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A new restriction endonuclease, named Splase, was constructed by genetically fusing the 
DNA-cleavage domain of the restriction endonuclease FokI with the zinc-finger DNA- 
binding domain of the transcription factor Spl. The resulting protein was expressed in 
Escherichia coli., partially purified, and shown to selectively digest plasmid DNA 
harboring consensus Spl sites. Splase was also shown to selectively digest the long terminal 
repeat of the HIV-1 DNA at Spl sites. Splase recognizes a 10-bp DNA sequence and 
hydrolyzes phosphodiester bonds upstream of the binding sequence. The binding specifi- 
city of Splase makes this a "rare cutter" restriction enzyme which could be valuable in 
creating large DNA fragments for genome sequencing projects. The result also presents 
the opportunity to create other restriction enzymes by altering the binding specificity of the 
zinc-finger recognition helix. 

KEY WORDS: Endonuclease; zinc finger; FokI; restriction enzyme; HIV-1. 

1. INTRODUCTION 
Restriction modification systems are composed of 
enzymes which site-specifically methylate or cleave 
DNA. These systems can be grouped into three 
distinct classes. Class I systems are composed of 
enzymes containing three subunits each separately 
controlling recognition, modification, and restric- 
tion. These enzymes cleave D N A  more than 
1000 bp away from the recognition site and require 
ATP for phosphodiester hydrolysis. Class II 
systems consist of two dimeric enzymes; one for 
modification (methyltransferase) and one for 
restriction (endonuclease). Each enzyme binds the 
same sequence but catalyzes different reactions. 
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Class II restriction endonucleases bind and cleave 
symmetric sequences within the D N A  recognition 
sequence. Class I l l  enzymes are rare and are not 
currently used in molecular biology. 

The class IIS restriction modification system is 
a subset of class II systems. It binds an asymmetric 
sequence as a monomer  (Skowron et al., 1993) and 
cleaves D N A  a short distance downstream of the 
recognition sequence. One example of a class IIS 
restriction endonuclease is FokI  from 
Flavobacterium okanokoi tes  (Sugisaki and Kana- 
zawa, 1981). FokI  has been shown to bind an 
asymmetric D N A  sequence and cleave D N A  9 bp 
downstream on the 5' strand and 13 bp on the 3' 
strand (Yonezawa and Sugiura, 1994). Further 
studies have shown that in the presence of substrate 
the protein can be digested by trypsin to give two 
distinct fragments (Li et aL, 1992). Upon 
purification, these two fragments retain their 
original functions of D N A  binding and D N A  
cleavage. Kim and Chandrasegran reported the 
construction of the first chimeric restriction 
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endonuclease, Ubx-FN (Kim and Chandrasegran, 
1994), by fusing the DNA cleavage domain of FokI 
to the helix-turn-helix DNA-binding domain of the 
Drosophila Ultrabithorax protein. This work 
demonstrated the feasibility of creating chimeric 
restriction endonucleases with FokI. 

Transcription factors bind specific DNA 
sequences upstream of the transcription initiation 
site. The classical CyszHis2 zinc fingers are one class 
of transcription factors (Pelham and Brown, 1980). 
The zinc-finger domain is composed of two 
/3-sheets followed by an a-helix. The cysteine 
residues of the/3-sheet and the histidine residues of 
the a-helix coordinate a zinc atom that appears to 
hold the DNA recognition helix in position to 
accurately recognize specific DNA sequences 
(Pavletich and Pabo, 1991). 

Spl (Kadonaga et al., 1987) is a well-studied 
representative of the classical zinc-finger family of 
transcription factors. The DNA recognition domain 
of Spl consists of three consecutive zinc fingers 
which bind a consensus DNA sequence [5'- 
G(T)GGGCGGG(A)G(A)C(T)]3']  (Kriwacki et 
al., 1992). The 92 amino acids which comprise this 
domain have been recently shown to bind this 
sequence with a similar affinity to that of the 
naturally occurring protein (Kd ~ 10 nM). Spl has 
also been shown to be involved in the regulation of 
HIV-1 gene expression (Jones et al., 1986). 

