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An Isoleucine to Leucine Mutation that Switches the Cofactor Requirement of the
EcoRV Restriction Endonuclease from Magnesium to Manganese

I. Barry Vipond, Byung-Jo Moo#,and Stephen E. Halford*
Department of Biochemistry, Centre for Molecular Recognition,.drsity of Bristol, Bristol BS8 1TD, U.K.
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ABSTRACT. The EcaRV restriction endonuclease cleaves DNA at its recognition sequence more readily
with Mg?* as the cofactor than with M but, at noncognate sequences that differ fromBEheRV site

by one base pair, Mrt gives higher rates than Mg A mutant of EcoRV, in which an isoleucine near

the active site was replaced by leucine, showed the opposite behavior. It had low activity with Mg
but, in the presence of Mh ions, it cleaved the recognition site faster than wild-tgmeRV with either

MnZt or Mg?Z". The mutant was also more specific for the recognition sequence than the native enzyme:
the noncognate DNA cleavages by wild-tyigedRV and Mr#™ were not detected with the mutant. Further
mutagenesis showed that the protein required the same acidic residues at its active site as wildRype

The lle—Leu mutation seems to perturb the configuration of the metal-binding ligands at the active site
so that the protein has virtually no affinity for Mgyet it can still bind M&* ions, though the latter only
occurs when the protein is at the recognition site. This contrasts to wildEggeV, where M+ ions

bind readily to complexes with either cognate and noncognate DNA and orfty $igws the discrimination
between the complexes. The structural perturbation is a specific consequence of leucine in place of
isoleucine, since mutants with valine or alanine were similar to wild-gpeRV.

Divalent metal ions, normally Mg, are essential for both  alters from a value of x 10° with Mg?* to 6 with Mr?*
DNA cleavage by th&cadRV restriction endonuclease atits (Vermote & Halford, 1992). The lack of discrimination with
recognition site, GATATC (Schildkraut et.all984; D’Arcy Mn?* stems from both cognate and noncognate complexes
et al., 1985), and also for the enzyme’s discrimination having high affinities for this ion, but why the noncognate
between this particular sequence and all other sequencegomplex should have so much higher an affinity foravin
(Halford et al, 1993). In the absence of divalent metal ions, qyer Mgt has yet to be explained. The switch from ¥g
EccRV has no catalytic activity though it can still bind 0 to Mn2* also perturbs both the mechanism and specificity

DNA, albeit in a nonspecific manner with no preference for of other restriction enzymes suchEag (Cao et al., 1995).
its recognition site (Taylor et al1991). However, the

complex ofEcaRV and its cognate DNA has a high affinity In the previous paper, Vipond and Halford (1996) ran-
for Mg?*, due to the distortion of the bound DNA creating domly mutagenized the active site region of tHedRV

a metal-binding site between the protein and the DNA endonuclease and selected for null mutants by viability in
(Kostrewa & Winkler, 1995). In contrasEcaRV bound to cells lacking theEcoRV methyltransferase. Several inde-
nonspecific DNA has a low affinity for Mg (Taylor & pendent mutants contained a leucine residue in place of
Halford, 1989): in this case, the lack of distortion leaves isoleucine at position 91: no mutants were recovered where
the DNA too far away from the active site to allow a metal 11€91 had been replaced by any other amino acid. We were
ion to be liganded by both protein and DNA (Winkler et al  surprised that a single amino acid substitution as conservative
1993). The metal ion thus effectively creates the specificity as lle~Leu should have created the null phenotype, par-
of EcaRV for its recognition site by locking the protein onto ticularly as the side chain of lle91 points into the hydrophobic
DNA at this sequence (Thielking et.all992; Vipond &  core of the protein rather than being on the DNprotein
Halford, 1995; Cal & Connolly, 1996). Other metal ions in interface (Winkler et al., 1993; see Figure 1 in the preceding
place of Mg* perturb both the activity and the specificity paper). However, many restriction enzymes possess at their
of ECoRV (Vipond et al., 1995). In the presence of Mn  active sites a conserved sequence, P-D-...(D/E)-X-K, where
EcoRV has a lower reaction ratéf) at its recognition site  y g generally a long-chain aliphatic residue (Anderson,
but a higher rate at noncognate sites, with the result that the1993): lle91 inEcRV corresponds to “X”. The amino acid
ratio of DNA cleavage rates at cognate and noncognate Sitesimmediately before 11e91, Asp90, binds a metal ion at the

. . . active site (Selent et al., 1992; Kostrewa & Winkler, 1995),
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with either Mgt or Mn?* as cofactors, and also its DNA- tion analysis as an initial screen for the desired mutants, and
binding properties. The role of 1le91 in determining the theEcoRV genes were then sequenced in full by the method
organization of the active site oEcoRV was further of Sanger et al. (1977). No alterations other than the desired
characterized by using SDM to substitute 11e91 with Val, mutations were detected.
Ala, or Gly and to introduce secondary mutations inthe 191L  The mutant reading frames were subsequently activated
protein at the residues that bind the catalytic metal ions in by the removal of the stuffer fragment at tRst site and
the wild-type enzyme. overexpressed as described previously (Vermote,etg92).
The mutant proteins were purified from the induced cultures

EXPERIMENTAL PROCEDURES by chromatography on phosphocellulose (Luke gtl&87).

