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ABSTRACT

Recently, the crystal structure of the designed zinc
finger protein, AQNK, bound to a preferred DNA
sequence was reported. We have converted  AQNK into
a novel site-specific endonuclease by linking it to the
Fokl cleavage domain (F ). The substrate specificity
and DNA cleavage properties of the resulting chimeric
restriction enzyme ( AQNK-Fy) were investigated, and
the binding affinities of AQNK and AQNK-F, for various
DNA substrates were determined. Substrates that are
bound by AQNK with high affinity are the same as
those that are cleaved efficiently by ~ AQNK-Fy. Sub-
strates bound by AQNK with lower affinity are cleaved
with very low efficiency or not at all by ~ AQNK-Fy. The
binding of AQNK-Fy to each substrate was [2-fold
weaker than that for AQNK. Thus, the fusion ofthe  Fokl
cleavage domain to the zinc finger motif does not
change the DNA sequence specificity of the zinc finger
protein and does not change its binding affinity
significantly.

INTRODUCTION

induce targeted genetic manipulation in a variety of organisms.
However, one important issue needs to be addressed for the utility
of chimeric nucleases as tools for gene targeting: what is the
specificity of the zinc finger recognition vivoandin vitro once

it is fused to a nuclease domain? It is important to determine
whether the variants of the canonical target (the degenerate sites)
are cleaved or nat vivoas well agn vitro. What is the minimum
binding affinity of the zinc finger protein for the substrate that is
necessary for sequence specific cleavage when it is converted into
a chimeric nuclease?

To date, five different designed zinc fingers have been fused
to Ry to generate chimeric restriction enzymé&s8—0). The
cleavage sites for many of these hybrid enzymes were identified
from A-phage DNA. For four of the hybrid enzymes, the
identified cleavage site was a preferred degenerate site that had
been predicted from the length encoded multiplex binding assay
(LEMB). In this assay, the identity of a base at a specific position
in the binding site is encoded in the length of the DNA fragment
(8). Measuring the DNA band intensities on a denaturing gel
provides a quantitative assessment of preferred bases in the
recognition site. However, the fifth hybrid enzyme’s cleavage site
was not predicted by LEMB suggesting that either (i) construction
of a fusion protein has altered the specificity of the zinc finger,

Cys-His, zinc fingers can be designed to bind targeted DNA!!_) the predictions based on t_he LEMB assay were incorrect or
sequencesi{17). Zinc finger domains by themselves bind DNA (|||)_ f_actors other than DNA binding influences DNA cleavage
and additional functions can be added by fusing other functiongfficiency. . ,
domains. Designed zinc fingers are being used to construct hybrjdn order to test these possibilities, we constructed a zinc
proteins that act as transcription activators, transcription inhibfinger-y fusion using the well characterized zinc fing@NK
tors and restriction enzymek3-26). Our aim is to use designed and compared the specificities of the fusion to that of the original
zinc fingers to generate hybrid restriction enzymes with targetedC finger. We have investigated in detail ineitro specificity
specificity. Chimeric restriction enzymes have been created I8f & Zinc finger-fy fusion towards alternative binding sites. These
fusing theFoki endonuclease domain \{Fto DNA binding studies provide _further chara_cterlzatlo.n iof vitro cleavage
domains of other proteind§-—22). FoK is a type lIs restriction Preferences by zinc fingefgHusion proteins.
enzyme with separate N- and C-terminal domains that correspond
to the DNA-binding and endonuclease domains, respectiveNATERIALS AND METHODS
gg :egllelczggnggg\%g?aﬁgw%?/?flr\]/vr?gnlti:;?haes d nt%n ;ﬁgtcr:géonstructlon of the clone producing the hybrid enzyme
DNA-binding domain the sequence specificity of the hybridAQNK_FN using PCR
appears to be determined by the DNA-binding domain. Experimental procedures for PCR are described elsewhere
Recently, one such chimeric nuclease Zif-QQRalas shown (27-29). The AQNK zinc finger was PCR amplified using
to stimulate homologous recombination through targeted cleawligodeoxyribonucleotide d(GACTAGTCCCTTCTTATTCTGGT)
agein vivoin Xenopusoocytes. This approach could be used tdstart primer) and d(GGACTAGTCCCTTCTTATTCTGATG)
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(stop primer) and was digested witladld/Spé and then ligated oligo duplexes were used in a 3 to 1 molar excess over pUC18
into Ndd/Spé-cleaved pET-15bUbx-Fy vector, which contains DNA in Pharmacia Biotech pUCIBmd/BAP + ligase Ready-