We describe here the construction of a new 
rare cutter restriction endonuclease (Splase) con- 
taining a zinc-finger DNA-binding domain. This 
protein recognizes the consensus binding sequence 
for the transcription factor Spl and cleaves DNA 
upstream of the binding sequence. The zinc fingers 
of Spl were chosen for this study due to the 
presence of three high-affinity Spl binding sites 
located in the long terminal repeat (LTR) of HIV-1 
(Jones et al., 1986). This protein preferentially 
digests plasmid DNA containing Spl binding sites 
and also recognizes the Spl binding sites found in 
the LTR of HIV-1. 

2. EXPERIMENTAL PROCEDURES 

2.1. Construction of the Splase Gene 

The zinc fingers of Spl were amplified using 
pSp1-516C (Kadonaga et al., 1987) as a template. 
pSpl-516C was a generous gift of Dr. Robert Tjian 

and contains the coding sequence for the 
transcription factor Spl. The following primers 
were used in 30 rounds of PCR [denaturation 
(D) = 94~ 2 min, annealing (A)=  60~ 2min, 
extension (E)=72~ 2rain: 5' primer 5'-GTC 
CAT GGC TAA AAA GAA CAG CAT ATT 
TGC CAC-3' and the 3' primer 3'-CTG GGT GGT 
CTT ATT CTT CCA TGG CC-3' with 100 ng of 
template DNA, 20 pmol of each primer, 4 mmol of 
each dNTP, 1 unit of Ultima polymerase (Perkin 
Elmer), Ultima polymerase buffer, and 100 nmol of 
MgC12 in a 100/,1 total volume. The resulting 
fragment was digested with NcoI and KpnI and 
cloned into pTrc99a (Pharmacia) to generate 
pTrcSpl. Flavobacterium okeanokoites (American 
Tissue Type Culture Center) genomic DNA was 
isolated as previously described (Sugisaki and 
Kanazawa, 1981). The 609-bp fragment encoding 
the nuclease domain of FokI was amplified from 
Flavobacterium okeanokoites genomic DNA using 
30 cycles of PCR (D = 94~ 2 min, A = 55~ 2 min 
E=72~ 3min). The same concentrations of 
reactants were used for this amplification as were 
used above, except 300 ng of genomic DNA was 
substituted as template. The primers used in the 
amplification were the 5' primer 5'-CGG GTA 
CCT AAT CGT GGT GTG ACT AAG-3' and the 
3' primer 5'-TTA TTG CCG CTC TAT TTG AAA 
ATT CCT AGG CG-3'. The resulting fragment 
was first digested with KpnI and BamHI and then 
ligated into pTrcSpl, generating pTrcSplase. One 
additional round of PCR was used to add a DNA 
sequence encoding six histidine residues to the 
N-terminus. The primers used for PCR are the 5' 
primer 5'GTC CAT GGC TCA TCA CCA TCA 
CCA TCA CAA AAA GAA ACA GCA TAT 
TTG CCA C-3' and the 3' primer 5'-TTA TTG 
CCG CTC TAT TTG AAA ATT CCT AGG 
CG-3'. pTrcSplase was used as template for this 
reaction. The resulting fragment was digested with 
NcoI and BamHI and cloned into pTrc99a creating 
pTrcHSplase. 

2.2. Expression 

pTrcHSplase was transformed into E. coli 
JM105 cells (Pharmacia) for expression. Cells 
harboring the pTrcHSplase gene were grown in 
2.5 L of rich medium (19 g of yeast extract, 12 g of 
tryptone, and 10mmol of MgSO4 per liter) 
containing 200/xg/ml ampicillin at 37~ to 
A6o0 ~m = 0.6. The flasks were then cooled on ice to 
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25~ induced with 0.4mMIPTG, and further 
grown for 16 h at 25~ The cells were harvested by 
centrifugation at 6000 • g for 5 min in a Beckman 
JA-10 rotor. 