Plasmids. The plasmid pBSKSRV (Vipond & Halford,  The peak fractions were pooled, precipitated by addition of
1996) carries a disabled copy of the gene for BmRV ammonium sulfate to 75% saturation, and stored 4C4
endonuclease (with a 30 bfstuffer” fragment at a unique ~ (Vipond & Halford, 1996). The purity of each mutant
Psit site close to the start of the open reading frame; Vermote protein was assessed by polyacrylamide gel electrophore-
et al., 1992), while pBSKSRX carries an active copy Sis: with the exception of 191G that gave preparations
(generated by usingst to remove the stuffer fragment, ~containing about 50%caRV protein, the single chroma-
followed by recircularization with DNA ligase): in both ~ tography column used here yielded preparations that were
cases, the reading frame f&coRV is linked to thel P_ about 90%EcoRV.
promoter. The plasmids pRV-91L and pRV-QAlare DNA Cleaiage and Binding AssaysRates of DNA
identical to pPBSKSRV and pBSKSRV, respectively, except  cleavage were measured as before (Taylor & Halford, 1989;
that the open reading frame contains one base changeVermote & Halford, 1992; Vipond & Halford, 1996), as was
specifying Leu at position 91 instead of lle: the substitution also the binding ofEcaRV to DNA (Taylor et al., 1991;
was generated by random mutagenesis on pBSKSRV (Vi- Vipond & Halford, 1995). Unless noted otherwise, the
pond & Halford, 1996). reactions were carried out in 50 mM Tris-HCI, pH 7.5, 100

Mutagenesis.The following oligodeoxynucleotides were  mM NaCl, 10 mM BME, 10Q:g of BSA/mL, supplemented
synthesized by L. Hall (this department) on a Millipore with either 10 mM MgC} (to give MG buffer), or 0.5 mM
Expedite system using reagents from Cruachem (Glasgow,MnCl, (MN buffer), or 5.0 mM Cadl (CA buffer), or 2.0

U.K.). mM EDTA (EDTA buffer).
oligo 45: RESULTS
S-TATTATTGGTCTCGAGAATAACATAAATATTGTGCT-3' Mg?*-Dependent Reactions at tRedRV Recognition Site.
ligo 90: The plasmid pAT153 has been used before as a substrate
0l1go =5 for EcoRV (Halford & Goodall, 1988; Taylor & Halford,
5-GTATATGTTGTTTTTAGCGCGATTGCAATTTTTTTA-3 1989) and was also used here to allow for Comparisons
between the rates of DNA cleavage by the wild-type enzyme
oligo 91: and the 191L mutant isolated by Vipond and Halford (1996).
This plasmid is obtained from gecA strain of Escherichia
5-GTATATGTTGTTTTAXCATCAATTGCAATTTTTTT-3' coli as a 3650 bp circle of supercoiled DNA with one copy

of the ECORV recognition sequence. The reaction at the
recognition site converts the supercoiled circle to the full-
length linear form; however, should the enzyme cleave the
two strands of the duplex in separate reactions, the open-
circle form of the DNA will appear as an intermediate prior
to the linear form. The progress of each reaction was
monitored by withdrawing samples from the reaction mixes
at timed intervals, guenching these immediately with EDTA,
and then separating the supercoiled, open-circle, and linear
forms by electrophoresis through agarose: the amounts of
each form of the DNA were measured by scintillation
counting [the DNA had been labeled in vivo by the
incorporation of methyt*H]-thymidine]. For DNA cleavage

by wild-type EcoRV with Mg?" as the cofactor, this assay
was typically used to measure steady-state rates by taking
10 samples at 2 min intervals from reactions that contained
0.5 nM enzyme and 10 nM pAT153: at these enzyme and
substrate concentrations, essentially all of the DNA was
cleaved within 20 min (Halford & Goodall, 1988). The
steady-state rates were invariant across the range of MgCl
concentrations tested,~1.0 mM: the Kp of the complex

for Mg?* is therefore<1 mM (Taylor & Halford, 1989).