the sequence encoding thekl nuclease (k) domain. This To-Go kit. The recombinant DNA was precipitated according to
construct replaces thébx homeodomain with the gene coding the Ready-To-Go kit procedure and was electroporated into
for the three zinc fingers QNK QDK RHR abbreviatd@NK.  DH5a cells. The transformed cells were grown on LB plates
The ligation mixture was used to transform competent RR&ontaining 7519/ml ampicillin, 40 mg/ml X-Gal and 0.12 mM
(pPACYC184lig) cells. The glycine linker (Ghbery was IPTG. White colonies were picked, plasmids were isolated using
inserted between the zinc finger motif and tRedBmain using Qiagen plasmid purification kit and the number of inserted
procedures described elsewheB&)( The AQNK fusion con-  binding sites was determined by dideoxynucleotide sequencing
structs were confirmed by dideoxynucleotide sequenéidy ( (34).

The pET-15kZif-Fy plasmids were then transformed into BL21

(DES3) cells which also carry the pACYC1kg plasmid. AQNK-F y activity assays

— The conditions for sequence-specific cleavagA@NK-Fy are
Purification of AQNK-Fy and AQNK as follows:[20 nM protein and2 nM pUC18 with inserted
AQNK-Fy  protein  purification: 42 | of BL21 synthetic binding site were incubated in 20 mM Tris—HCI

(DE3)[pACYC184lig, pET-15bZif-Fy] cells were grown in LB (FI’H 8-5|)’ Lo /N?CFléngﬂé\A?gnCI/z, M DT, 5% 8”1’%
containing 10Qug/ml of ampicillin, 20pg/ml tetracycline and 9Yycerol, 100 mg/ml tRNA, 3.75 ng/ml double stranded 15mer
100pM ZnClp at 37C. When Agonmreached 0.4, the growth ©ligodeoxyribonucleotide containing the d(GGGTCAGAA)
temperature was shifted toZ2 Cells were inducéd algfo binding site and 50 mg/ml bovine serum albumin with a total
= 0.5 with 0.7 mM of IPTG for 4.5 h at 22. Cells were Volume of 19ul for 30 min at 22C. After incubation, 10 mM
harvested by centrifugation, resuspended in binding buffdfldClzwas added raising the total reaction volume tql2ind

[20 mM Tris—HCI, pH 7.9, 5 mM imidazole, 108 ZnCl,, 10% e mixture was incubated at 22 for 1 h. The reaction was
(v/v) glycerol, 500 mM NaCl and 0.1 mM PMSF] and disrupted®ioPPed by heating at 70 for 10 min to denature the

by 10 min sonication on ice. After centrifugation &C4for endonuclease domain. Proteinase K (65 mg/ml) was added and

; the mixture was incubated at°%7for 30 min to digest the protein
40 min, the crude extract was passed through guond8ter and : , X X
applied to a His-bind affinity column. Purification of protein and then at 70C for 10 min to inactivate the proteinase K. The

i i i tion products were analyzed by 1% agarose gel electrophoresis.
using His-bind (pET System Manual, 6th Edition) was done d§3° e
outiined in Novagen pET system manual. The column wasn€ 15mer containing ’\?IgGFG?TCAbGA(‘jA) wagNagdgd tcl) the
washed with 10 column vol of binding buffer, 6 vol of binding €2¢tion to prevent thEQNK-Fy from binding to via only