2.3. Purification 

The harvested cells (18 g) were resuspended in 
54ml of binding buffer (6mM imidazole, 
0.5 M NaC1, 20 mM Tris-HC1, pH 7.9 at 4~ 
sonicated 6•  I rain on ice using a Vibra Cell 
Ultrasonic Processor 300-W model (Sonics and 
Materials), and centrifuged at 15,000 x g for 25 min 
at 4~ to remove the cellular debris. The 
supernatant was adjusted to pH7.9 and loaded 
onto a 5-ml His-bind (Novagen) column preequi- 
librated with binding buffer. After washing with 10 
volumes of binding buffer followed with 10 volumes 
of wash buffer (60mM imidazole, 0.5MNaCI, 
20mMTris-HC1, pH 7.9 at 4~ the protein was 
eluted with 20ml of elution buffer (0.5M 
imidazole, 0.5 M NaC1, 20 mM Tris-HCl, pH  7.9 at 
4~ The enzyme-containing fractio.ns were loaded 
onto a Sephadex G-25 column, and the buffer was 
exchanged with enzyme buffer (10mMTris-HC1, 
50 mM NaC1, 5 mM DTT, pH 7.7). Then 50-/xl 
aliquots of the protein solution were subsequently 
placed into 1.5-ml microfuge tubes, frozen in liquid 
nitrogen, and stored at -70~ 

2.4. Construction of Substrates for HSplase 

A plasmid carrying a single Spl site, pUCSpl, 
was prepared by inserting a 26-met DNA fragment 
containing a single Spl site into the polylinker site 
of pUC19 between the EcoRI  site and the BamHI  
site. 

5'-AATTCGCCGGGGCGGGGCTTCTGCAG-3' 
3'-GCGGCCCCGCCCCGAAGACGTCCTAG-5' 

The inserted DNA fragment contained the Spl 
binding site with its flanking sequence from the 
human metallothionein IIa gene (Kriwacki et al., 
1992). Other pUC19 derivatives with multiple 
copies of Spl sites were constructed by inserting 
one to four copies of a 24-mer DNA fragment 
containing a single Spl site into pUCSpl at the 
Xba!  site. The resulting plasmids contain between 
two and five copies of the Spl site and are 
designated as pUC2Spl through pUC5Spl. 

The pUC18-derived plasmid carrying the LTR 

sequence of HIV-1, pUC-BENN-CAT (Gendetman 
et al., 1986), was obtained from NIH. 

2.5. Activity Assay 

Plasmid DNA, pUC19, and pUC35SD1 were 
initially linearized with A l w N I  and separated on a 
1% agarose gel, and the 2.7-kb linearized plasmid 
gel was purified using Geneclean (Biol01). The 
resulting DNA fragment was then subjected to 
digestion by HSplase. pUC-BENN-CAT was first 
linearized with BamHI,  gel purified, and then 
digested with HSplase. A total of 0.3pmol of 
substrate DNA was digested by 30 fmol of HSplase 
in a 20-txl reaction mixture containing 10 mM Tris- 
HCI, 50 mM NaC1, 0.1 mM ZnSO4, 25 mM DTT, 
100/xg/ml BSA, and 2 mMMgClz at 37~ After 
1 hr the reaction mixture was removed and the 
products separated on a 0.7% agarose gel. The 
products were visualized by ethidium bromide 
staining. 

A complementary experiment which examined 
the effect of HSplase on supercoiled DNA was 
performed by first incubating the DNA substrate 
(0.3 pmol of pUC5Spl) in the presence of 30 fmol 
HSplase. The products were separated on a 0.7% 
agarose gel and the 2.7-kb linearized fragment 
gel-purified. The 2.7-kb fragment was then digested 
with A l w N I  to generate fragments which corres- 
pond to the digestion position of HSplase. 

