of the synthetic and protein constituents such that the desired properties
of each are reflected in the hybrid enzyme.

2.1 Thiol-subtilisin

One of the earliest approaches toward the design of semisynthetic proteins
involved the chemical mutation of enzymatic residues. A classic example is the
modification of the active site serine of the protease subtilisin to cysteine (S221C)
[25-28]. The serine was converted to the thiolester by treatment with meth-
anesulfonyl chloride and subsequent displacement with thiolacetic acid. The
thiolester was then hydrolyzed to afford cysteine 221. Although the resulting
“thiol-subtilisin” lacked protease activity, it could still bind and hydrolyze
activated peptide esters. Similiar low levels of catalytic activity have been
observed with semisynthetic “thiol-trypsin” [29] and “hydroxy-papain” [30].

Kaiser and coworkers have exploited the ability of thiolsubtilisin to catalyze
transesterification reactions as a method for selective coupling of peptide
fragments. The active site cysteine can be acylated by a C-terminal peptide ester.
The resulting thiolester can then be displaced by the N-terminal amino group of
a second peptide fragment to form ligated product [31]. This condensation can
also be carried out with wild type subtilisin or other proteases, but only in the
presence of organic solvents or other conditions which suppress amidase activity
[32].

2.2 Flavo-papain

Kaiser and coworkers expanded the scope of semisynthesis by chemically
introducing cofactors into the active sites of well characterized hydrolytic
proteins to generate enzymes with new functions. In this way, some of the
binding properties of the protein were retained, and proximity of substrate to
the covalently attached coenzyme resulted in catalytic activity. For example, the
active site cysteine 25 of papain was selectively alkylated by a bromoacetyl flavin
derivative [33]. The hydrophobic binding pocket of papain is large enough to
accommodate the cofactor as well as potential substrates, and the “flavopapain”
proved to be an efficient oxidoreductase for hydrophobic N-alkyl-1,4-
dihydronicotinamide substrates. Although this work demonstrated that it is
possible to rationally obtain new chemical activities from existing enzymes, the
inherent catalytic activity of the enzyme as well as its ability to selectively bind
peptides were destroyed.
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Fig. 1. Derivatization of papain to generate flavo-papain

2.3 Semi-Synthetic Antibodies

The semisynthetic approach is limited by the availability of enzymes which can
be selectively modified at a unique residue. Indiscriminate modification of an
enzyme might damage the active site, or lead to nonselective chemical reactions
away from the binding site. One solution to this problem involves the use of
cleavable affinity labels to selectively introduce a unique chemical handle into a
protein which can be subsequently derivatized [34, 35]. The affinity label
consists of a reactive electrophile linked to a substrate analog by a cleavable
tether. The substrate analog delivers the reactive group into proximity of the
active site, and the electrophile then alkylates a specific lysine, tyrosine, serine, or
histidine residue nearby. Subsequent reduction of a disulfide or hydrolysis of a
thiolester in the linker then produces a thiol-labelied protein. The thiol “handle”
can act as a nucleophilic catalyst itself or can be further modified with other
functional groups, such as cofactors, reporter molecules, or therapeutic agents.
This is a general strategy which allows one to selectively derivatize any protein
(or other biopolymer) near its binding site, thereby extending the semisynthetic
approach to proteins which Jack residues which can be selectively modified.
Moreover, the use of cleavable affinity labels requires very little structural
information about the protein.

This strategy has been used to affinity label an antibody, MOPC 315, in
order to introduce catalytic residues into the combining site. The introduction of
a nucleophilic thiol near the active site accelerates ester thiolysis 60,000 fold over
background [34]. Other experiments have shown that an imidazole attached to
the antibody via the free thiol can catalyze ester hydrolysis [35]. A fluorophore
was also introduced at the periphery of the antibody combining site to generate
a semisynthetic biosensor [34]. It should be possible to extend this technique so
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Fig. 2. Introduction of a thiol into an antibody combining site via a cleavable affinity linker, and its
subsequent derivatization with imidazole and fluorescein derivatives

that, in theory, catalytic activity could be introduced into any antibody that
selectively binds a substrate of interest.

The exquisite binding specificity of antibodies has also made them ideal
vehicles for delivering toxins [36], enzymes [37, 387, and radioisotopes [39] to a
variety of physiological targets. Antibodies have been derivatized nonselectively
with crosslinking reagents specific for the e-amino groups of lysine [40] or via
oxidation and subsequent reductive amination of sugar residues. Bi-specific
antibodies have also been constructed by a disulfide exchange reaction between
two different Fab fragments [41].

An antifibrin monoclonal antibody has been conjugated to two thrombo-
lytic enzymes, urokinase and tissue plasminogen activator (Tpa) [37, 38] by
chemical crosslinking and gene fusion. The resulting chimeric adducts were 100
times as active as urokinase and 10 times as active as Tpa in assays for the lysis
of fibrin monomers.

3 Sequence Specific Hybrid Nucleases

Previous examples of semisynthetic proteins focused on the chemical introduc-
tion of catalytic groups into existing proteins to generate new catalysts with the
binding specificity of the native protein. Alternatively, one can generate selective
catalysts by chemically introducing new binding domains into the catalytic sites
of relatively nonspecific enzymes. The synthetic component in this case serves to
selectively deliver the catalytic domain of the enzyme to the substrate of interest.