buffer with 60 mM imidazole and 4 vol of binding buffer with two of its three zinc fingers.
100 mM imidazole. As determined by western blots with rabbit o
polyclonal antibody raised againsbkl, AQNK-Fy began to Measuring initial rates

g!ugnf in Lheﬁlast Wﬁi{‘ognd I\\;lva}s fg"y ?IUt?:d in 4 column vol ofpe K18 plasmids containing the synthetic substrates were
inding bufter with 400 mM imidazole. Fractions containingjinaarized with Scd, dephosphorylated with calf intestinal
AQNK-Fy were combined and diluted 10-fold in TDZ buffer phosphorylase and radiolabeled wigB#P]JATP and T4 poly-

(20 mM Tris—HCI, pH 7.9, 3 mM DTT, 100M ZnCl, and 1 cjeotide kinase. The labeled pUC18 substrates were gel
0.1 mM PMSF). The diluted solution was loaded over a hepatri Surified on a 2% low melting point gel, phenol/chloroform

sepharose column, washed with 10 vol of TDZ with 100 m tracted and ethanol o :
X precipitated. A 10Qleavage reaction
NaCland 2 vol of TDZ with 600 mM Na@QNK-Fy was eluted a5 setyp for each substrate using the conditions and concentrations

in 2 vol of TDZ with 1 M NacCl. The elution was concentrated an ; ; : ions: 134NK-
dialyzed on a 25 kDa molecular weight cut off coIIoidion(Xivescrlbm above with the following exceptions: 1 KFN

o er reaction instead of 20 nM, 1 nM labeled substrate was used,
membrane and then loaded on an S-100 HR gel filtration cqur@nd there was no 30 min preincubation wAiANK-Fy before

The column was equilibrated against dialysis buffer [20 MM, yqing 10 mM MgGJ. The reaction was timed from the addition
Tris=HClI, pH 7.9, 100 mM ZnG) 10% (v/v) glycerol, 500 MM ¢ A\oNK-Fy. A 104l fraction was removed at each time point,
NaCl, 3 mM DDT and 0.1 mM PMSF]. Following gel filtration, e4t"inactivated at 7@ and digested with Proteinase K. The
pure fractions according to silver stained SDS-PAGE WerBainase K was heat inactivated st@@nd the samples were

combined and the fusion protein was stored in 50% glycerol alin out on a 1% agarose gel. The gel was dried and then imaged
—70°C. AQNK was partially purified using the boiling method asusing a MoleculargDynan?ics Storrgn 860 Phosphorimager. Tﬁe

described 15) and purification was completed using a heparing, “hands resulting from cleavage were quantified using
sepharose column as is described abovA@MK-Fy. ImageQuant software and summed to determine the product

concentration. The data was plotted using Cricket graph software.
Generation of synthetic substrates

Based on the length encoded multiplex binding studiAQdfK Gel-shift experiments andKp determination

zinc fingers, the following binding sites were synthesizedThe DNA probes were prepared by isolating the 50 bp
d(TTTGGGGCGGAATTT), d(TTTGGGGCAGAATTT), oligonucleotide containing the single inserted synthetic substrate
d(ATAGGGTCGGAA), d(ATAGGGTCAGAA), d(ATAGGGG- from pUC18 usingBarHI or Pst and EcdRl. The ends were
TGGAAATA) and d(ATAGGGATCGAAATA). The oligos were labeled with §i-32PJATP using Klenow fragment and then filled
phosphorylated with T4 polynucleotide kinase and annealed o completely by a subsequent incubation with 2 mM dNTPs.
their corresponding complementary oligonucleotides. The 15mémincorporated d-32P]JATP was removed using a Qiagen
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Figure 1. Plasmid and protein constructd.) (Schematic representation of the chimeric restriction enA@NK-Fy aligned with its cognate DNA siteBY Amino
acid sequence of the chimeric restriction enzyh@\K-Fy. The zinc finger proteiAQNK is shown in parenthesis. Specificity determining residuAQINK are
shown in boldface (36). The S)3 linker is underlined and tHeoki nuclease domain is in bracket€) PET-15bAQNK-Fy; (D) pACYC184lig.