2.6. Mapping the Site of Cleavage for HSplase 

Oligonucleotides containing three Spl sites 
were designed: (G-rich strand) 5 '-AAA CGA CGG 
CCA GTG AAT TCG CCG GGG CGG GGC 
GAT CCT CTA GGC CGG GGC GGG GCT 
TCT GCA CTA GGC CGG GGC GGG GCT 
TCT GCA CTA GGC CGG GGC GGG GCT 
TCT GCA CTA-3', (C-rich strand) 5'-GGT AGT 
GCA GAA GCC CCG CCC CGG CCT AGT 
GCA GAA GCC CCG CCC CGG CCT AGA 
GGA TCG CCC CGC CCC GGC GAA TTC ACT 
GGC CGT CGT-5'. Each oligonucleotide was 
independently 5'-phosphorylated using T4 polynuc- 
leotide kinase (New England Biolabs) and y32p_ 
ATP. The kinase reactions were incubated at 37~ 
for 1 hr and loaded onto a Biospin-6 (BioRad) spin 
column to remove unincorporated nucleotides. 
Each oligonucleotide was eluted into 45/xl of water 
to which a tenfold excess of both the G-rich and 
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C-rich unlabeled oligonucleotides were added. The 
oligonucleotides were denatured at 90~ for 2 min, 
removed, and allowed to cool slowly to room 
temperature for efficient annealing. Each of the 
specifically end-labeled DNA fragments was used 
as a separate substrate in the activity assay 
described above. Upon completion of the digestion, 
sequencing loading dye was added to each of the 
samples. The samples were denatured at 90~ for 
5 min, placed on ice briefly, and then loaded onto a 
12~ denaturing PAGE gel (7M urea). Simul- 
taneously Maxam and Gilbert G + A sequencing 
reactions were performed (Maxam and Gilbert, 
1980). These reactions were loaded alongside the 
corresponding digestion reactions in order to 
determine the site of cleavage. The relative 
positions of the resulting products were determined 
using autoradiography. Fragments generated during 
the sequencing reactions corresponded to the 
length of the product generated by HSplase 
digestion. Thus, by reading the sequence, the base 
which corresponded to the site of cleavage could be 
determined. 

2.7. Electrophoretic Mobility Shift Assay 

A 63-mer oligonucleotide containing a single 
Spl site 5'-CCG GAG TCA GAA TTC GAA 
GAC TTG CCG CCG GGG CGG GGC TTC 
TGC AAT CTG CAG GCC AGC TGT-3' and its 
complementary strand 5'-AAT TAC AGC TGG 
CCT GCA GAT TGC AGA AGC CCC GCC 
CCG GCG GCA AGT CTT CGA ATT CTG 
ACT-3' were annealed and both strands were 
5'-end-labeled with T-32P-ATP using T4 polynuc- 
leotide kinase. The radiolabeled DNA fragment 
was loaded onto a Biospin-6 column to remove 
unincorporated y-32p-ATP and to change the buffer 
to binding buffer [10 mM Tris-HC1, p H  8.5, 
50 mM NaCI, 100/zM ZnSO4, 5 mM DTT, 8% 
glycerol, and 200 ng//zl poly dA/dT (Pharmacia)]. 
Labeled DNA (20fmol) was incubated with 
increasing amounts of HSplase (0, 50, 100, and 
200 fmol) at 25~ for 20 min and loaded onto a 5% 
native PAGE gel (30:1 polyacrylamide:bisacryl- 
amide) in 0.25 • borate buffer (23mM 
Tris-borate). The same procedure was followed for 
the 90-mer oligonucleotide used previously in the 
mapping of the site of cleavage. 

The protein concentration throughout these 
experiments was estimated from protein run on 
12.5% SDS-PAGE. 