1 Abbreviations: bp, base pair(s); BMB:mercaptoethanol: BSA, Similar experiments were carried out in an attempt to
bovine serum albumin; EDTA, ethylenedinitrilotetraacetic ad{g; measure the steady-state rates of DNA cleavage by 191L,

equilibrium dissociation constant; SDM, site-directed mutagenesis.  but, in buffers containing MiJ, the reactions with 0.5 nM

The oligonucleotides match the complementary strand of the
genes for either the 191L mutant &coRV or wild-type
EcdRV at the selected loci except for the underlined bases.
For base X in oligo 91, the synthetic cycle employed equal
amounts of the phosphoramidites for A, G, and C. SDM
on EcARV using these oligonucleotides was by the method
of Taylor et al. (1985) with the mutagenesis kit from
Amersham International. Oligos 45 and 90 were applied to
pRV-91L in order to construct the double mutants,
[91L+E45M and 19114+D90N. Oligo 91 was applied to
pBSKSRYV in order to replace 1le91 in wild-tygecdRV with
either Val, Ala, or Gly in a single mutagenic reaction: the
mutagenized DNA gave rise to a number of transformants,
and examples of each substitution were identified among the
individual colonies. The oligonucleotides also specified
additional base changes that altered the restriction map of
the gene folEcARV without further altering the amino acid
sequence of the protein: oligo 45 created a néva site,
while both oligos 90 and 91 destroyetal site. The DNA

in the individual transformants from each preparation of
mutagenized DNA were first subjected to the above restric-
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20 Table 1: Activities of MutanEcaRV Enzyme3

16 relative activities
T EcaRV protein MG buffer MN buffer
s 12 wild-type 1.0 0.05
= 191L 1.6x 1073 1.9
w 191V 0.26 0.12
x 8 191A 0.25 0.06
o 191G 2.7x 10 1.3x 10
A 191L+E45M 0 3.0x 10

191L+D90N 0 0
@ Rates of DNA cleavage were measured from reactions &C25

that contained 10 nM pAT153, in either MG buffer or MN buffer, with
serial dilutions of eacEcdRV protein as indicated. The reactions were
[MgCl,] (mM) initially carried with a range of concentrations®B€oRV protein, from

Ficure 1: Mg?+-dependence for 191L. For the data points marked 0-1 M to 1.04M, and, where possible, the rates were then evaluated
O, reactions at 25C contained 50 nM I191L protein and 10 nM from reactions containing an appropriate enzyme concentration for DNA
supercoiled pAT153%-labeled) in 50 mM Tris-HCI, pH 7.5, 10 ~ cleavage to be measured on a 1 h time scale. All reaction rates are
mM BME, 100 ug of BSA/mL, and both MgGland NaCl. The given relative toa value pf 1.0 for wild-typEcoRV in MG buffer.
concentration of MgGlis given on thex-axis, and the concentration ~ Relative rates given as 0 indicate that no DNA cleavage was detected
of NaCl was adjusted so that the contribution of both Mg&id with 1.0 uM enzyme, the hlghest enzyme concentration tested. Rates
NaCl to the overall ionic strength of the reaction mixtures was 100 that were reduced from the wild-type level by a factor of 10" would

mM. For the data point markesl, the reaction was the same except have yielded detectable amounts of DNA cleavage al@nzyme.

that it contained 10 mM MgGland 100 mM NacCl. Samples were
removed from the reactions at timed intervals and quenched
immediately with EDTA, and the DNA in each sample was LA B B R B B
subsequently analyzed by electrophoresis through agarose to
separate the supercoiled, open-circle, and linear forms of the DNA.
The amounts of each form were determined by scintillation counting
and a first-order rate constarg) was fitted to the decrease in the
concentration of the supercoiled DNA with time. The values for
ks, Nnormalized against the enzyme concentration to ¢y
values, are given on theaxis: the error bars on each point indicate
the range of values from repeat experiments.

DNA (nM)

mutant enzyme and 10 nM DNA gave only trace amounts
of DNA cleavage even when they were monitored for 4 h.
DNA cleavage by I91L in the presence of Rigcould, ot v
however, be measured under single-turnover conditions with 0 2 4 6 8 10 12 14
the enzyme at a higher concentration than the DNA substrate. Time (min)

Under these conditions, the supercoiled DNA was converted ) . , . .

first to the open-cir_cle forn_1 and ther_1 to th_e linear form (data o':g ucrz)En%éinliégagfgnnﬂolfgiio;rlgtlem na'\rfg QllOTﬂﬁ/lr%T{-'(fgsat(gg%
not shown). As in previous studies with other mutants sypercoiled) in MN buffer containing 10 mM MnCSamples were
(Vermote et al., 1992), the decrease in the concentration ofwithdrawn from the reaction at the indicated times and quenched
the supercoiled substrate with time followed an exponential immediately. The samples were then analyzed by electrophoresis
progress curve defined by a first-order rate constant,he through agarose, and the concentrations of the supercailedigen
values ofk, were normalized against the enzyme concentra- circle (), and linear ) forms of pAT153 were measured. The