QIAquick Nucleotide Removal Kit. The labeled probe waswere separated on 10% acrylamide gels (30:1 acrylamide:bisa-
purified on a 10% native acrylamide gel (30:1 acrylamide:biserylamide) in 50 mM Tris (pH 8.0) and 400 mM glycine buffer
acrylamide). The DNA was removed from the gel slice byat 100 V for 3 h 19,35). The concentration cAQNK was
soaking overnight in 0.5 M ammonium acetate and with ethandetermined by absorbance at 280 nm using an extinction
precipitation. All six probes were resuspended in distilled watezoefficient of 4200 M/cm. The concentrationANK-Fy was

to final concentrations @500 c.p.myl. Various concentrations determined using a Bradford assay and a BSA standard curve.
of AQNK andAQNK-Fy were incubated with fil of each of the  The dissociation constant®QNK andAQNK-Fy, for each of the

six different radioactive probes in @0gel shift buffer containing  six substrates was estimated with a gel-shift assay. We determined
25 mM Tris—HCI (pH 8.0), 100 mM NaCl, 2 mM DTT, 1AM the binding affinities using five different protein concentrations
ZnClp, 10% glycerol, 5qug/ml BSA and 4ug/ml polydeoxyino-  centered around the estimated dissociation constant. We ran three
sinic-deoxycytidylic acid [poly(dl-dC)] at“4C for 30 min. The independenfAQNK gel shift experiments for all six substrates
final concentration of probe wa® nM. The reaction mixtures and three independefAQNK-Fy gel shift experiments only for
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probes containing GCG, GCA and TCA. One gel shift using A
AQNK-Fy was run for probes containing TCG, GTG and ATC.

The shifted bands were visualized by autoradiography. These kpa 1
bands were quantified using a densitometer and ImageQuar
software. TheKp values were determined from the slope of
Scatchard plots prepared on Cricket Graph software.

RESULTS

Construction of overproducing clone ofAQNK-Fy

B
rromm -

Kim and Berg recently solved the crystal structuréA@NK 24 [
bound to a preferred DNA binding sit&5]. We used PCR to link

the zinc-finger proteinAQNK, to the cleavage domain Bbk _ .
endonucleasel @) (Fig. 1A). The construct links the consensus '

framework based zinc finger through a glycine linker to the 4

C-terminal 196 amino acids &bk, which constitutes thEok

cleavage domain (§j (Fig. 1B). Since there is no methylase

available to protect the host genome from cleavage by the hybrid

endonuclease, we cloned the hybrid gene into a tightly controlled

expression system to minimize leaky expression (). B

Furthermore, protection was provided by increasing the level of

DNA ligase within the cells by placing ttiescherichia coli lig
gene on a compatible plasmid, pACYC184, downstream of the
chloramphenicol promoter (FigD).

kD 1 2 3 4 5

Purification of AQNK-F

The AQNK-Fy was expressed in BL21(DE3) cela7), BL21 =

(DE3) cells contain a chromosomal copy of the T7 RNA

polymerase gene driven by the isoprofyb-thiogalactoside - . o i
(IPTG) inducibldacUV5promoter. After induction of the hybrid ~ *° -

protein with 0.7 mM IPTG for 4 h at 2€, the hybrid protein was

purified to homogeneity using HiBind resin 88), a heparin—

sepharose column and gel-filtration chromatography. The SDS-

PAGE profiles of théB8 kDa purified hybrid enzyme are shown

in Figure2A. We confirmed the identity of the hybrid protein by

immunoblotting with rabbit antiserum raised agaifsik

endonuclease (FigB). Figure 2. Purification of AQNK-Fy. (A) A Coomassie Brilliant Blue stained
SDS-PAGE gel showing fractions from each step in the purification of the
o _ ; AQNK-Fy hybrid enzyme. Lane 1, protein standards; lane 2, supernatant from
DNA. SubStrate SpeCIfICIIy of theAQNK-F hyb”d induced cells after sonication; lane 3,Biisd column; lane 4, heparin—sepharose
restriction enzyme column; lane 5, gel-filtration columnB) A western blot showing fractions