3. RESULTS 

3.1. Construction of the Splase Gene 

The first two residues of Splase are methionine 
and valine. The next 92 amino acids are derived 
from the zinc-finger motif of Spl, except that G92 is 
changed to valine for the ease of gene fusion. The 
C-terminal 203 amino acids of Splase are derived 
from the C-terminal cleavage domain of FokI. The 
DNA fragment coding for the zinc-finger domain of 
Spl was generated by PCR from the template 
plasmid pSpl-516C. The fragment was then 
digested with NcoI /KpnI  and ligated into pTrc99a 
to give pTrcSpl. The DNA fragment coding for the 
cleavage domain of FokI (Li et aL, 1992) was also 
generated by PCR; here the template was genomic 
DNA isolated from Flavobacterium okeanokoites 
(Sugisaki and Kanazawa, 1981). The DNA 
fragment was digested with KpnI /BamHI  and 
ligated into pTrcSpl. The resultant plasmid, 
pTrcSplase, fused the DNA sequence coding for 
the DNA-binding domain of Spl to that coding for 
the DNA-cleavage domain of FokI (Li et al., 1992). 
In addition, codons for six consecutive histidines 
were added to the Splase gene to obtain the 
HSplase gene, which facilitated purification of 
Splase by metal chelating chromatography (Hochuli 
et al., 1987). The final expression plasmid is shown 
in Fig. 1. 

pTrc 

FokI-N 

pTrcHSplase 
Amp 

Fig. 1. pTrcHSplase, the expression plasmid used to express 
HSplase. This plasmid was derived from pTrc99a (Pharmacia). 
The plasmid contains the HSplase gene cloned into the NcoI 
and BamHI sites located within the multiple cloning site, 
downstream of the Trc promoter. The plasmid contains an 
ampicillin gene for the purpose of selection of transformants 
containing pTrcHSplase. 
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3.2. Expression and Purifiction of HSplase 

Expression of the protein at 37~ resulted in 
the formation of inclusion bodies. The expressed 
protein was refolded and purified to homogeneity. 
This protein showed binding to Spl sites in the 
absence of Mg2+; however, in the presence of Mg 2+ 
the DNA was degraded nonspecifically (data not 
shown). When the temperature was lowered to 
25~ prior to induction, a small fraction of the 
protein was expressed as a soluble protein. This 
fraction was partially purified using a His-bind 
column producing a typical yield of 5-10mg 
(-60% pure) from a 2.5-L culture. The HSplase 
thus obtained is used for the rest of the studies 
described below, and is referred to interchangeably 
with Splase. 

In addition to the pTrc vector, both Splase and 
HSplase genes were also expressed with the pTO-N 
(Deng et al., 1990) vector (results not shown). 

3.3. Restriction Digestion of DNA by HSplase 

The plasmid DNA of pUC19 and pUC5Spl 
were initially linearized by the restriction enzyme 
A l w N I ,  gel purified, and digested with HSplase. 
Detectable cleavage was not observed in the lanes 
containing the linearized pUC19 DNA (Fig. 2, 
lanes 2 and 3), while pUC5Spl was digested into 
two fragments with the expected sizes of 1.9 and 
0.8kb (lanes 4 and 5). The sizes of the two 
fragments were consistent with DNA cleavage near 
the Spl sites. More importantly, the B a m H I -  

linearized pUC-BENN-CAT carrying the HIV-1 
LTR sequence with three consecutive Spl sites was 
also cut specifically by HSplase. As expected, the 
cleavage of the BamHI- l inear i zed  pUC-BENN- 
CAT by HSplase near the Spl sites generated two 
fragments of 4.2 and 1.7 kb (lanes 6 and 7)- The 
plasmid pUC3Spl was also digested using the same 
procedure. However, reactions involving pUCSpl 
and pUC2Spl did not result in detectable digestion 
at the Spl sites (data not shown). In order to test if 
HSplase was binding substrates with only one 
binding site, band shift experiments were per- 
formed as described in a later section. 

