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Divalent metal ions. normally Mg, arc cssential for both
DNA cleavage by the /coRV restriction endonuclease at its
recognition scquence. GATATC!. and also for the cnzymes
discrimination between this particular sequence and all other
scquences.© In the absence of divalent metal ions. ficoRV
demonstrates no catalytic activity. though it can still bind to
DNA n a nonspecilic manner with no preference in its rec-
ognition scquence.’ The complex of /icoRV and ils cognale
DNA. however. has a high alfinity for Mg®" due to the dis-
tortion of the bound DNA. creating a melal-binding sitc
between the protein and the DNA? [n contrast. f«coRV
bound to nonspecific DNA has low afTinity for Mg>'. [n this
casc. the lack of distortion Icaves the DNA (oo far away
from the active sile o allow a metal ion Lo be liganded by
both protcin and DNA.® Thus. the metal ion cflectively cre-
ates the specificity of /«coRV for ils recognition silc by lock-
ing the protein onto DNA at this scquence.® Other metal ions
in place of Mg™" perturb both the activity and the specificity
of 7icoRV7 In the presence of Mn='. 7coRV has a lower
reaction rale (kea) al its recognition site bul a higher rate at
noncegnate sites. with the result that the ratio of the DNA
cleavage ralce at cognate and noncognalc sitcs alicrnates [rom
a value of Ix10¥ with Mg®' (o 6 with Mn> * The lack of dis-
crimination with Mn®' stems [rom both cognalc and noncog-
nalc complexes having high afTinitics for this ion. but why
the noncognate complex should have so much higher an
alinity for Mn™' than for Mg is vet 10 be explained. The
switch from Mg~ (o Mn~" also perturbs both the mechanism
and specificity of other restriction enzymes such as Taql?
The FcoRV cndonuclease 1s thought (o require two metal
ions per active sile in order (o calalvze phosphodicsicr
hydrolysis. One Mg=' (or Mn®) is located between Asp90
and Asp74 and the sccond ion between Asp74 and Glud3 = [t
has alse been shown that an [le91 to Leu mutation switches
metal ion specificty from Mg* (o Mn=' 12

A mutant restriction endonuclease that recognizes a novel
DNA scquence would be more usclul than one recognizing a
novel metal ion. but this is vet 1o be achicved.'” The conver-
sion of a restriction cnzyme Lo a new scquence specificity in
vivo demands the parallel conversion of the modification
methyliransferase to the same  sequence.!! A mutant
llc91Leu ZcoRV restriction endonuclcase that switches the
cofactor requircment from Mg®' to Mn=' suggests the cir-
cumvention of the need for a methyltransferase. mactivity in
vivo coupled Lo high activity under non-physiological condi-
tions 1 vitro.' Tn a scarch for cnzymes that recognize a
novel DNA scquence or a novel metal 1on. we carricd out
sitc dirccted mutagencsis of FcoRV restriction endonu-
cleasc. We report here the mutant cnzymes that showed

novel metal ion specificity. Scveral mutations were created
by changing amino acid residues in the vicinity of the scis-
sile phosphodicster bond in the /icoRV-DNA complex by
site-dirccted mutagenesis. Table 1 shows the results of
clecavage of plasmid pAT 133 by mutant enzymes in the pres-
cnee of a varicly of added metal ions. Wild tyvpe cnzyme is
most active with Mg as the cofactor than with any other
divalent ion including Mn®'. Under standard conditions (10
mM MgCl. 100mM NaCl. pH 7.5). all the mutants were
much less active than wild type. Two mutant cnzymes. how-
cver. showed dilferent metal ion specilicity. Asp9UCys
mutant in which aspartatc at position 90 was replaced by
cvslein was synthesized. [nitially. we attempted o have a
mutant that has a high activity with Zn®" since the thiol
group is known as a very good ligand for Zn'. But the
mutant Asp90Cys prelerred Mo over Zn®' as the colactor.
The mutant cnzyme showed 100 times Iess activity than wild
type at standard rcaction conditions. In the presence of Zn®'.
the mutant enzyme showed activity that was closc to that of
the wild type enzyme.