Hybrid Enzymes and the Sequence-Specific Cleavage of Nucleic Acids 7

Selective fusion
-

Catalytic Domain  Binding Domain Hybrid Enzyme

» phosphodiesterase  » nucleic acid specific
o glycosidase o polysaccharide specific

» peptidase o peptide specific
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3.1 Hybrid Nucleases as Tools for the Sequence-Selective Cleavage
of RNA and DNA

The synthesis of catalysts with the ability to sequence-specifically cleave RNA or
DNA would provide useful tools for molecular biology and genomic mapping.
In spite of the obvious value of naturally occurring type 1I restriction enzymes
for gene isolation, DNA sequencing and recombinant DNA technology, their
utility for analyzing very large DNAs is limited by their relative lack of
specificity. Most restriction enzymes have four to six base recognition sites, and
have cleavage frequencies of once in every 136 to 2080 basepairs, respectively.
Since a single mammalian chromosome can contain over 100 million basepairs,
these enzymes generate far too many fragments to be analyzed by current gel
electrophoretic methods. Even those few restriction enzymes with the rarest
recognition sequences [42], which cleave DNA once every million bases and are
used to map relatively small genomes, cleave very large chromosomes too
frequently to be readily used for the ordering of mammalian DNA. In addition,
restriction enzymes do not in general cleave single-stranded DNA, although
adaptor deoxyribonucleotides have been used to modify the specificity of the
Fokl restriction enzyme for specific cleavage of single-stranded DNA [43].
Hybrid nucleases with recognition sites of 15 nucleotides (nt) would statistically
cleave single-stranded DNA once per 540 million base pairs and duplex DNA
once per 270 million base pairs and should therefore be of considerable value for
analyzing the structure of large DNAs.

Enzymes have not yet been isolated that are capable of cleaving RNA with
specificities like those of restriction enzymes. Currently, two methods exist for
specific cleavage of RNA: cleavage of RNA/DNA hybrids by RNase H [44,45]
and cleavage of RNA by ribozymes [46]. The former method is limited by the
fact that RNase H will cleave hybridized hexamers with as few as three
complementary base pairs [44]. A sequence specific RNase with a defined
recognition site of 5-20 base pairs would allow for the cleavage of small and
large RNAs at unique sites. Such sequence-specific RNases would aid in
manipulations of RNA for cloning, in isolating RNA fragments for sequencing,
and in manipulating RNAs in studies of RNA secondary and tertiary structure
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as well as RNA processing and splicing (for example, in analyzing psoralen
crosslink sites) [47, 48].

Current approaches to the generation of sequence specific nucleases have
focused on tethering a synthetic DNA-cleaving moiety to a synthetic or natural
nucleic acid binding domain. Oxidative cleaving agents like EDTA-Fe(II) or Cu-
phenanthroline have been coupled to DNA binding antibiotics [49], oligo-
nucleotides [50-52] and peptides [53, 54] in order to generate reagents that
sequence-selectively cleave DNA and RNA.

We have undertaken the development of semisynthetic enzymes capable of
sequence specifically hydrolyzing large naturally occurring DNA and RNA
molecules. The nonspecific phosphodiesterases, staphylococcal nuclease and
RNase A, have been selectively derivatized with an oligonucleotide of defined
sequence near the enzyme active site. The high affinity and specificity inherent in
Watson - Crick base-pairing interactions directs the hydrolytic activity of the
hybrid nuclease to predefined target sites on single-stranded DNAs, RNAs, and
duplex DNAs. This approach offers several advantages over oxidative cleavage,
most notably the high efficiency of the enzymatic reaction and the fact
that hydrolysis generates termini that can be used in subsequent enzymatic
reaction.

3.2 Design Considerations
The design of the hybrid nucleases was guided by several considerations:

1. The oligonucleotide binding domain must be crosslinked in the correct
orientation relative to the enzyme such that the hybridized substrate is
productively aligned with respect to the enzyme’s active site. The crosslinking
reaction must therefore be highly selective for unique locations on both
biomolecules. Moreover, it should be possible to carry out the crosslinking
reaction in high yield and under mild conditions so that both biomolecules
retain activity.

2. Detailed structural and mechanistic data are required to determine at what
sites the two domains should be crosslinked.

3. The enzyme should not hydrolyze or impair binding of the oligonucleotide
binding domain to the target sequence. Conversely, the binding domain
should not significantly inhibit enzymatic activity.

4. Both the catalytic and binding domains should be stable and readily
available. Ideally, the gene for the protein should be cloned and efficiently
expressed so that the protein can be readily modified via genetic methods.

5. The synthetic route to the hybrid nucleases should allow the rapid generation
of hybrid nucleases. with a variety of specificities.

6. In order for the hybrid enzyme to cleave at the desired sequence with high
selectivity, the k.,/K,, of the hybrid enzyme for the target sequence must be
considerably higher than that of native enzyme for nonspecific sites.
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4 Oligonucleotide-Directed Staphylococcal Nuclease

The synthesis of the hybrid nucleases required a highly selective chemical
method for crosslinking the oligonucicotide to the enzyme under mild condi-
tions and in high yield. This was accomplished via the selective introduction of
thiols into unique positions in both the oligonucleotide and the enzyme, and
their subsequent crosslinking by disulfide exchange.

4.1 Oligonucleotide Binding Site

The base-pairing interactions between complementary DNA or RNA oligomers
is characterized by high affinity and specificity. Under appropriate experimental
conditions [55], discrimination between nucleic acid sequences that differ by as
little as a single nucleotide is possible (A T, [melting temperature] of ~ 10°C
has been observed for 14-mers). This specific binding interaction has been
exploited in the design of labeled hybridization probes for the detection and
cloning of specific genes [56], in specific priming of DNA for sequencing,
polymerase chain reaction [PCR] and mutagenesis [57, 58], in the regulation of
RNA transcription and degradation of RNA by antisense oligonucleotides [59],
and in the selective cleavage of nucleic acids [50-52]. These experiments suggest
that an oligodeoxyribonucleotide of defined sequence should serve as a highly
specific synthetic binding site for delivering the hydrolytic activity of staphylo-
coccal nuclease or RNase A to DNA or RNA substrates.