o . . . from each step in the purification of tAQNK-Fy. The blot was probed with
The substrate specificity #QNK was previously S.t.Ud'ed using  rapbit polyclonal antibody agairfsbki. Lane identity is same as above. Arrows
the LEMB ). The base preferences at each position of the threidicate theAQNK-Fy. Purification protocol is described in Materials and

zinc fingers are shown in Figus&. The first and last zinc fingers Methods.

have a high specificity for d(GAA) and d(GGG), respectively.

The middle zinc finger cAQNK appears to have the following

degeneracy: d[(G/T)C(G/A)] with G preferred over T at the firspredicted to be a very poor substrate for the hybrid restriction
position and G slightly preferred over A at the third position. Wenzyme. These synthetic substrates were inserted into pUC18 as
synthesized a series of substrates, each of the form d(GGG NMBscribed in Materials and Methods. When used in a cleavage
GAA), inwhich the region expected to be contacted by the middessay, each pUC18 construct was first linearized @dHesite

finger (designated NNN) was varied. We will henceforth refer t@o that cleavage at the inserted substratA@MK-Fy would

these DNA substrates according to identities of these three bagaaduce two DNA fragments &lL..7 and 1.0 kb (FigB, arrows).

Four sites GCG, GCA, TCG and TCA were synthesized. To te¥he pUC18 plasmid alone has no natd@NK-Fy binding sites

the limits of recognition we also synthesized GTG and ATC. Thé&-ig. 3B, lane 2); and all pUC18 derivatives are not cleaved in the
GTG substrate has a preferred G at the first and third positioraysence aAQNK-Fy (Fig. 3B, lanes 3, 5, 7, 9, 11 and 13). The
but the most preferred C at the second position was replaced watlmost complete disappearance of the substrate band and strong
the least preferred base, T. The GTG substrate would reveal dygpearance of 1.7 and 1.0 kb bands indicate a strong specific
importance of the middle base and the effect of a singldeavage at GCG (Fi®B, lane 4). Substrates GCA and TCA
unfavorable base in the recognition site. The ATC substrate hagre also cleaved, but more weakly. The TCA site was different
the least preferred base at every position and was therefdrem both GCG and GCA in that TCA was not strong enough to
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A
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Figure 3. AQNK-Fy cleavage of pUC18 derivatives with a single synthetic DNA ing&)tThe predicted binding preferencesAGNK. The bar heighty(axis)
represents the fraction of sites selected with the base identified under thevbsy t the indicated position in the binding site. The preference for fingers 1 and 2
were determined by LEMBs and were calculated from 13 selected sequences for fingeB3} T3@) pUC18 derivatives containidgdNK-Fy binding sites were
linearized at th&cd site. Cleavage bfQNK-Fy at the insert will result in 1700 and 1000 bp fragments. Lane 1, kb ladder; lane 2, pUC18; lanes 3—-14, pUC18 with
the insert: 5GGG NNN GAA-3 where NNN represents the middle triplet that was varied as indicated above the brackets. Lanes 2, 4, 6, 8, 10, 12 and 14 cont
AQNK-Fy. Lanes 3,5, 7,9, 11 and 13 do not. Arrows indicate cleavage fragments. tRNA appears at the bottom of the gel. Cleémveggreatedicribed in Materials

and Methods.

