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Site-Directed Mutagenesis of Putative Active Site Residuaglafl Restriction
Endonuclease: Replacement of Catalytically Essential Carboxylate Residues
Triggers DNA Binding Specificity
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ABSTRACT. Mapping of the conserved sequence regions in the restriction endonudiéaddSC/AATTG)
andEcaoRl (G/AATTC) to the known X-ray structure dcoRlI allowed us to identify the sequence motif
82PDX4EXK as the putative catalytic/Mg ion binding site oMunl [Siksnys, V., Zareckaja, N., Vaisvila,

R., Timinskas, A., Stakenas, P., Butkus, V., & Janulaitis,Gene (1994) 142, 1+8]. Site-directed
mutagenesis was then used to test whether amino acids P82, D83, E98, and K100 were important for the
catalytic activity ofMunl. Mutation P82A generated only a marginal effect on the cleavage properties of
the enzyme. Investigation of the cleavage properties of the D83, E98, and K100 substitution mutants,
however,in vivo andin vitro, revealed either an absence of catalytic activity or markedly reduced catalytic
activity. Interestingly, the deleterious effect of the E98Q replacerfmesitro was partially overcome by
replacement of the metal cofactor used. Though the catalytic activity of the E98Q mutant was only 0.4%
of WT under standard conditions (in the presence of Mgns), the mutant exhibited 40% of WT catalytic
activity in buffer supplemented with Mfions. Further, the DNA binding properties of these substitution
mutants were analyzed using the gel shift assay technique. In the absenc& dbivg WTMunl bound

both cognate DNA and noncognate sequences with similar low affinities. The D83A and E98A mutants,
in contrast, in the absence of Kigions, exhibited significant specificity of binding to cognate DNA,
suggesting that the substitutions made can simulate the effect of thieiddgin conferring specificity to

the Munl restriction enzyme.

Type Il restriction endonucleases cleave phosphodiestercomparison ofPuull (Athanasiadis et al., 1994; Cheng et
bonds in DNA, in the presence of Mgions, with remark- al., 1995) andCfr10l (Bozic et al., 1996) withEcdRV,
able specificity. Almost 2800 Type Il restriction enzymes, however, suggests that a second metal binding site may well
representing more than 200 specificities, are known to datebe manifest in botlPvull and Cfr10l. Therefore, much is
(Roberts & Macelis, 1997). The existence of such a variety still to be clarified with respect to the features of conserved
of restriction enzymes, with little primary sequence similarity, and nonconserved active site structures and the roles of
is suggestive of the possibility that these enzymes might particular residues in phosphodiester bond cleavage.

employ diverse mechanisms in their interaction with DNA. X-ray and sequence data currently available suggest that
Comparison of the crystal structures of the restriction o sequence motif PDXD/E)XK might represent a weak
enzymesEcoRI and ECORV reveals that despite variations  4jve site signature motif of restriction enzymes (Anderson,
in recognition sequence and cleavage position, & coOmmoN, gg3. siksnys et al., 1995). The recent mutational studies
sequence motif is observed, PRR/E)XK, which lies in of Fokl (Waugh & Sauer, 1993) anlad (Holtz & Topal,
close proximity to the scissile phosphodiester bond (Winkler 1995) would support such an idea. However, more muta-

er;[ a|’h1993b). The acidic refsiﬁlues within thisdmOtiVﬁ areh tional experiments backed up by X-ray analysis are required
thought to be components of the active site and are thoughty, qnfirm the significance of this motif in the restriction

to chglate Mg" ions, a necessary c_ofactor in catalysis. The enzymes in which it is manifest.
putative catalytic/M§" binding site inBanHI (Newman et , .
al., 1994, 1995) anBuull (Athanasiadis et al., 1994; Cheng We have focused our studies on the analysis of the
et al., 1995) seems to be similar to those documented inMechanisms sequence discrimination and cleavadéuy
EcoRl and EcaRV, though some variation in the PR/ restriction endonuclease. This enzyme recognizes the C/AAT-
E)XK sequence motif is noted (Aggarwal, 1995). A second TG sequence and cleaves it as indicated (Siksnys et al.,
Mg?* binding site has also been identifiedEcaRV on the 1994). There is overlap in this sequence and the recognition
basis of crystallographic (Kostrewa & Winkler, 1995) and Seduence of th&cdRl enzyme (G/AATTC), which is one
biochemical (Vipond & Halford, 1995) evidence. However, of the best—_studled restriction enzymes to date. Alignment
such a site has not yet been identifiedSeoRI. Structural ~ Of the protein sequence dfunl and that ofEcaRl therefore,
guided by the X-ray structure dEcaoRl, allowed us previ-
T This work has been supported in part by Grant Nos. LAL0O0O and OUSIy, to identify the .sequgarn_ce m,o“f_ SZPP‘KXK as the
LHK100 from International Science Foundation and Volkswagen PutativeMunl catalytic/Mg?* ion binding site (Siksnys et

Stiftung. al., 1994).
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2.642624. Tel.-+370-2-642490. In th_|s report we des_cnbe_ the catalytic and b_|nd|ng
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andin vitro studies indicated that the D83, E98, and K100 cleaved byBglll and Xba and ligated into the luniR 4.8
residues ofMunl were critical for DNA cleavage. In the (Ap") vector precleaved witBglll and Xbdl.