Solid phase DNA synthetic methods make possible the rapid synthesis of
oligonucleotides of any defined sequence ( < 100 bp). Existing methods for the
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automated solid-phase phosphoramidite or phosphotriester synthesis of oligo-
nucleotides can be modified to permit the facile generation of oligonucleotides
containing free 3'-thiols [60]. The 3’ hydroxyl of 5'-dimethoxytrityl thymidine
was substituted with a thiol, and subsequently protected as a disulfide by
treatment with 2'-S-thiopyridyl mercaptoethanol. This process regenerates a
free hydroxyl which can be coupled to controlled pore glass (CPG) by standard
methods. This approach has the advantage that the 3'-thiol is introduced prior
to DNA synthesis. In addition, the thiol can either be introduced directly at the
3’ position of the deoxyribose ring, or it can be attached to the 3’ hydroxyl
through linkers of varying lengths and compositions (we have introduced
tethers ranging in lengths from 2.5 A to 20 A) [61]. Yields of oligonucleotides
synthesized using this support are similar to those from commercially prepared
support lacking the disulfide.

After standard synthesis and deprotection procedures the disulfide bond is
cleaved with dithiothreitol. The reduced oligonucleotide is purified and sub-
sequently reacted with 2,2"-dithiodipyridine to afford the 3'-S-thiopyridyl oligo-
nucleotide. This modified oligonucleotide can be stored indefinitely at — 20°C
and can be readily crosslinked to any compound containing an accessible free
thiol.

4.2 Properties of Staphylococcal Nuclease

Staphylococcal nuclease is an ideal candidate for semisynthetic studies. It is a
well characterized and stable enzyme consisting of a single polypeptide chain
149 amino acids in length [62-65]. There are no intrachain disulfides or free
cysteines. The enzyme hydrolyzes the phosphodiester bonds of either RNA or
DNA to generate 3'-phosphate and 5'-hydroxyl termini. The rate of hydrolysis
of single-stranded DNA by staphylococcal nuclease is estimated to be approx-
imately 10'¢ higher than the aqueous background rate [66]. The hydrolysis of
single-stranded substrate is much faster than that of double stranded, and
cleavage is relatively nonspecific with a preference for thymidine rich regions
(T > A»C,G) [80]. Ca?* is required for activity, providing a mechanism for
rapidly modulating enzyme activity [67]. This efficient on/off switch allows the
synthesis of hybrid nuclease without hydrolysis of the crosslinked oligonucleo-
tide binding domain. The oligonucleotide-nuclease adduct can be activated by
addition of Ca%™ after hybridization to the target sequence.

The structure and mechanism of staphylococcal nuclease have been elucida-
ted from a series of chemical, physical and genetic studies [62-68]. An X-ray
crystal structure of a staphylococcal nuclease-diphosphothymidine (pTp)-Ca?*
complex has been determined to 1.5 A [68]. The pyrimidine ring of the inhibitor
pTp fits into a hydrophobic pocket at the enzyme surface and the 5'-phosphate
is near Arg35 and Arg87. Glu43 is thought to act as a general base for activation
of the attacking water molecule whereas Arg35, Arg87, and Ca®" stabilize the
trigonal bipyramidal transition state configuration [66, 68]. The gene for the
nuclease has been cloned and the protein has been efficiently expressed in E. coli
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Fig. 4. X-ray crystal structure of staphylococcal nuclease-pTp-Ca2* complex (1.5 A) [Ref. 68].

behind an ompA leader sequence [69, 70] and is secreted into the periplasm.
Examination of the geometry of the bound inhibitor pTp suggested that
coupling the 3’ thiol of the oligonucleotide binding domain to a cysteine at
position 116 on the enzyme surface should align a hybridized DNA or RNA
substrate with the enzyme active site.

4.3 Use of Cysteine in Protein Engineering

Cysteine is unique among the 20 commonly occurring amino acids by virtue of
the nucleophilicity of the thiol group and its ability to form disulfide bonds.
Consequently, thiols have been site-selectively incorporated into proteins in
order to (a) provide a handle for selectively derivatizing proteins with additional
functional groups [34, 35]; (b) generate new disulfide bonds which act to
stabilize or probe protein structure [71-73]; (c) function as nucleophilic catalytic
groups [25, 26]; and (d) introduce regulatory switches [74, 75] of enzymatic
activity. The latter experiment is applicable to the development of hybrid
nucleases since it offers a means to repress catalytic activity until after substrate
is bound by the hybrid enzyme. For example, a cysteine has been introduced
into the binding cleft of staphyloccal nuclease that can block substrate binding
by forming a disulfide bond with thiol-reactive reagents or by chelating Cu?* or
Hg?* 7%, Activity can be rapidly restored by the addition of reducing agents or
metal chelators. In a second example, redox active disulfide bonds have been
engineered into T4 lysozyme to block access of substrate to the active site [74].
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Fig. 5. The introduction of cysteine into the binding pocket of staphylococcal nuclease and its
reversible derivatization

4.4 Synthesis of the Hybrid Nuclease

A free thiol was introduced into staphylococcal nuclease by replacing the lysine
at position 116 with a cysteine via oligonucleotide-directed mutagenesis [76,
77]. The mutant protein, K116C, was isolated as a dimer. Monomeric enzyme
could be obtained by reduction of the dimer with dithiothreitol. The k., and K
of the mutant enzyme (K, =81pg DNA/mL, V_ ., =031 Aabs260(ug
nuclease) ' min " ') were determined to be similar to those of wild-type enzyme
(Km =276 pg DNA/mL, V. = 0.66 Aabs260/(ug nuclease)” ! min~1) [77].