Table 1.Substrate specificity and affinity f@&iQNK andAQNK-Fy

Substrate AQNK zinc finger ~ AQNK-FN fusion ~ AQNK-FN fusion  Initial rates of cleavage
Kp (nM) Kp (nM) cleavage activity by AQNK-FN (nM/min)
d(GGG GCG GAA) 162 250 r 0.25
d(GGG GCA GAA) 24a 544 ++ 0.04
d(GGG TCA GAA) 1422 >158.4 + < 0.001
d(GGG TCG GAA) 9902 ND - ND
d(GGG GTG GAA) 75000 ND - ND
d(GGG ATC GAA) 25000b ND - ND

ND, not determined.
aError<17%.
PError >17%.

limit cleavage to specific sites as evidenced by higher backgrouB@-fold faster than TCA. This order of cleavage preference
cleavage. This order of cleavage preference was further supportadtches with that expected from the LEMB results. Also as
by determination of the initial rates of cleavagA@QNK-Fy for  predicted, GTG and ATC did not direct specific cleavage
GCG, GCA and TCA (Fig4 and Tablel). The GCG substrate (Fig. 3B, lanes 12 and 14). However, contrary to expectations,
was cleaved 6-fold faster than GCA which, in turn, cleavedCG did not direct specific cleavage (Fig. lane 8). The
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specificity of AQNK andAQNK-Fy were identical, namely GCG

> GCA > TCA > TCG > GTG, ATC. We conclude that the
specificity of theAQNK zinc finger was not changed by the
addition of the=okl endonuclease domain. The optimal binding
site GCG was shifted reproducibly higher by the zinc finger
protein compared to other degenerate binding sitesgfighis

is likely to be due to bending or kinking of the DNA within the
complex containing the optimal substrate.

Product (nM)

Kp values ofAQNK and AQNK-Fy

Our conclusions based on the qualitative gel-shift results were
o s 10 18 2 a5 o confirmed bytheKDvaIues oﬂQ_NK and_AQNK—FN determined
time (min.) from three independent gel shift experiments (Taplalthough

the gel-shifts were run in the absence oPMAQNK-Fy is able

to maintain partial activity by using the Zrwhich was present
Figure 4. Cleavage profiles of various substrate@NK-Fy. Sampleswere  for zinc finger folding. ThRAQNK-Fy gel-shifts result in multiple
collected fromAQNK-Fy cleavage reactions of GC€), GCA(4), and  phands because the probe was being degraded by this partial
;C]:(;A,(\A:)tr?(t)égc.ilcated times. Reaction conditions are described in the Materlalﬁ,}uclease activity. We dete(mined tﬁgvalues fOIAQNK—.FN by

summing the band intensities which are bracketed in Figjure
AQNK andAQNK-Fy have the highest affinity for GCG with
Iﬁp =16 and 25 nM, respectively. The ordeKgf values is the
same forAQNK and AQNK-Fy: TCA > GCA > GCG. The
percent error in th&p measurements f&QNK are<17% for
GCG, GCA, TCAand TCG. The erroris >17% for GTG and ATC
because of less well-defined gel-shift patterns. GCG and GCA
Comparing substrate specificity ofAQNK and were the only substrates for whickg for AQNK-Fy could be
AQNK-F using gel-shift assays determined.

discrepancy between the predicted and observed ability of TCG
direct specific cleavage led us to further test whé&tQK-Fy had
an altered DNA binding specificity from that SQNK.

If TCG failed to direct specific cleavage because the bindin
specificity of theAQNK-Fy fusion had changed, thAQNK and
AQNK-Fy should have different affinities for the substrates ag\ tandem repeat of low affinity sites may increase the chance of
measured by gel-shift assays. For examf@NK would shift  cleavage by the hybrid enzyme. To test this possibility, we
TCG more strongly than TCA as predicted from LEMB, andselected pUC18 clones with four tandem repeats of synthetic sites
AQNK-Fy would shift TCG less strongly than TCA based onwith various orientations (Tabl. The pUC18 derivatives were
cleavage results. HoweverNQNK andAQNK-Fy had the same linearized at th&cd site and digested withQNK-Fy (Fig. 6).
specificity for TCG then they would shift TCG identically, Plasmid pUC18 with multiple inserts were not cleaved in the
relative to the other five substrates. A 50 bp DNA containing absence cAQNK-Fy (Fig. 6, lanes 2, 4, 6 and 8). As expected,
single inserted recognition site was used as the gel shift proA@NK-Fy cleaves the substrates containing a mixture of GCG
(Fig. 5). From the gel-shift assays, we found that the orders @ind GCA sites strongly (Fig, lane 3) AQNK-Fy demonstrates