But it showed much lower activity with Zn*' than with
Mg"' or Mn® . The Mn> activity profilc of thc mutant
cnzyme showed a decrease in activity with increasing con-
centration of Mn®" (data not shown), The same Mn®" activity
prolile has been shown with the reported 11¢91Leu mutant. '
[nterestingly. the mutant cnzyme showed higher sequence
specificity than wild type chzyme. Plasmid pAT133 con-
tains. in addition 10 onc FcoRV rccognition site. 12 noncog-
nate sitcs that can be cleaved by FeoRV under star
conditions with high concentration of the cnzyme.'* The
wild type FcoRV cuts noncognate sitcs at high concentration
of enzyme or under star conditions. but Asp90Cys mutant
cnzyme did not cut noncognate sites cven at high concentra-

Table 1. Realtive DNA Cleavage Activilics of Mutanl £¢coRV
CrzyImes

Relative Activity

Fnzyme with Mg™' with Mn® with Cu®' with Zn™

wild type I 0.03 none (L0001
detected

[le911.en 0.001 1.9 none none
detected detected

Asp90Cys 001 0.4 none 0.0001
detected

Asp90Cys+ 001 0.1 1# none

[le91Leu deleeted

AThe activine was measwred by observing of the changes in the
coneentrations of the supercoiled and open-cirele DNA.
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Figure 1. Reactions al noncognate sites on pAT133 by wild (vpe
FieoRV and AspOUCys mutant. Reactions in bufler contmed 10
nM DNA with Mn® instead of Mg? . The voncentrations ol f£coRV
(lane 1-3) were 0. 1. 10, 100, 1000 nM and the concentration ot the
mutant (lane 6-8) were 10, 100, 1000 nM. respeetively. The top
bands (lane 2, 6,7.8) are initial full length linear torm trom super
coiled DNA. Lanes 2, 3, 4, 5 show several small Iragments
produced [rom initial products.

tion of the enzyme or under star conditions (Figurc 1). The
mutant appeared very similar to 1lc91Lcu mutant in proper-
ties of Mn*" dependency and sequence specificity under star
conditions. 2

Since substitution cither at position Asp9(0) or [1e91 created
the mutant that switches the cofactor requircment {from mag-
nesium to mangancse (Table 1). two further simultancous
mutation at position Asp and lle were created in order to
examine whether simultancous mutations at the two position
has a synergetic cffect or not. A double mutant Asp90Cys
+1le91Leu was synthesized. Under standard reaction condi-
tion. the double mutant showed about 100 times less activity
than wild type cnzyme. In the presense of Mn-". the double
mutant had higher activity than the wild tvpe cnzyvme. but
the mutant showed much less activity than the single mutant.
lle91Lleu or Asp90Cys. We did not observe a syncrgetic
effect of double mutation at position Asp90 and 11¢91. On
the contrary. infcrestingly the double mutant showed very
high activity with Cu-". In reference to the reported divalent
metal ion effect on acivities of FcoRV.” wild tvpe /coRV
docs not posscss any activity in the presence of Cu-'. The
double mutant showed another intercsting property. with the
double mutant cnzyme cutting only onc strand of double
strand plasmid DNA. Figurc 2 shows that conversion of
supercoiled pAT (I) to nicked DNA (II) by thc double
mutant cnzyme without formation of lincar form DNA is
apparent in the presence of Cu-" (Figure 2). Some mutants
that cut onc strand of double strand DNA. gencrating open-
circle DNA have been described before.'t All previous
mutants. however. generate open-circle DNA as an interme-
diate by cutling onc strand of double strand DNA and then
cutting the other strand by stcpwise rcactions to give a lincar
form DNA. This is the {irst cnzyme to cul one strand of dou-
ble strand DNA generating an open-circle DNA. 1t has been
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Figure 2. Cleavage of pAT by wild type FreoRV and AspH)ICyvst
11e911.cu mutant on pAL133 in the presence ol Mg? and Cu?-.
Reactions in bufter comained 1) nM DNA with either Mp* or
Cu® Lane 1 is supercoiled DNA without enzvme. The DNA was
digested by wild (ype LeoRV (lane 2) and Asp90Cys+lIe91l.cu
mutant (lanc 4) in the presence of Mg and by wild type LcoRYV
(lame 3) and Asp9OCys+lle9 1 Leu mutant (lane 3) in the presence ol
Cu?, respectively. The mobilitics of the supercoiled, open-cirele.
and linear forms ot the plasmids are marked on the lelt of the pel as
8, O, |, respectively.