absence of Mg, gel shift experiments indicated little Cell Transformation and Analysis of Transformants.
specific DNA binding by WTMunl. D83A and E98A Competent host cells were prepared and transformed with
replacements, however, conferred DNA binding specificity heterologous DNA using the CaQhethod. The plasmids
under the same conditions. In addition, the E98Q mutant were purified from different clones by the miniprep plasmid
manifest a change in sensitivity to the metal ion cofactor purification method (Sambrook et al., 1989) and analyzed
used, suggesting a specific role of this residue in metal ion by restriction analysis.

coordination. The experimental evidence therefore suggests DNA Isolation, Purification, and Sequencin@he plasmid
that metal ion chelation by the D83 and E98 residues may DNA was isolated by the alkaline lysis procedure (Sambrook
be responsible for the development of specificity in WT et al., 1989) and purified using silica powder (MBI “Fer-

Munl. mentas”). The purified DNA was then subjected to sequenc-
ing. The entire sequence of each mutant endonuclease gene
EXPERIMENTAL PROCEDURES was subsequently determined, using the Sanger dideoxy
Strains and Plasmids. Escherichia c@R2267 fecAl  Sequencing method, directly from DNA templates.
lacld lacZAM15 zzf:mini-Tn10(Kar)] strain was used for Analysis of Strain Phenotypes Containing WT and Mutant

cloning and expression of WT and mutant genés;, was Enzymes. The phenotyp_e§ conferred by WT and mutant
used to test restriction of infectirig; bacteriophages by the ~ €nzymes of théAunl restriction endonuclease were assessed
cells harboring the WTMunl and mutant proteins. The Dy transforming theE. coli strain ER2267 with plasmids
plasmid pMuniR 4.8 (Ap)! (A. Lagunavicius, unpublished), containing or lackingMunl methylasem trans. Growth of _
a derivative of MuniR 6.0 (Ap) (Siksnys et al., 1994) th_e cells was tested by streaking on LB agar plates supplied
obtained by deletion of 1.2 kicd —Ecl136ll fragment, was ~ With Ap and Cm. The effect of mutant genes on cell growth
used as an expression vector of WT and mutant genes. Thevas evaluated by comparing colony size.

pMuniR 4.8 contained thenur-R gene under the control ~ Restriction of Infecting Phages by Wild Type and Mutant
of the WT promoter. The compatible plasmipniM 6.2 Munl Restriction Endonucleaserestriction of mfec‘un_gl\,ir

(Tc', Cr) (Siksnys et al., 1994), containing the Wiun-M bacteriophages was assessed by measuring the titgy; of
gene under the control of the WT promoter, was used to phage on the strain ER2267 and comparing it with the titer

transform theE. coli ER2267 strain in generating the host Of phage on the strain ER2267 expressinghhel methy-
strain for the cloning of PluniR 4.8 (AP) containing the ~ !@se and WT or mutant restriction endonuclease genes. The

WT and mutantMunl-R genes. extent of phage restriction was determined quantitatively by
Mutagenesis. Site-directed mutagenesis of tmeur-R ~ Spotting portions of serially diluted phage stock on a lawn

gene was performed by the two-step “megaprimer” method of bacteria (Sambrook et al., 1988). The strains were grown

(Barik, 1993). A double-stranded plasmiMpniR 4.8 was ~ ©n LB plates. . 3

used as a template for the polymerase chain reaction, using Purification of WT and Mutant Munl ProteinsPurifica-

a primer containing the appropriate mispair in the codon tion of WT enzyme and mutant proteins was performed

designating the amino acid subjected to mutagenesis and #ccording to the technique described by (Stakenas et al.,

second primer upstream of tdunl gene. The following 1993). The cells were grown into late logarithmic phase in

mispaired primers were used: LB medium containing 50 mg/L Ap and 30 mg/L Cm, with
aeration, and were harvested by centrifugation. Crude cell
5-GCGAAATCTGCAGAAACACC extract was obtained by sonication; it was then applied to a

(P82A replacement)  heparin-Sepharose column and eluted using a NaCl gradient,
. A A with subsequent chromatography on blue-Sepharose and
5-GCGAAAGCGGGAG CAC%SB A | ¢ phosphocellulose. Polyclonal antibodies raised agMuost
( replacement) were used to monitor purification of mutant proteins. The
5-CCATCTTGTCTTTTAATTTGGCCAAAAG fractions containing WT or mutant enzymes were pooled and
(E98Q replacement) dialysed against the storage buffer (10 mNPIQOy, pH 7.4;

5. CCATCTTGTCTTTTAATGGCGCCAAAAG 1 mM EDTA, 7 mM 2-mercaptoethanol, 50% glyce_rol) and
— stored at—20 °C. The enzyme and mutant proteins were

(E98A replacement) >99% homogeneous by SDS gel analysis. Protein concen-
5'- CCCATCCATCTTGTCTTTCAATTTCACT trations were determined spectrophotometrically at 280 nm
(K100E replacement)  using the monomer extinction coefficient of 45 720~M
5. CCCATCCATCTTGTCTCGCGATTTCACT cml. The concentrations dflunl are given in terms of
(K100A replacement) ~ dimeric protein.