The monomeric enzyme was crosslinked to the 3'-S-thiopyridyl oligonucleo-
tide to produce the hybrid nuclease in high yield (Fig. 6). The crosslinking
reaction ( < 10 minutes) can be monitored by following the release of thiopyri-
dyl anion at 343 nm. This reaction had been used previously to nonselectively
crosslink RNase A to staphylococcal nuclease and resulted in a 30% recovery of
active crosslinked enzymes [78]. The disulfide exchange can be carried out in
buffered solution, pH 4-pH 9, and is considerably more selective than methods
which rely on amine or carboxyl specific modifying reagents [79]. A flexible
tether was incorporated to allow some movement between the hybridized
substrate and the nuclease active site. The oligonucleotide-nuclease adduct can
be easily purified via either cation or anion exchange chromatography since the
combination of cationic nuclease and anionic oligonucleotide gives it a signifi-
cantly altered retention time relative to either of the starting materials [77].
Treatment of the purified product with dithiothreitol regenerates the nuclease
and the oligonucleotide. The adduct is stable indefinitely at — 20°C in the
presence of the Ca®* chelator EGTA.

4.5 Sequence-Selective Cleavage of Unstructured Substrates

The hybrid nuclease was assayed for its ability to selectively cleave a 5'-32P end-
labelled 64 nucleotide (nt) synthetic DNA oligomer containing a complementary
binding sequence [79]. The assay involved annealing the hybrid nuclease to the
substrate for 5 minutes at 60 °C in the absence of Ca?*. The reaction was then
cooled to the desired temperature and CaCl, was added to initiate cleavage.
EGTA was then added to quench the reaction, and the products were analyzed
by polyacrylamide electrophoresis and subsequent autoradiography.
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Initial experiments demonstrated that the hybrid nuclease could cleave the
64nt DNA substrate with high selectivity adjacent to the oligonucleotide
binding site [77] (Fig. 7). In contrast, the underivatized Cys 116 mutant enzyme,
cither in the absence or presence of the 15nt oligomer, cleaves relatively
nonspecifically at T-rich sites. Unfortunately, selective cleavage by the hybrid
enzyme can only be achieved within a narrow range of temperatures (0-5 °C),
reaction times ( < 5s) and substrate concentrations ( < 15n1M). When condi-
tions outside these ranges are used the inherent nonselective hydrolytic activity
of the enzyme dominates oligonucleotide-directed cleavage. In addition, the
hybrid nuclease functioned only as a stoichiometric reagent.

4.6 Optimization of the Hybrid Nuclease

The incorporation of an oligonucleotide binding domain into staphylococcal
nuclease allows delivery of the enzyme to specific target sequences. However, the
enzyme can still cleave at other T-rich sites by virtue of its native binding
affinity. Consequently, cleavage by the hybrid nuclease reflects the specificities of
both the oligonucleotide and staphylococcal nuclease. In order to increase the
specificity of the hybrid enzyme as well as realize catalytic turnover, the
enzyme’s intrinsic binding affinity to DNA/RNA must be reduced relative to the
binding affinity of the attached oligonucleotide. To this end mutations have
been introduced into the active site of staphylococcal nuclease in order to
decrease the enzyme’s k. /K, [77] and reduce the rate of nonspecific (oligonu-
cleotide independent) hydrolysis. Cleavage at sites adjacent to the oligonucleo-
tide binding site should be relatively unaffected, since hybridization makes the
effective concentration of nuclease very high.

A mutation, Y113A, was introduced into the binding site of the K116C
staphylococcal nuclease [80]. The K,, of the Y113A, K116C mutant was
increased by a factor of 4.2, the V,,,, was decreased by a factor of 190 and the
Vomax/K,, was reduced by a factor of 790. Examination of the 1.5 A crystal
structure suggests that the decrease in k /K, may be due to the removal of a 7
stacking interaction between Tyr 113 and the bound purine or pyrimidine base.
The mutation did not significantly alter the preference of the enzyme for
hydrolysis at T-rich sites.

Hybrid enzymes constructed from either the K116C or the Y113A, K116C
nuclease were assayed for their ability to selectively hydrolyze a 78 nt substrate.
The K116C hybrid enzyme showed little or no specificity when assayed at
temperatures greater than 20°C, at reaction times longer than 10s or at
substrate concentrations greater than 20 nM. In contrast the Y113A, K116C
mutant hybrid enzyme sequence selectively hydrolyzed DNA at temperatures as
high as 75°C and over reaction times as long as one hour [80].

4.7 Cleavage of Structured DNA Substrates

The selective cleavage of complex naturally occurring single-stranded DNA’s
requires hybrid nucleases that can hydrolyze DNA containing considerable
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secondary and tertiary structure with high specificity. Templates with substan-
tial secondary structure near or at the target site cannot be selectively hydrol-
yzed by hybrid enzymes lacking the binding pocket mutation because the
elevated temperatures which are required to eliminate structure and make the
site accessible to the nuclease also greatly increase nonselective hydrolysis.
However, hybrid nucleases that contain the binding pocket mutation (Y113A)
and carry out efficient selective cleavage at elevated temperatures should be able
to hydrolyze structured DNA. In order to test this notion a 63 nt substrate was
designed which has the target thymidines constrained within the base-paired
region of a hairpin loop [80]. At 0°C the Y113A, K116C hybrid nuclease did not
cleave at the desired site, although nonspecific hydrolysis did occur towards the
5’ terminus of the 63 nt substrate. However, at 65 °C, which is above the melting
temperature for the hairpin, cleavage does occur adjacent to the oligonucleotide
binding site.

The ability of the Y113A hybrid nucleases to cleave short structured DNA
substrates suggested that the hybrid nuclease might selectively cleave much

-—(.28kb

Fig. 8. Cleavage of M13mp7 by a hybrid nuclease. Lane 1, M13mp7; lane 2, M13mp7 treated with
Y113A, K116C staphylococcal nuclease; lane 3, selective hydrolysis of M13mp7 by a hybrid
nuclease; lane 4, molecular weight standards
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longer naturally occurring single-stranded DNAs. We chose to test this hypoth-
esis using single-stranded M13mp7 [81], a 7238 circular DNA, as a substrate
[80]. This DNA was designed with a short hairpin region containing a
number of restriction sites, which allow it to be linearized and end labelled with
>2P-ATP so that cleavage specificity can be analyzed to nucleotide resolution by
polyacrylamide gel electrophoresis. When linearized M 13mp7 was digested with
an equimolar concentration of a 22nt hybrid enzyme lacking the Y113A
mutation, nonspecific cleavage predominated. In contrast, the same 22 nt hybrid
nuclease containing the Y113A mutation selectively hydrolysed the substrate at
the desired sequence. Moreover at 0 °C, cleavage occurred primarily at just one
phosphodiester bond. Importantly, these results demonstrate that the hybrid
nuclease can bind and cleave one phosphodiester bond within a large structured
DNA without hydrolyzing the many other susceptible T-rich sites which are
present.