reported that metal activatcd nonenzymatic clcavage of
DNA gives conversion of supercoiled plasmid DNA 1o
nicked DNA.'® In contrast to nonspecific cleavage of DNA
by metal ion." the cleavage of DNA by the double mutant is
specific. To test specificity of the mutant AspY0Cys+
llc91Leu. plasmid pAG DNA. which docs not have #coRY
recognition sitc (GATATC). but docs have 7:coRI recogni-
tion sitc (GAATTC). was treated with the mutant in the pres-
cnce of Cu='. As shown in Figure 3. the plasmid supercoiled
DNA was cleaved 1o lincar form DNA by FcoRI restriction
cndonuclease. but the supercoiled DNA was not digested by
cither £coRV or the Asp90Cys+lle91Leu mutant. These
results indicate that the mutant enzyme recognizes and culs
the FcoRV recognition site of DNA. Considering the mode
of DNA clecavage by fcoRV. which is a concerted reaction
on both strands of the DNA at recoguition sequence. leading
dircctly to a double strand break. the mutant Asp90Cys+
llc91Lcu may have a different mode of DNA cleavage {rom

Figure 3. Reactions on pAG by wild tvpe FeoRV and AspoiCys+
[e91Leun mutant in the presence ol Cu?'. Reactions in bulter
contained 10 nM DNA with either Mp? or Cu*'. Lane | is
supereoiled DNA without enzyme. The DNA was digested by
FcoRI (lane 2) and FcoRV (lane 3y in (he presence of Mg?™ and by
AspY0CysHIeYTeu mutant (Jane 4) in the presence ol Cu’,
respectively. The mobilities of the supercoiled. and linear torms of
the plasmids are marked on the lelt of the gel as § and 1.
respeelively,
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wild type enzyme.

In conclusion. mutants that rccognize other metal ions
have been made by a site dircoted mutagencsis. Mutant
AspY0Cys switches the cofactor requircment from Mg=* 1o
Mn-=" and double mutant Asp90Cy s+11¢91Leu requires Cu™*
as the cofactor. Double mutant Asp0Cys+Ile91Leu cuts
sitc-specifically only one strand of double strand DNA. Yet
we do not know the mechanism of DNA cleavage by the
double mutant and switches in cofactor requircment of the
mutants, They may be usefully applicd to clucidate the
mcchanism of natural endonuclcases and in the development
of artificial restriction cnzyme. An aticmpl 1o apply
AspQ0Cys+lleY1Leu mutant to gencrate single strand plas-
mid DNA chemically is in progress.

Experimental Section

Mutagenesis. Site-direcled mutagencsis was performed
by the modilication of the Amcrsham mutagenesis system
(codcRPN1323). which is bascd on the phosphorothioalc
mcthod of Eckstcin and his co-workers.’® The single strand
templatc pRV18 was uscd. pRV I8 is a derivative of pBluc-
script (Stratagenc) carrving the <coRV gene with a 30 basc
pair stufler fragment (o activale the gene. ™ Positive clones
were screened by restriction enzyme analysis and verified by
scquencing the entire gene.

Enzyme Overproduction and Purification, The deriva-
tive of pRV18 coding for the [le91Leu mutant of ficoRV was
uscd Lo transform E.coli CSH30 carrying pMctB. The trans-
formant was grown m L-broth at 33 °C to an ODgy, of 0.4,
An cqual volume of L-broth at 35 *C was added and the
growth continucd for 4 h at 42 °C. The ccll was harvested by
centrifugation and stored at -20 *C. The ¢clls were resus-
pended and disrupted by sonication. and the mutant /<coRY
enzyme was purificd by chromatography. first on phospho-
cellulosc and then on Blue-Scpharose. as described previ-
ously with wild type cnzyme.'? The purilications were
monitored by polvacrylamide gel clectrophorcsis in the pres-
ence of sodium dodecy! sulfate: the gels were developed
with Coomasive Brilliant Bluc-R-230. Bradlord mcthod was
uscd Lo determine prolein concentrations afler the method
calibrated by ammo acid analysis. Concentrations of both
wild type and mutant ZcoRV chzymes arc given in tcrms of
protem dimers o M, 37000,

DNA Cleavage. The substratc was the monomeric forms
of pAT133.% purificd from transformants of 7. colf HB101
which were grown i M9 minimal salts with ImCy/l|methyl-
SH|thymidine. " The reactions with cnzyme were carricd out
a1 25 °C in bulfer A(standard rcaction condition) or in bufter
B. with cither MeCl- or MnCl- at the concentrations speci-
ficd. BufTer A is 30 mM Tris-HCL 100 mM NaCl. 10 mM -
mercaptocthanol. 100 pg/mL bovine scrum albumin, pH 7.5,
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Buffer B is 30 mM Tris-HCL 100 mM NaCl. 10 mM B-mer-
captocthanol. 100 pg/mL bovine scrum albumin. 10%(v/v)
DMSO. pH &.3. During each rcaction. the changes in the
concentrations of the supercoiled. open-circle. and lincar
forms of thc DNA were measurcd as described previ-
ously 1%
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