DNA Cleaiage Assay.Activities of the Munl endonu-

The resulting DNA products were purified from agarose clease and _each of_ its mutants in crude cell I_ysates were
gels and used in a second round of mutagenesis with a prime@ssayed by incubating aliquots of cell lysates in;&00f
downstream from thenunlgene. The resulting product was Standard reaction buffer [containing 10 mM Tris-HCI (pH

7.4 at 37°C), 10 mM MgC} (or MnCl;), 50 mM NacCl, and

! Abbreviations: Ap and Ap ampicillin and ampicillin resistance; 1 ﬂg, of 1 DNA] folr.0'5 h at 37°C. Tlhe reaction was
bp, base pair(s); Cm, chloramphenicol; and "Crahloramphenicol terminated by addition of a stop solution (30% glycerol,
resistance; EDTA, ethylenediaminetetraacetic acid; Kan, kanamycin; 0.25% bromphenol blue, 50 mM EDTA), and DNA was

and Karni, kanamycin resistance; PAAG, polyacrylamide gel; SDS, o i
sodium dodecyl sulfate; LB, Luria broth; TAE, Tris-acetate buffer; Tc analyzed b.y electrophoresis in agarose gels._
and T¢, tetracyclin and tetracyclin resistance; WT, wild-type endonu- __ Preparation of DNA Fragments for Gel Shift Assaj.

clease. 33p-labeled DNA fragment was obtained by PCR, using 2




11088 Biochemistry, Vol. 36, No. 37, 1997 Lagunavicius and Siksnys

L_mits of Tag polymerase, primers, (0/8M final concentra- Table 1: Plating Phenotypes of Strains Harboring WT and Mutant
tion), the DNA template (0.2 ngL final concentration), ¢33 Genes oMunl Restriction Endonucleage

PJATP (1.5x 10'Bg/mol), and three other unlabeled dNTPs

: . strain withMunl methylase withouMunl methylase
(1 uM final concentration of every labeled or unlabeled
deoxynucleotide during first 15 PCR cycles) in g0 of P82A ii+ _
reaction buffer [67 mM Tris-HCI, pH 8.3 at 2%, 10 mM D83AP + _
2-mercaptoethanol, 16.7 mM (NHSQ,, 2 mM MgCl]. E98Q +++ -
After 15 cycles the concentration of dNTP was increased to  E98A T+t -
20 uM using unlabeled dNTPs, and an additional 15 PCR ﬁgg’é j:: i++

cycles were run.
yA ific 166 f ific DNA btained aThe phenotypes conferred by WT and mutant enzymes d¥itheé
specific 166-mer fragment (specific ) was obtained espiction endonuclease were assessed by transforming strain ER2267

as described above, using plasmMyniR as the template  with plasmids containing or lackinglunl methylasein trans. Growth
DNA and primers 5GTAAGGATCCTAGCGCTGGCA- of the cells was tested by streaking on LB agar plates supplied with
GGGG and 5CTCTTTTGGGATCTCGAG. The fragment  Apand Cm. Effect of mutant genes was evaluated by comparing colony
contained a singl&unl site in the middle of the sequence. S1Z&: The number of plus signs refers to colony sizet -+, normal
. . - colony size;++, slightly reduced colony sizet, greatly reduced

A nonspecific 174-mer fragment was obtained, using the colony size;—, no colonies® The cells containing this mutant grew
pMuniR plasmid as template DNA, which was precleaved better at 3¢°C than at 37°C.
through the uniqueMunl site, blunted using DNA poly-
merasg,_ and_rellgated to y'eld_a plasmid lacking fthenl Table 2: Phage Restriction in Cells Harboring WT and Mutants of
recognition site. The same primers (see above) were usedviunl Restriction Endonucleage
during amplification of the nonspecific DNA fragment. After

. strain restriction (folds)
PCR unincorporated label and cold dNTPs were removed, ER2267 1
using a mlcrocentrlfuge flltt_ar (Slgma, M-0411). The retalned ER2267Muni-M) 12
DNA was washed twice with MilliQ water. Concentrations ER2267 Munl-RM; WT) 1.1 x 10
of the labeled DNA fragments were determined spectropho- ER2267 Munl-RM; P82A) 71x 10
tometrically. The presence of the recognition sequence in ~ ER2267 Munl-RM; D83A) not determineti
o ' ER2267 Munl-RM; E98Q) 6.2x 10t
the specific fragment was confirmed Munl cleavage. The ER2267 Muni-RM: E98A) 12
noncognate DNA fragment was not cleaved under similar ER2267 Mum.RM; K100A) 8.5
conditions. ER2267 Munl-RM; K100E) 1.2
Gel Shift Assay.The labeled DNA fragments (in a final aRestriction of infectingd,; bacteriophages was assessed by
concentration of 0.5 nM) were incubated with different measuring the titer of, phage on the strain ER2267 and comparing
amounts of the WT or mutant enzymes in 20 of binding it with the titer of phage on the strain ER2267 expressingMusi

o 0 methylase and WT or mutant restriction endonuclease genes. The extent
buffer (10 mM Tris-HCI, pH 7.5, 50 mM NaCl, 10% of phage restriction was determined quantitatively by spotting portions

glycerol) at room temperature for 15 min. The stock of serially diluted phages stock on a lawn of bacteria. The strains were
solutions of the WT or mutant enzymes were diluted to the grown on LB plates® Restriction was not evaluated since the strain

appropriate concentrations directly before use in the sameER2267 containing the D83A mutant gene was unable to form an entire
binding buffers. The samples were loaded directly onto an '2¥n on an LB plate at 37C.