4.8 Catalytic Turnover by Hybrid Nucleases

The ability of the Y113A mutant hybrid nuclease to efficiently carry out selective
cleavage at elevated temperatures and over long reaction times suggested that
cleavage could occur at the T, of the oligonucleotide domain. Since under these
conditions, the bound and free hybrid nucleases are in rapid exchange, the
nuclease should be able to catalytically cleave the target DNA. Hybrid nucleases
containing the Y113A, K116C double mutant, or a L37A, Y113A, K116C triple
mutant (which has very similar properties to those of the double mutant) were
assayed for their ability to catalytically hydrolyze substrate DNA [80].

A hybrid nuclease constructed from the triple mutant and containing a 15 nt
binding domain [T,, (calc.) = 62°C] was able to catalytically cleave a 78 nt
substrate adjacent to the oligonucleotide binding domain at 65°C. A Line-
weaver-Burke analysis of the initial rates afforded a k., of 1.5min"! and a K,
of 120 nM.

The catalytic properties of the hybrid nucleases can be rapidly altered by
varying the length and sequence of the oligonucleotide binding domain. A
hybrid nuclease with an 8 nt oligonucleotide was catalytic over a lower range of
temperatures (30-60 °C) while a 19 nt hybrid nuclease showed catalytic activity
at temperatures between 55°C and 72°C (Fig. 9). The 8nt hybrid nuclease
showed more nonspecific cleavage, but also a 20 fold higher rate of turnover.
The effects of mismatches in the oligonucleotide binding site on the catalytic
properties of the hybrid nucleases reflect previously reported effects of mis-
matches on DNA hybridization [55]. These results are again consistent with the
notion that dissociation of hybrid enzyme is the rate limiting step.

The ability of the hybrid nucleases to catalytically cleave DNA in a selective
fashion may appear somewhat surprising given that the crosslinked oligo-
nucleotide can be digested by Ca?*-activated staphylococcal nuclease. Con-
sequently, the stability of the oligonucleotide-nuclease adduct towards autolysis
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Fig. 9. The temperature ranges for catalytic turnover for Y113A, K116 C hybrid nucleases with
differing binding domains. (1) 19nt binding domain; (2) 150t binding domain; (3) 15nt binding
domain with a 3’ terminal mismatch; (4) 15 nt binding domain with an internal mismatch; (5) 8nt
binding domain

at clevated temperatures and over extended reaction times was investigated by 5’
end-labelling the 19 nt binding domain of a hybrid nuclease (Y113A, K116C
mutant) with 32P. The labelled adduct was incubated with Ca?* at 37°C in the
absence of substrate and the course of the incubation was monitored by
electrophoresis. No degradation was observed after 30 minutes. Resistance to
intramolecular autolysis may be due to an inability of the oligonucleotide to
align itself in the correct 5’ to 3’ orientation for cleavage in the enzyme active
site.

The ability of hybrid enzymes to catalytically cleave DNA demonstrates the
extent to which the nuclease’s hydrolytic activity can be selectively delivered to
specific sequences within a DNA substrate. Cleavage by the hybrid enzyme is
selective even though a significant fraction of the nuclease is free in solution
under conditions which would lead to complete and indiscriminate degradation
of DNA by wild type enzyme. A combination of chemical mutagenesis (in-
troduction of an oligonucleotide) followed by biological mutagenesis (binding
site mutations) can therefore be used to rationally modify the specificity of an
enzyme while still maintaining its desired catalytic properties.

4.9 Alteration of the Interdomain Linkage

In a number of cases, especially with unstructured substrate DNAs, the hybrid
nuclease cleaves a number of phosphodiester bonds adjacent to the target site as
well as sites distant from the hybridization site. This result was initially
attributed to the flexibility of the tether linking the enzyme and oligonucleotide.
Hybrid nucleases containing short linkages (-S—S-) should be less flexible than
those with longer tethers, and this might result in less non-selective cleavage
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away from the target site and limit cleavage to one phosphodiester bond. To this
end the nucleoside analogue 3'-mercapto-5'-(4,4'-dimethoxytrityl) thymidine
was synthesized and attached to controlled pore glass [80]. Oligonucleotides
synthesized using this support have been coupled to both the K116C and the
Y113A, K116C mutants to generate hybrid enzymes with only a disulfide
linkage between the catalytic and binding domains.

These hybrid enzymes were compared to those linked by 1,6-hexanedithiol
tethers by assaying their cleavage with several different substrates. Only slight
differences were observed in cleavage specificity [80]. These results suggest that
the structure and sequence of the substrate is a primary factor in determining
which phosphodiester bonds are hydrolyzed, and that the hybrid enzyme-
substrate complex has considerable flexibility which is independent of the length
of interdomain linkage.