Phe effects of multiple recognition sites on cleavage

GCG GCA TCG TCA GTG ATC
I 11 11 11 11 [ | |
AQNK - + - - + - - + - - + - - + - = +
AGNK-Fy - - + - - + - - + - - + - - + - - +
AQONK-Fy '
bound probe ' -
AQNEK bound — . ot
probe g - - -
Free probe =P - ' - » ' . - - . - 8w - . .

Figure 5. Gel-shift assays compariddQdNK zinc finger andAQNK hybrid enzyme affinity for various substrates. The DNA probe is a 50mer containing a single
binding site: d(GGG NNN GAA) where NNN represents the middle triplet. This was varied as indicated above the bracketsriptime ideédentical for both gels.

Lane 1, DNA probe; lane 2AQNK zinc finger [831 nM]; lane 3,AQNK-Fy [158 nM].AQNK repeatedly shifted the most preferred substrate d(GGG GCG GAA)
higher than the other substrates. This may be attributed to the bending of the DQINKyF\ when it binds to its optimal substrate. Gel-shift conditions are described
in Materials and Method&p values foAQNK-Fy were determined by summing the intensities of bands brackef®@Ni-Fy bound probe. This excluded the
lowest shifted band because this band is believed to be due to the contarhRaliaigesulting from the degradation QNK-Fy. In addition AQNK-Fy appears

to be active in presence of Zrresulting in multiple bands for the complex.
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Table 2. Specificity of AQNK-Fy for substrates containing multiple binding sites

Middle triplet Synthetic DNA substrates2 Activity
GCA/GCG 5-TTCTGCCCCAAAAAATTCTGCCCCAAAAATTCCGCCCCAAATTGGGGCAATTTAAATTCTGCCCC-3'  ++
R < < <
TCA 5'-ATAGGGTCAGAAATAATAGGGTCAGAAATTATTTCTGACCCTATATAGGGTCAGAAATA-3' +
> ——> < _—

GTG S-TATTTCACCCCTATATAGGGGTGGAAATATAGGGGTGGAAATAATAGGGGTGGAAATA-3'
< > > _—

ATC 5-TATTTCGATCCCTATTATTTCGATCCCTATATAGGGATCGAAATAATAGGGATCGAAATA-3'

< < > —_— >

aArrows indicate orientation of binding site.

GCG TCA GTG ATC CP-QDR-ky cleaved a site ia that was predicted by LEMB
e e | s | where as Sp1-QNRyFcleaved a site that was not predicted by
12 3 456 78 9 LEMB. Two possibilities were given to explain the apparent new
4GNK-Fy L S N B specificity of Sp1-QNR-f: (i) the addition of a functional
domain, in this case a cleavage moiety, alters the sequence
bp specificity of the zinc finger or (ii) the predictions based on the
2,036 - LEMB assay are incorrect. We reasoned that by making a fusion
:g?g - with a well-characterized zinc finger, we would be able to shed