8% acrylamide gel (29:1 acrylamide/bisacrylamide), and run

in 1x TAE (40 mM Tris-acetate, pH 8.3, 1 mM EDTA) for  A., unpublished). Plasmids carrying either WT or mutant
2 h at 100 V (10 V/cm). The gels were prerurr fbh at Munl genes were used to transfof coli ER2267 strains
100 V. After electrophoresis, the gels were fixed in 1:9 (v/ with or without theMunl methylase geneir{ trans). The

v) acetic acid/water, washed in water and ethanol, dried, andeffect of mutant genes on cell growth was then evaluated

subjected to autoradiography. by comparing colony size as described under Experimental
Procedures (above). Only two (K100E and K100A) of the
RESULTS seven mutant strains survived in the absence of methylase

(Table 1). Mutant strains (P82A, E98Q, and E98A) failed
¢to grow under these conditions but survived in the presence
of the Munl methylase, yielding colonies of larger size than

sequence motif 82PDYEXK as a putative catalytic/Mg the strain expregsing the WT enzyme. Subgtitution mutants
ion binding site ofMunl (Siksnys et al., 1994). In orderto ©Of the D83 residue however, led to lethality (D83N) or
test whether amino acids P82, D83, E98, and K100 were decreased growth (D83A) of the host strain, even in the
important for the catalytic activity oMunl, replacement  Presence of thé/unl methylase.
mutants (P82A, D83A, E98Q, E98A, K100E, K100A) were  Assay of Endonuclease Adgty of WT and Mutant Munl:
obtained by site-directed mutagenesis (Barik, 1993). The 4, Restriction. Ability to restrict 1,; was assessed by
DNA cleavage properties of these mutants were then assessetheasuring the titer (evaluated from three independent
bothin vivo andin vitro. First, intracellular activities of  measurements) df;; phage on the strain ER2267 expressing
the mutants were assayed by plating phenotype and on thehe WT and mutankunl genes in the presence of tivunl
basis of restriction of infecting phages. Secoird yitro methylase and comparing it with a titer of phage on the strain
cleavage properties were tested in crude cell lysates. expressing only the methylase gene (Table 2). Winl
Assay of Endonuclease Adtiy of Wild Type and Mutant  restricted the phage growth by 4 orders of magnitublteinl
Munl: Plating Phenotype.Immunological quantitation of ~ mutants differed in their ability to restrict phage (Table 2).
Munl mutant proteins showed that all proteins were present Two Munl mutants (E98? and K100E) failed to restrict
at a level equal to that of WT (M. Leckiene, A. Lagunavicius, phage, while three other mutants (P82A, E98Q, and K100A)

Alignment of the protein sequences gunl and EcoRl
restriction endonucleases, guided by the X-ray structure o
the EcaRI restriction enzyme, allowed us to identify the
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Table 3: Catalytic Activities of the WT and MutaMunl a) DNA with Munl site; pH 8.3

Endonucleases in Crude Cell Lysdtes 0 1.0 25 50 7.5 10 25 50 75 100 250 500 750 1000 2500 5000 nM
enzyme Mg* Mnz*+
wild type +++ +
P82A ++ +
D83A - -
E98Q + ++ 5 F— L~ -« 2
E98A - + b e b e et b bl el b e - —
K100A - - « 1
K100E - -

a Activities of the Munl endonuclease and each of its mutants in

crude cell lysates were assayed incubating aliquots of cell lysates for

1 hin 50uL of standard reaction buffer containing 10 mM Tris-HCI

(pH 7.4 at 37°C), 10 mM MgC} (or MnCl), 50 mM NacCl, 1ug of

A DNA. Number of plus signs indicates relative levels of activity: b) DNA without Munl site: pH 8.3
++-+, WT activity; ++, reduced activity:+, highly reduced activity; ) DNA without Mun site; pH 8.
—, activity was not detectable under conditions of this assay. 0 1.0 25 50 75 10 25 50 75 100 250 500 750 1000 2500 5000 nM

Table 4: Specific Activities oMunl Mutantst

Munl protein Mgt Mn2+
WT 660 000 66 000 . s e WP D
E98Q 2700 27 000
E98A <300 2 400 b bt et Bl it e R e b e — < |
D83A - -

a Specific activities of theMunl endonuclease and mutants were
assayed incubating varying amounts of purified proteins inBb®f
standard reaction buffer containing 10 mM Tris-HCI (pH 7.4 at 37
°C), 10 mM MgC} (or MnCl,), 50 mM NaCl, 1ug of A DNA for 1 h.

b Complete cleavage was not obtained.