In a complementary experiment, pUC5Spl was 
first linearized with HSplase, the 2.7-kb fragment 
purified, and the product digested with A l w N I .  As 
shown in Fig. 3 the 2.7-kb linear DNA was cut into 
two fragments of 1.9 and 0.8 kb. This experiment 
showed the effective cleavage of supercoiled DNA 

Fig. 2. Digestion of linearized DNA by HSplase. The pUC19 
and pUC5Spl plasmid DNAs were first linearized by digestion 
with AlwNI and pUC-BENN-CAT DNA was linearized by 
BamHI. The linearized DNAs were then used as substrates for 
Splase digestion. The reaction mixtures (total volume = 10 M) 
contained 10mMTris-HC1, 0.75/xg of plasmid DNA, 
2 mM MgC12, 25 mM DTT, 0.1 mM ZnC12, 100 p.g/ml BSA, and 
10 ng of HSplase. The reaction was incubated at 37~ for 3 hr 
and subjected to 0.7% agarose gel electrophoresis. Lanes 1 and 
8, molecular weight marker (marker VII from Boehringer 
Mannheim); lane 2, pUC19 + AlwNI; lane 3, pUC19 + AlwNI + 
HSplase; lane 4, pUC5Spl+AlwNI; lane 5, pUC5Spl+ 
AlwNI + HSplase; lane 6, pUC-BENN-CAT + BamHI; lane 7, 
pUC-BENN-CAT + BarnHI + HSplase. 

by HSplase. The Mg 2+ concentrations for each of 
the previously described experiments were op- 
timized by digesting substrate in a reaction buffer 
containing between 0.1 and 10 mM Mg 2+ (data not 
shown). The optimal concentration of 2 mM Mg 2+ 
optimized catalysis while minimizing nonspecific 
cleavage. 

3.4. Mapping the Site of Cleavage for HSplase 

A 90-met oligonucleotide containing 3 Spl 
binding sites (G-rich strand) was selectively 
5'-end-labeled and annealed with the corresponding 
unlabeled strand (C-rich strand). The fragment was 
digested with HSplase and the products separated 
alongside the G + A Maxam and Gilbert chemical 
sequencing reactions on a 12% denaturing (7 M 
urea) PAGE gel. The same protocol was used for 
the C-rich strand and the results detected by 
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upstream of the third Spl binding site (Spl-3) was 
masked by nonspecific degradation products. 

Fig. 3. Linearization of supercoiled DNA by HSplase. The 
reaction conditions were similar to those of Fig. 2. The amounts 
of plasmid DNA used were 0.5/~g for pUC19 and 1/xg for 
pUC35Spl. The reaction mixture was incubated at 37~ for 2 hr. 
The linearized DNA band at 2.7kb was purified and then 
incubated with 310 units of AlwNI in the buffer supplied by the 
manufacturer at 37~ for 1 hr and analyzed by 0.8% agarose gel 
electrophoresis. Lanes 1 and 2: from pUC19 as a control; lanes 3 
and 4 from pUC5Spl. 

autoradiography. The cleavage products were 
compared with the D N A  sequence and the sites of 
cleavage determined. HSplase appears to cleave the 
D N A  substrate six times on the G-rich strand 
between bases 4 and 10, 5' to the second binding 
site (Spl-2). The C-rich strand has three major 
cleavage sites after the 2nd, 3rd, and 13th bases 3' 
to the Spl binding sequence. There  are also minor 
cleavages after bases 10, 11, and 12, 3' to the spl 
binding sequence. The results are summarized in 
Fig. 4. The cleavages observed on the C-rich strand 
were significantly more intense than the cleavages 
observed on the G-rich strand. The same cleavage 
pattern was observed upstream of the other two 
Spl binding sites; however, the cleavage pattern 
observed upstream of the first Spl  binding site 
(Spl-1) was very weak, and the cleavage observed 

3.5. Electrophoretic Mobility Shift Assay 

The mobility shift assays were performed in 
the absence of Mg 2+ to prevent nuclease digestion 
of the probes. Both the 63-mer and 90-mer 
oligonucleotides were annealed with their respec- 
tive complementary strands and 5'-end-labeled. 
These D N A  fragments were incubated with 
increasing amounts of HSplase, and the ability of 
HSplase to bind was assessed. In the presence of an 
- 1 0  fold excess of HSplase both the 63-mer and the 
90-mer are shifted. The 63-mer contains only one 
Spl site and was clearly shifted. The 90-mer 
contains three Spl sites and three shifted bands 
were clearly observed, even though the third band 
is very faint. The results of this experiment are 
shown in Fig. 5. 