' - - error bars on each point indicate the range of values from duplicate
tion, [Eo], to yield a parameteky/[Ec], that is related to the  experiments.

catalytic constant../Km (Taylor & Halford, 1989; Vermote

et al.,, 1992). In contrast to wild-typEcdRV where the EcaRV, the 191L mutant again cleaved pAT153 atfisoRV
reaction rates were invariant with increasing concentrations recognition site, but the rate of this reaction was much faster
of MgCl,, the values okJ[Eg] for 191L increased linearly ~ than that with Mg*. It could now be monitored under

as the concentration of Mgg©livas increased from 1.0 to 10 steady-state conditions with the enzyme at a lower concen-
mM (Figure 1)2 The complex of the 191L protein bound to tration than the plasmid (Figure 2). In the presence ofMn

the ECORV recogpnition site must therefore haveka for ~ |91L converted the supercoiled form of pAT153 directly to
the binding of M@* ions that is>10 mM. In 1.0 mM its linear form: very little of the open-circle form was
MgCl,, the value ofk/[Eq] for the 191L mutant, 1x 10° produced. However, the reaction of 191L with Rn

M-1 s was 3000 times smaller than the valuekgf/K., ge_nerated an initial burst phase prior to the steady-state phase
for wild-type ECORV, 3 x 10/ M~ 5L, However, at 10 (Figure 2). Some of the supercoiled substrate was converted

mM MgCl,, the difference in rates between mutant and wild- :ﬁ Imeatrhp(rjoduct oélltha rateTtr?at was t?o Ifast tg _m?ﬁ_su_r e.t.b3|/
type was about 500-fold (Table 1), e methods used here. The amount cleaved in this initia

Mr2*-Dependent Reactions at tRecRV Recognition Site burst phase was approximately equal to the concentration

Y of the enzyme. The burst phase, together with the lack of
When Mg was replaced by Mit as the cofactor for open-circle intermediates, shows that 191L with ¥Mmust
rapidly cleave both strands of the DNA at tlecoRV
?For these reactions, the concentration of NaCl was adjusted to recognition site to yield the enzyme-bound product and that
maintain a constant ionic strength of 0.1 M from both the Mg#id it P
the NaCl (open circles in Figure 1). In other cases, the reactions ]E.he Irzt_e I|m_|t|r]g stefpr:‘or the QoTpletehreaICtlon (Ijs then the
contained 10 mM MgGland 100 mM NaCl (filled circle in Figure 1 inal dissociation of the protein from the cleaved DNA. In

and also data in Table 1). this respect, the 191L mutant is similar to wild-tygeoRV,
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(Figure 3), compared to its Mé-dependent reactions (Figure
1)2is probably due to its loWr, for pAT153 in the presence

of Mn?*. The wild-type enzyme also showed its maximal
activity at the lowest concentration of Mihtested, but in

this case further increases produced no change in rate. The
latter dependence can be related to a simple binding
equilibrium: the complex of wild-typ&cdRV at its recogni-

_ tion site has a high affinity for Mi ions so that even low

i concentrations of this ion give the maximal rate. However,

i the variation in 191L activity with the concentration of MnCl

v (M/M/min)

0.0 LOEdE==+fbo—cltosd) cannot be correlated to a single binding equilibrium since
0 2 4 6 8 10 low levels of Mr?™ are needed for activity while higher levels
[MnCl,] (mM) are inhibitory.

) _—
Ficure 3: Mn?*-dependence for 191L. For the data points marked The optimal r'ate for.I91L at 0.5 mM Mngl 1.9 mirr*,
O, reactions at 28C contained 0.5 nM 191L protein and 10 nM  Was about 40 times higher than that for wild-tyecRV
supercoiled pAT153%H-labeled) in 50 mM Tris-HCI, pH 7.5, 10 under the same conditions, 0.05 minand it was also double
mM BME, 100ug of BSA/mL, and both MnGland NaCl. The the ko for wild-type EcaRV with Mg?* as the cofactor, 1.0
concentration of MnGlis given on thex-axis, and a concentration  pin—1 (Table 1). For wild-typeEcaRV, C* can support

of NaCl was adjusted so that the contribution of both Mn&id . 2
NaCl to the overall ionic strength of the reaction mixtures was 100 DNA cleavage at a rate in between those from*Mgnd

mM. For the data point marke8l, the reaction was the same except MN?" while other divalent metal ions such as?ZpNiz", or

that it contained 10 mM MnGland 100 mM NaCl. The extent of ~ Ca&t give very low or zero activities (Vipond et al., 1995).
each reaction was measured at timed intervals as described in Figurg\Vhen each of these metal ions was tested with 191L, none
1. Steady-state velocities were measured from the linear decreas%part from MA* gave any significant amount of DNA

with time in the concentration of supercoiled DNA and the s
concomitant increase in the concentration of linearized product. The cleavage (data not shown). The ability of Mrto support

velocities were normalized against the enzyme concentration to give@ high rate Qf DNA C|eaV?ge by 191L is thus a specific effect
the ket Values shown on thg-axis: the error bars on each point  for this particular metal ion.