Ficure 1: Binding of Munl to specific and nonspecific DNA. The
166 bp fragment containing the recognition sequendéwi (panel
showed diminished but still significant activity, 15-, 180-, a) or the 174 bp fragment lacking the recognition sequen&éunt

and 1300-fold less, respectively, than the WT enzyme. ~ (Panel b) was used in binding experiments as specific and
P y y nonspecific DNA, respectively. The binding mixture contained 0.5

Characterization of the DNA Cleage Actiity in WT and nM of 33P-labeled DNA andunl at concentrations indicated above
the Mutant Munl in Vitro. The cell lysates obtained from  each lane of the gel. After PAAG electrophoresis in TAE buffer

the strains expressingunl mutant proteins were tested for  (pH 8.3), gels were dried and subjected to autoradiography. Arrows
) DNA cleavage activity in the presence of Kgand M2+ on the right side of the gel indicate positions of DNA forms with

. . o . different mobility.

ions (Table 3). The catalytic activities of mutant proteins

in zitro in the presence of Mg correlated with effectin however when M@ ions were added to the buffer instead
vivo. Strains harboring genes of the most active mutamts  of Mg2* jons, the E98Q mutant exhibited approximately 40%
vi V0, P82A and E98Q, also manifest the hlgheSt activities of the WT enzyme act|v|ty The E98A mutant failed to
in vitro. Analysis of the effects of MJ and Mr¥* onthe  cleaver DNA to completion in the presence of Flgions,
DNA cleavage properties of the WWMunl indicated that indicating that its specific activity was less than 300 units/
Mg?" promotes WT enzyme activity. In contrast, the mg. In the presence of Mh, however, complete cleavage
cleavage activity of the E98Q mutant was promoted in the of } DNA was observed with a specific activity of 2400 units/
presence of Mff. Under these conditions DNA cleavage mg,
properties of the E98Q mutant were comparable to those of  Effect of Mutations on the DNA Binding Properties of
the WT enzyme. Similarly, the E98A mutant cleavage Munl and Mutant Proteins. To determine whether the
activity was promoted in a buffer containing ¥n The mutations used impaired the implicated residues’ ability to
catalytic activity of the three remaining mutants (D83A, pind substrate, the DNA binding of WT and mutant proteins
K100A, and K100E) was not detectable in crude lysates usingwas analysed using the gel mobility shift assay. Two DNA
buffer containing either Mg or Mn?*. fragments obtained by PCR were used in binding experi-
The ability of Mr?t ions to partly suppress the cleavage ments: the first, a 166 bp DNA fragment containing a single
defect observed in the E98Q and E98A mutants, in the Munl recognition sequence embedded almost in the middle
presence of Mg, encouraged us to study the catalytic and of the fragment (specific fragment) and the second, a 174
binding properties of the mutant proteins more thoroughly, bp fragment lacking thédunl recognition sequence (non-
using purified preparations of proteins. WWunl and the specific fragment). Increasing concentrations of Wil
D83A, E98A, and E98Q mutants were purified to apparent or mutant proteins were preincubated with 0.5 nM DNA in
homogeneity, as described in the Experimental Proceduresthe absence of Mg and loaded on a PAAG, and electro-
(above). The specific activities of the purified WT and phoresis was run as described under Experimental Procedures
mutant proteins were assessed in the presence éf kil (above). The gel shift assay of WNIunl binding with the
Mn2* ions usingA DNA as the substrate (Table 4). The specific fragment (Figure 1a) revealed shifted DNA bands
specific activity of the WTMunl in the presence of Mg (band 2) only at high concentrations 300 nM) of protein.
was 10 times higher than its specific activity in the presence A qualitatively similar binding pattern was observed when
of Mn?" ions. E98Q replacement reduced this specific the noncognate DNA was used in the binding experiment
activity approximately 250 times in the presence of?Mg (Figure 1b), suggesting that the shifted band in both cases
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a) DNA with Munl site; pH 8.3 a) DNA with Munl site; pH 8.3
0 025 0.5 075 1.0 2.5 50 7.5 10 25 50 75 100 250 500 750 nM 0 025 05 075 1.0 2.5 50 7.5 10 25 50 75 100 250 500 750 nM
HUV <2 .L.-u-\..ph.‘l""u « 2
e et e et e e et i et ] <3 — et et et Bt B et et e <3
i o b b il o < 1 N s < 1
b) DNA without Munl site; pH 8.3 b) DNA without Munl site; pH 8.3
0025 05 075 1.0 2.5 50 7.5 10 25 50 75 100 250 500 750 nM 0025 05 075 1.0 2.5 50 7.5 10 25 50 75 100 250 500 750 nM
lJ'\.-‘V <2 sy el A Bt Tt e ] < 2
) i A
— ittt At el e i = < et et et i e il o ) e e <1

FiGURe 2: Binding of E98A Munl mutant to specific and ~ FIGURE 3: Binding of D83A Munl mutant to specific and
nonspecific DNA. 166 bp fragment containing the recognition nonspecific DNA. The 166 bp fragment containing the recognition
sequence oMunl (panel a) or 174 bp fragment lacking the Seéquence oMunl (panel a) or the 174 bp fragment lacking the

recognition sequence d¥lunl (panel b) were used in binding '€cognition sequence dflunl (panel b) was used in binding
experiments as specific and nonspecific DNA, respectively. The EXPeriments as specific and nonspecific DNA, respectively. The

binding mixture contained 0.5 n¥fP-labeled DNA andviunl at binding mixture contained 0.5 nM &fP-labeled DNA andviunl
concentrations indicated above each lane of the gel. After PAAG &t concentrations indicated above each lane of the gel. After PAAG

electrophoresis in TAE buffer (pH 8.3), gels were dried and €lectrophoresis in TAE buffer (pH 8.3), gels were dried and
subjected to autoradiography. Arrows on the right side of the gel subjected to autoradiography. Arrows on the right side of the gel

indicate positions of DNA forms with different mobility. indicate positions of DNA forms with different mobility.