4. DISCUSSION 

We report  here the construction of a rare 
cutter restriction endonuclease, Splase, which has 
been designed to digest D N A  containing the Spl  
binding sequence. There were two original goals: (i) 
to design a new restriction enzyme that can digest 
the D N A  of HIV prior to its integration into the 
human genome; (ii) to design a rare cutter 
restriction enzyme and to develop a general 
approach to designing new restriction enzymes. In 
the following sections we discuss the results and 
evaluate the two goals. 

4.1. Splase as a Potential Anti-HIV Agent 

The goal was to generate an enzyme which 
could recognize the Spl binding sites located on the 
LTR of HIV-1 and which could cleave the LTR 
prior to the integration. Splase has been shown to 
cleave the Spl sites located on the LTR of HIV-1 

5' �9 �9 .C G C C ~ G A  TCCTC TAGGC C~GGG CGGGG C[fTCT. - % 3 ' 
3 ' .GCGG~CCCGCCCCGrTAGGAGATC CGG~C CCGCC CCG~AGA. 5 ' 

Fig. 4. Diagram of cleavage specificity of HSplase. The arrows correspond to cleavage sites observed 
on autoradiogram. The arrows designate the intensity of the band observed by autoradiography. The 
long solid arrows show the positions of the most intense cleavage sites. The dashed arrows indicate 
the positions of relatively weaker sites of cleavage. 
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deal with this problem. Experiments designed to 
examine the feasibility of expression of Splase in 
mammalian cells and the long-term survival of cells 
containing Splase are being pursued. 

Our results also indicate that Splase digests 
DNA containing three or more Spl binding sites. 
Reactions involving DNA containing less than 
three Spl binding sites have not resulted in 
detectable product formation. However, the results 
of mobility shift experiments indicate that DNA 
fragments containing only one Spl binding site 
were bound by HSplase. A possible explanation is 
that the presence of three Spl binding sites within 
the DNA, or binding of three enzyme molecules to 
the DNA, may be required for the DNA to assume 
a conformation accessible to the nuclease site of 
HSplase. Although the requirement of three 
consecutive Spl sites may not be desirable if Splase 
is to be used as a molecular biology tool, it makes 
the enzyme more specific to the HIV DNA. 

Fig, 5, (a) An electrophoretic mobility shift assay for a 63-mer 
probe containing only one Spl binding sequence. Twenty'fmol 
of DNA probe was used in each lane. Lane 1, DNA probe + 
200fmol HSplase. Lane 2, DNA probe + 100frnol HSplase. 
Lane 3, DNA probe + 50fmol HSplase. Lane 4, DNA probe 
incubated in the absence of HSplase. (b) An electrophoretic 
mobility shift assay for a 90-mer containing three Spl sites. Lane 
1, 20fmol of DNA probe+200fmol HSplase. Lane 2, DNA 
probe+100fmol HSplase. Lane 3, DNA probe+50fmol 
HSplase. Lane 4, DNA probe in the absence of HSplase, 

(5'-GA/GGGCGT/GGGC-3') .  Thus the enzyme, 
if expressed in vivo, may cleave the LTR. One 
possible concern is that this enzyme could also 
cleave the host genomic DNA. This probably will 
not occur in this case because the host DNA is 
separated from the cytoplasm by a nuclear 
membrane. Protein traffic across this membrane is 
controlled by the presence of a nuclear localization 
signal. The nuclear localization signal for Spl is 
located N-terminal to the residues used in the 
construction of Splase. This would suggest that this 
enzyme is no longer able to transgress the nuclear 
membrane. Therefore, the only time the expression 
of this enzyme could pose a problem would be 
during cell division. The ceil, however, has host 
nucleases which would create the same problem. 
Therefore, the cell most likely has mechanisms to 