indicate the range of values from repeat experiments. The data Specificity of DNA Clesage. In addition to one copy of
points markedd show theks, values for wild-typeEccRV atvaried — yha EcoRV recognition sequence, pAT153 contains 16 copies
concentrations of MnGl[data from Vermote and Halford (1992)]. . ' . .
of sequences that differ from the recognition site by one bp,

but the kinetics of the burst phase were much slower with most of which can be cleaved, albeit slowly, by theoRV
the wild-type enzyme (Vermote & Halford, 1992). endonuclease (Halford et.all986). In its reaction on

After the completion of the burst phase, the amount of pAT153, theEcaRV endonuclease cleaves the DNA first at
supercoiled DNA present in the reactions of 191L with®n its recognition site, to convert the supercoiled DNA to a full-
decreased linearly with time (and conversely for the linear- length linear product, and then at the noncognate sites, to
ized DNA product). The reaction velocities rates were convert the full-length linear form to a series of smaller DNA
measured from this zero-order steady-state phase. For wildfragments (Taylor & Halford, 1989). In standard buffers
type EcaRV with Mn?*, the K, for pAT153 is about 1.5  containing M@" ions, the first noncognate site to be cut,
nM (Vermote & Halford, 1992) but the 191L mutant gave GTTATC at position 1734 on pAT153, is cleaved a million
uniform reaction velocities as the concentration of pAT153 times more slowly than the recognition site and the other
was varied from 10 nM down to 0.5 nM, the lowest noncognate sites are cleaved even more slowly (Taylor &
concentration that can used with the methods employed hereHalford, 1992). However, the wild-type enzyme shows a
(data not shown). They, of 191L for pAT153 in the much weaker discrimination against noncognate sites in
presence of M#i must therefore bec0.5 nM. The reaction  buffers containing M#™: the preferred noncognate site on
velocities measured at 10 nM substrate can thus be normalpAT153 is then cut only six times more slowly than the
ized against the enzyme concentration to yikld values, cognate site (Vermote & Halford, 1992). Consequently, in
but the lack of a value foK, precludes estimations fég./ reactions with MA™ under conditions where 10 nM wild-
Km. Consequently, comparisons of the #idependent  type EcoRV is required to convert essentially all of the
activities of wild-type and mutanEccRV proteins (Table  supercoiled form of pAT153 to its full-length linear form,
1) refer to theirk., values. just a 10-fold increase in the enzyme concentration to 100

As with wild-type EcaRV (Luke et al., 1987), 191L nM results in the conversion of the full-length linear form
showed no activity in the absence of divalent metal ions, into smaller fragments (Figure 4).
but its change in activity with increasing concentrations of  In the presence of Mg, the 191L mutant produced no
MnClI, differed markedly from wild-type (Figure 3). From DNA cleavages on pAT153 other than at the recognition site
an activity of zero in the absence of MnCit increased to (data not shown). This was as expected. With?MdO1L
its maximum at the lowest concentration of Ma@sted, has a low activity at the cognate site (Figure 1) and, if its
0.5 mM, but further increases in the concentration oPMn  activity at noncognate sites is appreciably lower than its
then caused a progressive reduction in activity. The decreasecognate activity, it would be too low to detect. In the
in kearas more MnGl was added to the reactions cannot be presence of M#, the I191L mutant again failed to cleave
due to an increase in ionic strength: the reactions were at apAT153 at any sites apart from the recognition site (Figure
constant ionic strength, maintained by adjusting the concen-4): a mutant of pAT153 lacking aBcoRV site (Taylor &
tration of NaCl, even though 191L gave the same rate at 10 Halford, 1989) was not cleaved at all under these conditions
mM MnCl, with either 70 or 100 mM NaCl (Figure 3). The (data not shown). This was not as expected. With?\in
insensitivity of the MAt-dependent reactions of 191L to salt 191L has a higher activity at thEécdRV recognition site than
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WT 191L type behavior seen with 191L, the 191V and I91A enzymes
had similar kinetic properties to wild-typEcoRV. With
0 01 1 10 100 1000 0.1 1 10 100 1000nM either Mg or Mn?* as cofactors, both 191V and 191A had