represented nonspecific complexesvafnl and DNA. The DISCUSSION

slight differences irMunl concentration required to obtain X-ray studies ofEcaRl, EcARV, Puwull, and BarHI
shifted bands using the nonspecific fragment may reflect the restriction enzymes (Aggarwal, 1995) have previously re-
differences in sequence context of the cognate and noncogvealed that acidic residues were located near the scissile
nate DNA fragments used. Gel shift analysis of the E98Q phosphate. Such residues could well contribute to the
mutant revealed that the binding properties of the mutant chelation of the Mg" ion, which is essential for cleavage.
were similar to those of the WT enzyme both when specific A conserved lysine residue has also been identified near the
and nonspecific DNA fragments were used (data not shown). cleaved phosphate, though its role in catalysis is not yet clear.
Under similar binding conditions, however, the D83A and Indeed the sequence motif PRXR/E)XK corresponding to
E98A mutants exhibited different binding patterns. In the structurally conserved active siteskifoRl andEcaRV
contrast to the WT enzyme, experiments designed to evaluatenas been suggested (Anderson, 1993) as a putative restriction
the binding of the D83A and E98A mutants to the cognate enzyme active site signature motif. Accordingly, alignment
DNA revealed a shifted band (band 3, Figures 2a and 3a)of the protein sequences dunl and EcoRl indicate that
even at low protein concentrations (0.25 nM). The amount the sequence motif 82PDX14EXK might be involved in
of the initial complex (band 3) decreased progressively as metal ion coordination/catalysis in th&lunl restriction
protein concentration increased. This decrease was ac-enzyme (Siksnys et al., 1994). Site-directed mutagenesis was
companied by the appearance of a slowly migrating DNA therefore used to test whether the amino acids P82, D83,
species (band 2, Figures 2a and 3a) which was characteristi&€98, and K100 were essential for the catalytic activity of
of the binding of the WTMunl (Figure 1a,b). Similar  Munl.

binding studies of the D83A and E98A mutants with the  The P82A mutant manifest reduced but still significant
noncognate DNA revealed only a slowly migrating complex activity in vivo (Tables 1 and 2) and exhibited a moderate
(band 2, Figures 2b and 3b) at the top of the gel which was level of DNA cleavage activity in crude cell extracts (Table
characteristic of WT enzyme binding at high protein 3). Hence, the P82 residue seems to be important but not
concentrations. The concentration of the D83A and E98A vital for the cleavage activity dflunl. Replacement of the
mutants required to generate this complex, however, wasacidic D83 residue, however, had a much more pronounced
approximately 10 times lower than the concentration of WT effect on the ability oMunl to cleave DNA, bothin vivo
enzyme required. andin vitro (Tables 1-3). Cleavage activity was losh
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vitro (Table 3), and in addition cell growth and viability were DNA cleavage experiments revealed that a deleterious
affected. The D83A mutant strain at 3Z exhibited reduced  effect of E98Q and even E98A mutations on the catalytic
colony size but grew more reliably at 3C, indicating an activity of Munl, in part, can be rescued by using Krions
inhibitory effect of this mutant on the growth of the cell even rather than Mg" ions as a cofactor. In the presence ofaVig

in the presence of methylase (Table 1). This effect seemedions the E98Q mutant exhibited 0.4% of WT activity;
to be enhanced in the case of the D83N substitution. Indeed,however, its specific activity was 40% of the WMunl in

we were unable to obtain a D83N mutant\déinl using the the presence of Mif ions (Table 4). This suggests that the
routine procedure. A number of attempts to transform E98Q replacement affects the binding of ¥Mrions to a
competent cells with the plasmid containing the putative lesser extent than the binding of Ktgions. Presumably,
D83N mutant yielded no or only very few transformants. the glutamine residue at position 98 is still able to act as a
Sequencing of the DNA obtained from such transformants ligand for Mr?* at the active site oMunl. EPR studies of
indicated that the desired D83N mutation was generally Mn?" binding at the active site of T7 RNA polymerase have
accompanied by additional mutations (e.g., W13amber, previously demonstrated that the single replacement of an
K47E). If this mutant retains the ability to cleave DNA, acidic metal ion chelating residue with asparagine reduced
the lack of protection by the methylase appears to allow Mn?" binding affinity two to five times (Woody et al., 1996).
cleavage at sequences other than the canonical site. AlterSince coordination complexes of Fnare usually more
natively, if this mutant lacks catalytic activity, it may display ~stable, the E98Q mutant may still be able to bind®Mions
enhanced DNA affinity and affect cell growth as was under conditions when Mg binding affinity is decreased.
previously shown for an active site mutantHial methylase In the case of E98A replacement trace activities were
(Mi & Roberts, 1995). observed with MA" substitution suggesting that ¥nions