4.10 Mechanisms for Specific vs Nonspecific Hydrolysis

Although the double (Y113A, K116C) and triple mutant (L37A, Y113A, K116C)
hybrid enzymes cleave DNA both catalytically and under a wide range of
conditions, this cleavage is accompanied by some nonspecific hydrolysis. This
undesired reactivity can range between 10% to 60% of the specific cleavage,
depending on the reaction conditions, the substrate, and the composition of the
hybrid nuclease. Understanding the nature of nonspecific cleavage should aid in
engineering hybrid nucleases that approach restriction enzymes in their speci-
ficity and cleavage efficiency. Nonspecific cleavage associated with the nuclease
can occur via a number of mechanisms (Scheme 3). The nuclease can bind and
cleave DNA in an intermolecular reaction which is independent of the oligo-
nucleotide domain and which can occur either before (Scheme 3, E) or after
hybridization and cleavage of the target sequence (Scheme 3, D). Nonspecific
cleavage can also occur in an intramolecular fashion, in which hybridization
first localizes the nuclease at the target site. Conformational flexibility or
secondary structure in the substrate at the target site may then make upstream 5’
T-rich sites accessible to cleavage by the nuclease (Scheme 3, B). Alternatively
cleavage at the target site can be followed by secondary cleavage at other T-rich
sites by a processive mechanism in which the enzyme does not dissociate from
substrate a significant component of single-stranded DNA cleavage by free
staphylococcal nuclease does occur via a processive mechanism) (Scheme 3, C).

In order to gain insights into the mechanism of nonspecific cleavage,
reactions were carried out in the presence of an excess of poly (dA) [80]. Over
reaction times of less than 15 seconds, and at temperatures which do not allow
turnover, the addition of a 200-fold excess (w/w) of unlabelled poly (dA) DNA as
a scavenger did not effect the amount of nonspecific cleavage produced by
hybrid enzymes containing the Y113A mutation. However, similar treatment
reduces the amount of nonspecific hydrolysis by hybrid enzymes which lack the
binding pocket mutation or by a noncognate hybrid enzyme which lacks a
complementary binding domain. These results suggest that intermolecular
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Scheme 3. Mechanisms for specific and nonspecific cleavage

cleavage contributes significantly to the nonspecific cleavage associated with
hybrid enzymes lacking the binding pocket mutations, but that nonspecific
cleavage by the Y113A-containing enzymes is primarily due to intramolecular
hydrolysis. This supports the conclusion that the improved specificities of the
Y113A hybrid enzymes arise from the mutants’ lowered affinity for DNA
substrate which allows discrimination between nonspecific intermolecular hy-
drolysis and hydrolysis which is directed by the oligonucleotide domain.
Nonspecific cleavage, however, is considerably reduced when structured DNA
[40] or RNA substrates [82] are used, and therefore also appears to be
associated with the secondary structure of substrate.

4.11 Selective Hydrolysis of Duplex DNA by a Hybrid Nuclease

The sequence-selective hydrolysis of double-stranded DNA presents challenges
which are distinct from those which are encountered with single-stranded
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DNAs. The hybrid enzyme must (1) hybridize to a complementary sequence
within the double helix and (2) cleave both strands of the double helix.
Hybridization of the oligonucleotide to the target sequence by Watson—Crick
base pairing interactions requires disruption of the double helix. One way to
avoid the need to locally denature the DNA is by taking advantage of Hoogstein
base pairing of the oligonucleotide to the target sequence to form triple helical
DNA. This approach has been used successfully to deliver oxidative cleavage
functionalities to specific sites within DNA substrates [51, 52]. However,
triple helix formation is currently limited to polypurine-polypyrimidine target
sequences.

Another strategy to introduce an oligonucleotide at a complementary site in
a duplex DNA involves D-loop formation. In this process supercoiled DNA
spontancously and stably incorporates complementary single strands of DNA
[83]. This uptake is accelerated if the supercoiled DNA is partially denatured
with base [84, 85] (the reaction can also be catalyzed by the recombination
enzyme rec A [86, 87]). D-loop formation has been used to deliver oligonucleo-
tides to complementary sequences within double-stranded DNA for sequencing
of duplex DNA [85] and as hybridization probes [84].

The ability of the hybrid nuclease to sequence-specifically hydrolyze super-
coiled DNA via D-loop formation was assayed with pUC 19, a 2686 base-pair
plasmid [89]. The sequence of the oligonucleotide binding domain of the hybrid
nuclease was chosen so that it would deliver the attached nuclease to a site
within the plasmid that contained thymidines on both strands adjacent to the
bound hybrid nuclease [88]. Hybrid nucleases were synthesized both with and
without the Y113A mutation, and with cysteine at either positions 84 and 116.
Plasmid pUC 19 was partially denatured with 3.5 mM NaOH for 10 min. The
DNA solution was then neutralized and hybrid nuclease was added.

In order to determine the extent of specific cleavage, the reaction products
were treated with the restriction enzyme, Hind 111, in order to generate discrete
fragments which could be compared to known standards. Inspection of the
ethidium bromide-stained agarose gel revealed that all hybrid nucleases cleaved
DNA at the predicted target site, but that the hybrids lacking the Y113A
mutation hydrolyzed substrate in much higher yield than either the K113C,
Y116A or the K84C, Y113A enzyme. Presumably the greater catalytic activity of
the single mutant enzyme allows it to more readily cleave both strands of the
duplex prior to dissociation. Selective cleavage at other sites on pUC 19 was less
efficient and showed higher levels of nonselective hydrolysis. The susceptibility
of the original site may be due to its T-rich nature or to the presence of a region
of secondary structure which facilitates denaturation. Considerable work re-

D-loop
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Fig. 10a. D-loop formation and subsequent hydrolysis of duplex DNA
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Fig. 10b. Sclective hydrolysis of duplex DNA. Lane 1,
pUC19 linearized with Hind III; lane 2, pUC 19; lane 3,
pUC 19 treated with a K116C-containing hybrid nuclease
and Hind 1L lane 4, pUC19 treated with a Y113A, K116C
hybrid nuclease and Hind IIL; lane 5, pUC 19 treated with
Bgl 1

mains to be done in order to determine the sequence and structural require-
ments for D-loop formation with the hybrid enzymes. Nevertheless, this work is
an important step toward the development of strategies for selective cleavage of
large linear chromosomal DNAs.