DNA cleavage activities that were within a factor of 4 of
wild-type EcARV with the same cofactor, and, like the wild-
oc type, they were both more active with Rfgthan with Mr?*+
- - 0 s e el (Table 1). In addition, the activities of both 191V and 191A
— sc were invariant across the ranges of Mg&hd MnC}, tested,
1-10 mM (data not shown), in the same manner as wild-
type EcaRV. The 191G mutant also failed to show the
enhanced activity with Mt that had been seen with 191L,
but this protein exhibited very weak DNA cleavage activities
in both Mgt and Mr?* buffers, several orders of magnitude
less than the wild-type enzyme. However, the role of glycine
at position 91 is difficult to assess: the instability of this
mutant during its purification suggests that its lack of activity
may be due to gross misfolding of the protein.
FicurRe 4: DNA cleavage at noncognate sites. The reactions DNA Binding Studies The gel shift method was used to
contained 10 nM pAT153 in MN buffer with either the wild-type measure DNA binding by the 191L mutant &caRV and
EcaRV endonuclease (in all of the lanes under the heading WT) g|sg the 191V, 191A and 191G mutants. The DNA used in

or the 191L mutant (in all of the lanes marked 191L). The enzyme L . s
concentration (nM) in each reaction is noted above the lane. For the binding studies was the same 381 BpcR|—Hindlll

the left-hand lane marked 0, no enzyme was added. After 1 h at 25fragment from pAT153%P-labeled at its ‘3ends, that had

°C, the reactions were stopped and the DNA was analyzed by been used before for binding studies on wild-typeoRV
electrophoresis through agarose. The electrophoretic mobilities of (Taylor et al, 1991; Thielking et al., 1992). This fragment
the supercoiled, open-circle, and linear forms of pAT153 are marked ~gntains theEcaRYV site from pAT153 and an additional 366
on the right of the gel asg oc, andli, respectively. nonspecific sites, though, for a protein likecoRV that
covers about 15 bp, only 25 or so of these sites can be
occupied on each DNA molecule at any given time (Taylor
et al, 1991). Some binding reactions were carried out in
buffers containing EDTA so that they lacked any divalent
metal ions, while others contained Taa metal that fails

to support DNA cleavage bicaRV (Vipond et al., 1995).

In the absence of metal ions, gel shifts with wild-tyfpeoRV

had revealed a series of DN#Aprotein complexes due to the
er)inding of 1, 2, 3...25 molecules of protein per molecule of
DNA, with each successive association having the same
equilibrium constant as the first binding event (Taylor et al.,
1991). In contrast, binding experiments in the presence of
CaCl had revealed an initial complex due to the protein
binding solely to its recognition site: under these conditions,

Other Substitutions at Position 91In an aftempt t0  the additional binding to nonspecific sites required much
rationalize the effect of the 191L substitutionftoRV, SDM higher protein concentrations than that needed for specific

was used to make three other mutant€£obRV in which binding (Vipond & Halford, 1995). Calcium ions thus
lle91 was replaced by Val, Ala, or Gly. The side chain of zppear to mimic Mg in generating a specific ternary
lle91 is buried in the hydrophobic core of the protein complex containing enzyme, DNA, and metal ions, but the
structure (Winkler et al., 1993), at a position where any polar complex with C&" has no DNA cleavage activity.
residue may well unfold the protein, so all three replacements \yhen the 191L protein was equilibrated with the DNA in
were with nonpolar residues. Since the side chains of lle, {ne absence of divalent metal ions, the same series of
Val, Ala, and Gly decrease progressively in size, the complexes were detected (Figure 5a) that had been observed
perturbations tdEcoRV activity caused by the lleStLeu previously with wild-typeEcaRV (Taylor et al, 1991). The
mutation may be perturbed further, in a progressive manner,|g91| mutant therefore binds to DNA under these conditions
as lle91 is substituted in turn by Val, Ala, and Gly. Aswith i, the same nonspecific manner as wild-typecRV. The
the 191L mutant (Vipond & Halford, 1996), the 191V and  gtrength of this binding was measured from the decrease in
I91A proteins were purified to 90% homogeneity by chro- the amount of free DNA with increasing concentrations of
matography on phosphocellulose in the same manner as wild491_ protein (Figure 5b). The same concentrations of 191L
type EcoRV, but the 191G protein behaved in an aberrant gnqg of wild-typeEcoRV reduced the level of free DNA to
fashion on phosphocellulose and gave preparations that were,a|f of its initial value, so their general binding constants to
only 50% pure (data not shown). all DNA sequences must be similar to each other. Both the
All three mutants were tested for their ability to cleave 191V and I191A mutants gave the same pattern for nonspecific
the EcARV recognition site on pAT153 in reaction buffers binding in the presence of EDTA as that shown for 191L,
containing either MgGlor MnCl, (Table 1). In contrastto  and the concentrations of these two mutants needed to halve
the expectation that Val or Ala at position 91 would give the level of free DNA were again similar to the wild-type
proteins that progressively enhanced the deviation from wild- enzyme (Figure 5b). However, gel shifts with 191G in