4.2. Generation of New Restriction Enzymes 

Splase is a rare cutter restriction enzyme due 
to the large 10-bp recognition sequence conveyed 
by the spl zinc fingers. This could be very useful in 
molecular biology by generating large DNA 
fragments for genomic sequencing. The approach 
can be extended to other zinc fingers with different 
specificity. Zinc fingers have been shown to be 
modular proteins (Choo and Klug, 1994). A 
combinatorial library of peptides corresponding to 
the recognition helix of the zinc finger motif has 
been created. This library has shown that if specific 
residues are used in the -1 ,  3, and 6 positions, the 
specificity of the zinc finger could be changed. 
Using the combinatorial library as a guide, a 
restriction enzyme could be generated for a very 
diverse set of recognition sequences. Restriction 
enzymes with very large recognition sequences 
could be generated, making the possibility for 
endless numbers of new restriction enzymes. 

4.3. Limitations 

There are, however, imperfections in the 
properties of Splase. Due to the lack of 
corresponding studies with the natural restriction 
enzyme FokI, it is not totally clear whether the 
limitations in the properties of Splase are also 
inherent properties of FokI. Further studies on 
both FokI and Splase are required to understand 
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the nature of the following limitations: (i) Under  
our experimental  conditions Splase cleaves D N A  
containing three or more Spl  binding sites. This 
makes the recognition sequence over 30 bp, much 
like the intron-encoded restriction endonucleases 
(Perlman and Butow, 1989). Although this property 
increases its specificity toward the HIV D N A  as 
indicated above, it could limit the use of the 
enzyme as a molecular biology tool. (ii) As shown 
in Figs. 2 and 3, Splase does not completely digest 
the substrate into products. There  are two possible 
explanations for this observation: the enzyme may 
form a p r o t e i n - D N A  complex which is very stable, 
and in the time f lame of the experiment the protein 
may not dissociate, or the half-life of the enzyme 
may be shorter than the time it takes to completely 
digest the substrate. Further  experiments will be 
designed to elucidate the true reason for this 
observation. (iii) Splase cleaves the two strands of 
D N A  differently and cleaves at multiple sites. 
Nonspecific cleavage at the D N A  termini can also 
be detected. The issue of specificity is further 
addressed below. 

4.4. Cleavage Sites and Specificity 

The cleavage pattern shown in Fig. 4 depicts 
the results observed by autoradiography. The 
cleavage pattern observed on the G-rich strand was 
significantly weaker than the cleavage observed on 
the C-rich strand. This may suggest that the 
enzyme-active site is optimized for cleavage of one 
strand over the other. On the other hand, the fact 
that the two strands are cleaved differently raises 
the question of whether Splase (and presumably 
F o k I  also) possesses a single active site or two 
active sites. In any case, the mechanism of F o k I  is 
likely to be unique and interesting and should be 
investigated in detail. 

4.5. Comparison with Other Artificial Restriction 
Enzymes 

Although several artificial enzymes with 
specific D N A  cleavage activity have been reported,  
most of them are not direct gene products (Pei and 
Schultz, 1994; Pan et  at. ,  1994; Chen and Sigman, 
1987, 1988; Chen et  al. ,  1993; Coray et al. ,  1989a, b; 
Sutton et  al., 1993). The only exception, to our 
knowledge, is Ubx-FN, which recognizes and digests 
D N A  containing a single Ubx site. Ubx-FN is able 

to recognize and cleave D N A  with only one Ubx 
site. Ubx-FN does, however, show nonspecific 
nuclease activity unless low Mg 2+ concentrations 
and high DNA/enzyme  molar ratio are used. 

After  the submission of this manuscript a 
similar work was published by Kim et  al. (1996). 
This paper  describes the construction of a similar 
zinc-finger restriction enzyme with a slightly 
different D N A  sequence specificity. 
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