4.12 Sequence-Selective Cleavage of RNA

As noted earlier, studies of RNA structure and function have been hampered by
the failure to isolate an analogous class of RNA restriction enzymes from nature.
To overcome this obstacle, strategies are being developed for site-selectively
hydrolyzing RNAs at spectfic sites [44—46].

Because staphylococcal nuclease hydrolyzes RNA, it seemed likely that
hybrid oligonucleotide-directed nucleases would be able to sequence-specifically
cleave RNA. The first substrates to be assayed were unstructured (60-65 bases)
RNA’s that were prepared by runoff transcription [90, 91]. Hybrid nucleases
were constructed using the K116C mutant nuclease and 15nt oligonucleotide
binding sites. As was the case with DNA substrates, the oligonucieotide binding
domain selectively delivered the hydrolytic activity of staphylococcal nuclease
to a 3 to 5 nucleotide region directly adjacent to the hybridization site [92]. The
multiple cleavage sites suggest that there is considerable conformational free-
dom in the RNA substrate. Interestingly, selective cleavage by the K116C hybrid
nuclease occurred even without prior hybridization of the oligo-
nucleotide—nuclease adduct to the target site suggesting that the rate of hybridiz-
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ation is more rapid than that of nonselective cleavage. Greater than 90%
selective cleavage of RNA could be achieved with an excess of enzyme relative to
substrate.

4.13 Sequence-Selective Cleavage of Structured RNA Substrates

The efficient cleavage of short RNA substrates by the K116C hybrid nuclease
suggested that more structured, naturally occurring RNAs could also be
selectively hydrolyzed [82]. Cleavage reactions were carried out on M1 RNA
[93], the catalytic subunit of E. coli. RNase P (377 bases) and 16S RNA [94], a
1520 base component of the ribosome 30S subunit. Cleavage reactions were
carried out by prior hybridization of the hybrid enzyme to the target RNA at
65°C (in the absence of Ca®%), conditions under which much of the RNA
secondary and tertiary structure can be melted out. Since staphylococcal
nuclease is rather stable to thermal denaturation [62-65], oligonucleotide
binding sites with melting temperatures (20-22 mers) of ~ 65°C were used to
deliver the nuclease to the target sequence. Longer reaction times (20s) were
required with these structured RNAs. M1 RNA was cleaved primarily at one

1 2 3 4 5
i

Fig. 11a. Site-selective cleavage of M1 RNA. Lane 1, undigested
M1 RNA; Lane 2; a hydroxide ion cleavage ladder, lane 3,
digestion of M1 RNA by K1 16C staphylococcal nuclease; lane 4,
digestion of 5-end labeled M1 RNA by a hybrid nuclease; lane 5,
digestion of 3'-end labeled M1 RNA by a hybrid nuclease
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Fig. 11b. Secondary structure map of M1 RNA, showing the results of two separate hybrid nuclease
digestions. The black lines denote the 22 nt hybrid nuclease target sequences, and the arrows indicate
the sites of cleavage; A2'*pA2t® and A235pA?36

position, A2'* pA2!3 in a hairpin loop by a 22-nt hybrid enzyme that binds
largely to a putative single-stranded region of M1 RNA [82]. A second hybrid
nuclease (22 nt) that binds a putative duplex region of M1 RNA also cleaved the
RNA primarily at one position, A>>> pA23®. Under optimal conditions, M1
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RNA was digested with one equivalent of hybrid enzyme to yield 50% site-
selective product and 20% nonselective products. Product yields could be
improved by annealing the hybrid nuclease to RNA, carrying out the cicavage
reaction, quenching with EGTA, reannealing, and carrying out the reaction
again. E. coli 16S RNA was cleaved with high selectivity using a 22-nt hybrid
nuclease, although the cleavage site could not be determined to nucleotide
resolution because of the large size of the cleavage fragments.

Specific cleavage of RNA by the hybrid nucleases occurs with a variety of
secondary structures; the primary requirement for cleavage is an A + U-rich
cleavage site. Hybridization at temperatures lower than 45 °C did not result in
selective cleavage. Cleavage of M1 RNA with an 11-nt hybrid nuclease gave site-
selective cleavage, but in lower yields and with more nonselective hydrolysis
relative to the corresponding 22-nt hybrid enzyme. These results suggest that the
yield of selective cleavage product depends on the stability of the DNA-RNA
hybrid relative to the stability of the local substrate RNA structure. The high
selectivity of the K116C hybrid enzyme with these natural RNAs most likely
results from a combination of the high specificity of DNA-RNA hybridization
and the inherent specificity of the nuclease (which prefers A + U-rich regions).
As was the case with single-stranded DNA cleavage, the position of the primary
cleavage site relative to the hybridization site of the enzyme typically occurs 2 or
3 bases away from the 5'-terminal A of the target sequence [82].

Cleavage of RNA by the hybrid nuclease is relatively sensitive to reaction
conditions. Highest specificity is obtained at lower pH values, corresponding to
decreased values of k_,,/K,, for native staphylococcal nuclease. This result is
consistent with the fact that hybrid nucleases constructed from mutants with
decreased k., /K,, values cleave single-stranded DNA substrates with higher
specificity than the K116C hybrid nuclease [82].

4.14 Enzymatic Manipulation of the Fragments
from Selective RNA Hydrolysis

The utility of hybrid enzymes for the sequence-specific manipulation of RNA
was demonstrated by the site-selective cleavage of a tRNA in the anticodon
loop, followed by gel purification and ligation of the two half molecules to
regenerate the full-length tRNA. Hydrolysis by the nuclease leaves 3’ phosphate
and 5 hydroxyl termini in contrast to oxidative nucleic acid cleavage strategies.
Consequently, addition of T4 polynucleotide kinase and T4 RNA ligase leads to
efficient religation of tRNA cleaved by the hybrid nuclease.