wild-type EcaRV (Figure 3) so that, under conditions where
the minimal concentration of wild-typEcoRV needed to
linearize pAT153 was 10 nM, 1 nM I91L was sufficient
(Figure 4). Yet, when the concentration of the I91L protein
was increased 1000-fold, no additional cleavages of the full-
length linear DNA were observed while a 10-fold increase
in the concentration of wild-typEcdRV had been sufficient

to make the additional cleavages at noncognate sites (Figur
4). In the presence of Mn, the ability of the 191L mutant

to discriminate between cognate and noncognate DNA
sequences is therefore much higher than wild-tizpeRV.
Instead, its power of discrimination with Mhmust approach
the level of the wild-type enzyme with Mg.
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FIGURE 5: DNA binding in EDTA. Panel a: the binding reactions FIGURE 6: DNA binding in CaC}. The reactions contained either
contained the 191L mutant dfcaRV at the concentration (nM)  wild-type EcaRV (panel a) or the 191L mutant (panel b) at the
given above lane of the gel and approximately 10 pM DNA (the concentrations given on theaxis and approximately 10 pM DNA
381 bp EcoRI—BanHI fragment from pAT15332P-labeled) in (the 381 bpEcoRI—BanHI fragment from pAT15332P-labeled)
EDTA buffer. The samples were subjected to electrophoresis in CA buffer. The samples were subjected to electrophoresis through
through 6% polyacrylamide in TBE, and the gel was analyzed in 6% polyacrylamide in Tris-borate buffer containing 5 mM CacCl

a Phosphorlmager. Panel b: the Phosphorlmager was used torhe gels were analyzed in a Phosphorimager in order to evaluate
analyze gel shift experiments of the type shown in panel a in order the fractions of the total DNA present as free DN&)( as bound

to evaluate the fraction of the total DNA remaining as free DNA to one molecule oEcoRV protein @, also marked as “specific”),

across a range of concentrationsEfaRV protein. TheEcoRV or as bound to two or more molecules®EoRV protein @, also
proteins used were as follows: wild-tydécaRV, O; the 191L marked as “nonspecific”).

mutant,a; the 191V mutantd; the I91A mutant®; and the 191G

mutant, . enhancement is lower than that for wild-tyfeoRV. In

EDTA failed to reveal any discrete DNAprotein complexes reactions containing Ga and high concentrations of either
though high concentrations of this protein produced a I91L or wild-type EcaRV, binding occurred at additional
reduction in the amount of free DNA and a concomitant nhonspecific sites on the DNA, thus converting the initial
smear of unresolved complexes running behind the free DNA singly-bound species to multiply-bound forms. As in the
(data not shown). The concentration of 191G needed to halveabsence of Cd (Figure 5b), the same concentrations of 191L
the level of free DNA was about 10 times higher than that and wild-typeEcoRV were needed to form these nonspecific
for wild-type EcoRV (Figure 5b). The 191G protein thus complexes (Figure 6). The lower yield of the specific
binds to DNA more weakly than the other mutants, and its complex with I191L can thus be accounted for by a weakened
complexes with DNA are insufficiently stable to remain as Cé&*-dependent binding to the recognition site coupled to
discrete species during electrophoresis. Since the side chaifo change in the subsequent nonspecific binding elsewhere
at position 91 is not in contact with the DNA, the defectin on the DNA, the latter chasing the singly-bound species
nonspecific binding by 191G is consistent with the view that through to the multiply-bound forms.
this mutation causes the protein to misfold. Mutagenesis of the Metal-Binding Sitedhe EcoRV