Analysis of Mun mutants carrying E98A and E98Q were still able to bind at the active site. The deleterious
mutations also revealed the critical role of the E98 residue &fféct of the D83A mutation on the cleavage activithiin,

in catalysis byMunl. E98A replacement abolished phage "OWever, was not rescued by Ksubstitution. Neverthe-
restriction ability (Table 3), and only trace activity was less, it would seem_clear thatplﬂ‘ferences in binding affinity
detectable in thén vitro assay (Tables 3 and 4). Conserva- andz +the complexauo_n mode In the presence o_FMgnd .
tive substitution of E98 with glutamine had a less pronounced Mn_ lons r;mght prowd(; a bas:js_for;he variation mfc;ualync
effect on cleavage activity. The E98Q mutant still exhibited ?Ct"’”'es of WTMunl observed in the presence of the two

activity in the phage restriction assay but retained only 0.4% fons. - Similar effE?CtS qf_r_netal lon repl_acement BodRvV
of the cleavage activity of the WIFunl in the presence of andBanH|I catalytic activities have previously been reported

Mg?t. Mutational analysis of acidic residues within the (Selent et al,, 1992; Xu & Schildkraut, 1991). The results

putativeMunl catalytic site therefore revealed that mutations pf mutations of putative cat.aly.uc site reS|dl'Jes thought to be
of the E98 residue had a less pronounced effect on the'nVOIV.ed in the metal ion binding of the 35" exonuclease
cleavage activity oMunl than analogous mutations of the domain of$29 D NA polymerase (Esteban et al., 1994), RuvC
D83 residue. resolvase (Saito et al., 1995) and transposase (Baker & Luo,
) o ] 1994) have also been reported. In each of these the presence
K100A and K100E mutations within the putatinéunl of Mg?* and Mrt* ions differentially affected cleavage rates.
catalytic site had the most dramatic effect on cleavage ginqlly, Vipond and Halford (1996) reported that single 191L
activity. The'MunI replacement mutant KlOO.A. exhibited replacement ifEcoRV completely switched its preference
slow growth in the absence of methylase activity and only fom Mg?* to Mn?*,
weakly restricted incoming phage. The KI100E mutant |5 principle, therefore, the observed cleavage deficiency
though, was complet_elylnactlve_ according to all activity tests ot the Munl mutants described might result either from
employed: the strains harboring the gene of the K100E gistortion of the metal binding site or loss of DNA binding
mutant grown in the absence of methylase were unable togpility. |n order to discriminate between these two pos-
restrict phage and had essentially no activiityitro. Thus sibilities, the DNA binding properties of the WWlunl and
in vivo studies, supported byn vitro cleavage assays, ihe mytant variants were studied using the gel shift procedure.
allowed us to conclude that the D83, E98, and K100 residues, analysis of the binding properties of the WMunl indicated
but not the P82 residue, are essential for catalytic activity 15t the shifted bands appeared both when specific and
of the Munl restriction enzyme. nonspecific DNA fragments were used, only under conditions
Interestingly, site-directed mutagenesis of equivalent active when protein was in significant excess (Figure 1a,b). We
site residues from the 90PRQEXK motif of EcoRI estab- believe that the shifted bands (band 2, Figure 1a,b) represent
lished phenotypes similar to those described aboviftian nonspecific complexes of DNA aridunl. Such nonspecific
(Grabowski et al., 1995). Indeed, P90OA replacement in complexes were also observed at high protein concentrations
EcadRl yielded a mutant that was 25 times less active than in studies on thé&coRV (Taylor et al., 1989)Tad (Zebala
the WT enzyme, and the alanine and asparagine replacement& Barany, 1992), ancCfr91 (Siksnys & Pleckaityte, 1993)
at the D91 position oEcdrl were inactive. The E111Q restriction enzymes. The same binding pattern was observed
mutant of EcaRl showed a highly reduced cleavage rate, for the E98Q mutant (data not shown). Interestingly, the
though reports of residual catalytic activity vary (Wolfes et analogous E111Q replacementinadR| yielded a cleavage
al., 1986; Wright et al., 1989). In addition, a number of deficient mutant that exhibited enhanced DNA binding
K113 mutations irEcdRl, have been described which, except properties (Wright et al., 1989).
for the K113R mutant, yielded null phenotypesimuitro In contrast to the WT enzyme, the D83A and E98A
cleavage assays (Grabowski et al., 1995). Thus similarity mutants ofMunl, in the absence of Mg, bound DNA
in impact of mutations inMunl and EcoRlI restriction containing the recognition sequence with high affinity
enzymes is indicative of a similarity in catalytic/metal (Figures 2a and 3a). With noncognate DNA (Figures 2b
binding centers. and 3b) these mutants exhibited only weak binding, similar
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to that of the WTMunl. Since shifted bands at low protein  Baker, T. A., & Luo, L. (1991)Proc. Natl. Acad. Sci. U.S.A. 91
concentration are observed only when the specific DNA Ba?i€15<54§6859%3) Methods in Molecular Bioloav. Vol. 15. PCR
fragment is used (band 3, Flgur_e_s 2a and 3a), we believe Protocols: Current Methods and Applicatiogrgg\/hite, B. A,
that these bands represent specific complexes where E98A gq ) py 277286, Humana Press, Totowa, NJ.
and D83A mutant proteins are bound primarily to recognition Bozic D., Grazulis S., Siksnys V., & Huber R. (1995)Mol. Biol.
sites. 255, 176-186.

Why are Such Complexes not Observed When MHn' |S Cheng, X, Balendiran, K, SChlldkraUt, |, &Anderson, J. E. (1994)
used? The experimental evidence presented above suggesis EMBO J. 13 3927-3935.