5 Oligonucleotide-Directed RNAse A

The enzyme ribonuclease A (RNase A) [95] has also been crosslinked to
oligonucleotides to afford hybrid enzymes which can selectively hydrolyze RNA.
In this case, autolysis of the oligodeoxyribonucleotide binding site cannot occur.
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RNase A is again an ideal enzyme for semisynthetic studies. The enzyme is small
(consisting of 124 amino acids), has been extensively studied by chemical and
physical methods [95] and is stable to heat, low pH and most denaturing
organic solvents such as phenol or glycerol [95].

The enzyme cleaves RNA with low specificity, cieaving preferentially to the
3’ side of pyrimidines, although cleavage also occurs to the 3’ side of purines to a
lesser extent. The k_,/K,, for the hydrolysis of CpC is ~ 10710 M~ sec™?,
approaching the diffusion controlled limit [96].

The crystal structure of bovine pancreatic ribonuclease has been investigated
by a number of groups. Diffraction data to 2 A has been reported by Wlodawer
[97]. The catalytic mechanism of RNA hydrolysis by RNase A has not been
fully defined, but most likely involves activation of the ribose 2'-OH by histidine
12 (or 119) to facilitate the in-line addition of the 2’-hydroxyl to the phospho-
diester [98, 99]. Protonated histidine 119 (or 12) may assist in activating the 5'-
OH as a leaving group while lysine 41 acts to increase the electrophilicity of the
phosphorus and stabilize a trigonal-bipyramidal intermediate. Hydrolysis of the
2'.3’-cyclic phosphate would then involve the reverse reaction with H,O acting
as the nucleophile.

Based on the chemical, physical and structural information available on
ribonuclease A, attachment of an oligodeoxyribonucleotide of defined length
and sequence to the a-amino group of lysine 1 of RNase A should align a
hybridized RNA with the active site residues of the enzyme. Because RNase A
contains four disulfide bridges, we initially chose to introduce the thiol into fully
folded, active RNase A by chemical methods.
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Fig. 13. Crystal structure of RNase S.

5.1 RNase S Hybrid Nucleases

Limited digestion of RNase A by subtilisin produces an enzymatically active
ribonuclease termed RNase S. RNase S can be separated into S-peptide (amino
acids 1-20) and the S-protein (amino acids 21-124), neither of which show
catalytic activity [99]. When mixed together stoichiometrically at 25 °C, pH 7.0,
in the presence or absence of substrate, a noncovalent complex (K, =1
x 107 5M) is formed with activity similar to native enzyme [101]. This property
of RNase A has enabled a variety of analogues of RNase S to be synthesized with
amino acid substitutions (natural and synthetic) in positions 1-20 [102, 103].
An S-peptide fragment containing a cysteine at position 1 was therefore
synthesized by solid-phase Merrifield synthesis and coupled via a disulfide
exchange reaction to a 14 nt 3'-S-thiopyridyl oligonucleotide [104]. The adduct
was isolated by anion exchange chromatography and recombined with natural
S-protein to generate the hybrid enzyme which was purified by anion exchange
chromatography.
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Fig. 14a,b. Construction of hybrid RNase S. (a) RNase S is obtained from a partial subtilisin
digestion of RNase A. (b) Crosslinking of K1C S-peptide to a 3'-S-thiopyridy! oligonucleotide

The ability of the hybrid enzyme to site-selectively cleave RNA was assayed
with a 62-nucleotide single-stranded RNA prepared by runoff transcription [90,
91]. The RNase S hybrid nuclease cleaved the 62 nt unstructured RNA substrate
with high selectivity when cleavage was carried out at temperatures below 10 °C.
Unfortunately, hybridization and cleavage at elevated temperatures (>37 °C) led
to diminished cleavage efficiency and specificity, most likely due to dissociation
of the S-protein from the peptide-oligonucleotide adduct. Cleavage occurred
primarily at one pyrimidine-purine site adjacent to the site of oligonucleotide
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hybridization. Again the high selectivity is likely a result of combining the
specificity of the oligonucleotide with the inherent specificity of RNase S.
Addition of S-protein to a preformed S-peptide-oligonucleotide RNA complex
did not afford selective cleavage.

5.2 RNase A Hybrid Nuclease

The gene for RNase A has been cloned and expressed [105], allowing the
introduction of the K1C mutation via site directed mutagenesis. This mutant
retains RNase activity, indicating that it folds properly despite the introduction
of a ninth cysteine. Direct fusion of the oligonucleotide binding site to RNase A
via cysteine 1 generated a hybrid nuclease which specifically cleaved un-
structured RNA substrates. Moreover the adduct was thermally stable, allowing
it to be used at elevated temperatures [106].

However, the K1C RNAse A-containing hybrid nuclease selectively hydrol-
yses RNA only under a narrow range of conditions. Another mutant RNAse A,
K41R, has a k_,, 1% that of wild type enzyme while the K, is unchanged [105].
It will be of interest to construct and assay a K1C, K41R RNAse A hybrid
nuclease and determine if, like the Y113A, K116C staphylococcal nuclease, it
too will hydrolyze substrate with improved specificity.

6 Conclusion

Hybrid nucleases have been generated that are capable of sequence-specifically
hydrolyzing large natural RNAs, single-stranded DNAs, and duplex DNAs.
These enzymes can function catalytically and their specificity approaches that of
restriction enzymes. This work provides powerful new methods for selectively
cleaving single-stranded DNA and RNA and is an important step toward the
generation of enzymes capable of site-specifically cleaving large chromosomal
DNA’s.

The fact that one can engineer a high degree of selectivity into nonspecific
hydrolytic enzymes illustrates the power of a semisynthetic approach that
combines chemical modification of enzymes with site-directed mutagenesis. Ap-
plication of this strategy to peptidases and glycosidases may lead to a new class
of sclective catalysts for the selective cleavage and ligation of proteins and
sugars.
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Note added in proof: It has been recently shown that triple helix formation and protein-DNA
complex formation can be used to target semisynthetic nucleases selectively to duplex DNA.