some light on the apparent discrepancy in the substrate specificity.
Therefore, we engineered a chimeric restriction enzyme using the
zinc fingerAQNK whose crystal structure with a cognate DNA
site has been determinegb). The substrate specificity of this
hybrid restriction enzyme was investigated in detail. We have
Figure 6. AQNK-Fy cleavage of pUC18 with multiple synthetic DNA inserts.  Observed a similar discrepancy in the substrate cleavage specificity
Each substrate contains four tandem inserts with the sequence of the midd@f the hybrid enzyme when compared to the zinc finger
tripletindicated above the brackets. Refer to Table 2 for the complete sequenaspecificity predicted by LEMB assays. Our gel shift experiments
of each substrate. Lane 1, kb ladder; lanes 2, 4, 6 aldK-Fy; lanes 3, 34Ky measurements demonstrate that the specificity of the zinc
5, 7 and 9, AQNK-Fy. Arrows indicate the cleaved fragments. tRNA appears fin d . -
at the bottom of the gel. ger and the hybrid enzyme is the same for all four degenerate
sites as well as two unfavorable sites. The specificity of the zinc
fingers is not changed by the fusion of #fek endonuclease
a weaker cleavage of the substrate containing multiple TCA sitggmain to the C-terminus of the zinc finger. The discrepancy
(Fig. 6, lane 5). The smear that occurs with the TCA single inseffppears to be due to an assumption in the analysis of data using
in lane 10 of Figur8is not apparent here however. This suggestge LEMB. This assay is based on the assumption that the
that multiple sites do increase sequence specific interactions agjshificity at one position within the bindings site is independent
may be used to reduce non-specific cleavage backgroungt ihe other bases. Our binding and cleavage results with TCG
Substrates with multiple GTG and ATC sites are not cleaved t%bstrate, compared with GCG and GCA and TCA reveal that this
AQNK-Fy (Fig. 6, lanes 7 and 9). This suggests that mump"“?\ssumption is invalid for this protein.
tandem sites do not increase interactions with unfavora_b_esmce fusion of the cleavage moiety;, o a zinc finger does
substrates enough so that they can be cleaved. pUC18 contai change the specificity, the capacity to engineer proteins with

three tandem TCG recognition sites was also treated wi signed DNA specificity using zinc fingers can be directly

AQNK-Fy and did not result in any specific cleavage (data nol, ;oo 1o engineering hybrid restriction enzymes with the same
shown). Although multiple sites appear to decrease non-specifi quence specificity. Thép measurements also have strong

cleavage background, they do not alter the cleavage specificity:of 1=~ ) i ;
the hybrid enzyme. implications towards future Zify-constructs: a comparison of

theKp values foAQNK and the cleavage activities@®NK-Fy

DISCUSSION in Tablel indicates the minimum binding affinity required for the
substrate [([140 nM) for sequence specific cleavage. Using zinc

Kim et al constructed the first two zinc fingegFhybrid  fingers that have only one distinct site witKg< 140 nM, one

restriction enzymes, CP-QDR¢Rand Sp1-QNR-f (18). Their  can engineer hybrid restriction enzymes that cleave the one

preferred cleavage sitesNFDNA were identified and compared distinct site and not at variant sites. These new insightsninto

to the specificity predicted from the multiplex binding assaysvitro cleavage specificity of the zinc finger fusion protein may be
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useful in designing better chimeric nucleases to induce targetetd Wu,H., Yang,W.-P. and Barbas,C.,Ill (19%5pc. Natl Acad. Sci. USA2,
344-348.

genetic manipulation in a variety of organisms.

Finally, randomly oriented tandem recognition sites appear tg)
decrease non-specific cleavage without changing the specificity
of the zinc fingers. The multiple site results do not exclude thet
possibility that multiple sites with specific orientation and?

separation may alter the cleavage specificity. Such sites may ?51

the dimerization of thé&okl nuclease domain. A recent report 14
from Bitinaiteet al (39) indicates that dimerization of tifrek
nuclease domain may stimulate an increased cleavage activ
Digestion experiments using substrates with a wide range of s
orientations and spacings must be done in order to determine if
changes in specificity occur. Our current fusion proteins leave out
domains ofFok that maintain an allosteric control over the 19
endonuclease domaifJ). These fusion proteins often produce
low background smears of degraded DNA because of t
uncontrolled nuclease activity of the endonuclease domain. The
reduction of this DNA degradation background by multiple sites
will be useful in generating cleaner digests until new fusions thae

limit the nuclease activity can be engineered. -
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