. . ? steban, J. E., Soengas, M. S., Salas, M., & Blanco, L. (1994)

that the D83 and E98 residues act as metal ion chelating gijo| Chem. 28931946-31954.
residues irMunl. Presumably, these residues are located at Grabowski, G., Jeltsch, A., Wolfes, H., Maass, G., & Alves, J.
the surface of the protein close to the DNA binding site. In ~ (1995)Gene 157113-118.
the absence of metal ion repulsive constraints between theséloltz, J. K., & Topal, M. D. (1994)). Biol. Chem. 26927286~
.reSIdueS a.nd negatlvely charg_ed phoshate oxygens may We'l(im, Y., Grable, J. C., Love, R., Greene, P. J., & Rosenberg, J. M.
interfere with the formation of tight complexes between DNA " 1990) Science 2491307-1309.
and protein. Replacement of the E98 or D83 residues with Kghler, E., Wende, W., & Pingoud, A. (1993) iStructural
alanine then diminishes electrostatic repulsion and promotes Biology: The State of the A(Sarma, R. H., & Sarma, M. H.,
formation of a tight site-specific complex. However, since  Eds.) pp 217224, Adenine Press, New York.
the metal binding site is distorted by mutagenesis, no KoSréwa, D., & Winkler, F. K. (1995Biochemistry 34683
cleavage of DNA is observed. The increase of binding \ji s & Roberts, R. J. (1993)ucleic Acids Res. 224592464,
affinity with nonspecific DNA observed with the E98A and  Momany, F. A., McGuire, R. F., Burgess, A. W., & Scheraga, H.
D83A mutants (see Figures 2b and 3b) might also be related A. (1975)J. Phys. Chem79, 2361-2381.
to such suppressed repulsive constraints. HomologousNeX"ma”v '\l"-AS&rzel'%%'ZaNTw D%rgege(l_)'_géh Schildkraut, 1., &
mutations inEccRl (Wright et a.ll" 1989) an.EC(.RV (Kphler . Nev?nglg:lv,valv’l., Striélecka)t, E'all't.l,”?)ornser, L. F., .Schildkraut, I, &
et al., 19_9_3) also lead to an mcre_as_ed binding affinity with Aggarwal, A. K. (1995)Science 269656-663.
nonspecific DNA. The characteristics of the E98Q mutant Roberts, R. J., & Macelis, D. (199Rucleic Acids Res. 2248
however, do not fit directly into such a simplified model 262.
since no specific DNA binding is observed, despite the loss Rosenberg, J. M. (199Qurr. Opin. Struct. Biol. 1104-113.

: ; .« Saito, A., Iwasaki, H., Ariyoshi, M., Morikawa, K., & Shingawa,
of the negative charge on the carboxylate residue. This H. (1995)Proc. Natl. Acad. SciU.S.A. 92 7470-7474.

mutation tho_ugh, does not distort the _met_al binding_site Sambrook, J., Fritsch, E. F., & Maniatis, T. (198®olecular
completely since the E98Q mutant maintained a residual Cloning: A Laboratory Manual2nd ed., Cold Spring Harbor
catalytic activity (see discussion above). In this case partial Laboratory Press, Plainview, NY. o

negative charges present on the nitrogen amide group anddelent, U, Ruter, T., Kohler, E., Liedtke, M., Thielking, V., Alves,

the oxygen atoms of the amide moiety (Momany et al., 1975) fi’ggze)lgieoscchhé?n%g}fé’lnggfi’sle’ Peters, F., & Pingoud, A.

may still interfere with tight DNA binding in the absence of  gjksnys; v., & Pleckaityte, M. (199Fur. J. Biochem. 217411—
metal. It seems reasonable, therefore, tha#Mgn binding 419.

might confer the specificity of the E98Q and WNIunl Siksnys, V., Zareckaja, N., Vaisvila, R., Timinskas, A., Stakenas,
enzymes during their transition states, as was previously P Butkus, V., & Janulaitis, A. (19943ene 1421—-8.

s L Siksnys, V., Timinskas, A., Klimasauskas, S., Butkus, V., &
suggested foEcaRV (Thielking et al., 1992). In contrast, Janulaitis. A. (19955Gene 1571-8.

gel shift experiments using the D83A mutant, in the presence gejent, U., Ruter, T., Kohler, E., Liedtke, M., Thielking, V., Alves,
of Mg?* ions, indicated that Mg ions had only a marginal J., Oelgeschlager, T., Wolfes, H., Peters, F., & Pingoud, A.
effect on the binding affinity to specific DNA (data not (1992) Biochemistry 314808-4815.

shown), though Mg ions were necessary to obtain specific Stakenas, P. S., Zaretskaya, N. M., Maneliene, Z. P., Mauricas, M.
binding by the D90A mutant dEcaRV (Selent et al., 1992). g/lé, EX&%%;/ V., & Janulaitis, A. A. (1992Mol. Biol. (Russ.)

It seems therefore, that despite structural similarity active tayior, 3. D., Badcoe, I. G., Clarke, A. R., & Halford, S. E. (1991)
sites of restriction enzymes probably exhibit minor differ- Biochemistry 308743-8753.

ences, that impact on their mechanisms of interaction with Thielking, V., Selent, U., Kohler, E., Landgraf, A., Wolfes, H.,

DNA. Alves, J., & Pingoud, A. (1992Biochemistry 313727-3732.
Vipond, I. B., & Halford, S. E. (1995Biochemistry 341113~
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