Gel shift experiments on the binding of 191L to the 381 endonuclease is thought to require two metal ions per active
bp DNA fragment in the presence of €dons revealed a  site in order to catalyse phosphodiester hydrolysis (Kostrewa
single initial complex due to specific binding at the recogni- & Winkler, 1995; Vipond et a| 1995; Baldwin et al., 1995).
tion site (Figure 6), in the same fashion as noted previously One Mg™" (or Mn?*) ion is located between Asp90, Asp74,
with wild-type EcoRV (Vipond & Halford, 1995). As with and the scissile phosphodiester bond (the 90/74 site), but
the wild-type, this C&-dependent complex was not formed the occupancy of this site is insufficient to initiate the
with a DNA fragment lacking theEcdRV site (data not  chemical reaction. The reaction appears to need the binding
shown). However, the minimal concentration of the 191L of a second ion of M (or Mn?") between Asp74 and Glu45
protein needed to form a detectable amount of the specific (the 74/45 site). However, there is a possibility that 191L
complex was higher than that for wild-tyfigeoRV (Figure differs from wild-type ECORV by needing only one metal
6). In addition, at the optimal protein concentrations for ion per active site. This could explain why 191L has its
generating the specific complex, the yield of this complex optimal activity at low concentrations of MnLlnd is
was lower with 191L (Figure 6). Calcium ions thus enhance inhibited by higher concentrations (Figure 3): perhaps the
the affinity of 191L protein for theEcdRV site on DNA so binding of one M#A* ion at low concentrations of Mngl
that it can bind specifically to this site, but the degree of creates the active complex while the binding of a second
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Mn2* jon at high concentrations of Mngldisrupts the

Vipond et al.
191L with Mg*. The lle9t~Leu mutation clearly disables

organization of the active site. To test this idea, secondarythe protein for binding Mg ions. When bound to its

mutations were introduced into the 191L protein by SDM at
either Asp90 or Glu45 in order to perturb each of the two
metal-binding sites in turn. Previous studies on wild-type
EcdRV had shown that the conservative substitution;-&Asp

at position 45, causes a major drop in activity while the
analogous change at position 90, Asplu, has no effect,

recognition site, wild-typeEcoRV has a high affinity for
Mg?*, and likewise for 191V and 191A, but the affinity of
I91L for this metal ion was too low to measure (Figure 1).
This may be the sole reason why the DNA cleavage rates
for 191L with Mg?" are so much lower than wild-type
EcARV. In principle, this idea could be tested by measuring

but that non-conservative substitutions at position 90 have DNA cleavage rates for I91L at ever increasing concentra-
greater effects than those at position 45 (Selent et al., 1992) tions of MgCh: the rates should eventually reach the level
Consequently, in this study, the replacements at positionsof the wild-type enzyme, but this may need a concentration
45 and 90 in 191L were made with amino acids that retained that is 1000 times higher than the maximum used in Figure
the overall size and shape of the wild-type residue but lacked1 (i.e., 10 M MgC}). Consequently, it is impossible to
the carboxylate groups: Glu48Viet and Asp96-Asn. determine whether or not the intrinsic Ktgdependent

The double mutants were purified to 90% homogeneity activity of 191L, at a saturating concentration of Mg(l
by chromatography on phosphocellulose, and serial dilutions differs from wild-type EcoRV. The mutant was also
of these enzymes were then assayed for DNA cleavage'mpa,'r_ed for binding C# ions since it failed to produce the
activity in buffers that contained either Migor Mn?* ions  SPecificEciRV—metal-DNA complex with C&" as readily
as described previously (Vipond & Halford, 1996). The @as wild-typeEcoRV (Figure 6), though its defect in this
191L+E45M double mutant showed no detectable DNA Tespect was less marked than that for®¥binding.
cleavage activity with Mg as the cofactor, while, in the The low affinity of 191L for Mg?" ions can, however,
presence of M#t, trace amounts of DNA cleavage were account forwh)_/ this enzyme produces nicked in;ermedia;es
observed at the highest enzyme concentration tested (Tab@lurmg its reactions while nicked forms are not liberated in

1). The MA-+-dependent activity of the I91tE45M double ~ Wild-type reactions (Halford & Goodall, 1988). In order to

mutant. The 191H-D9ON was completely inactive in both ~ Protein must bind the metal ions before the enzyme dissoci-
Mg?*" and Mr+ buffers: no DNA cleavages were detected ates from the DNA, and this is only likely if the enzyme
at the highest enzyme concentrations tested (Table 1). Thehas @ high affinity for the metal. The nicking activity of

mutations at Glu45 and Asp90 on the 191L protein have 91L with Mg?* accounts in turn for the viability oE. coli
similar effects to mutations at these positions in wild-type Cells that carry the 191L endonuclease but lack HoeRV

EcaRV (Selent et al., 1992). The I191L enzyme thus needs Methyltransferase. The 191L enzyme had been isolated as
the right side chains at positions 45 and 90 as much as the? null mutant ofEcaRV (Vipond & Halford, 1996), but it
wild-type enzyme, presumably because it also needs to bindP0SSesses a low level of DNA cleavage activity rather than
metal ions at both the 90/74 and the 74/45 sites for catalytic Z&r0 activity. However, mutants of ticoR| endonuclease
activity. The 191L mutant and wild-typ&EcoRV seem to with low activities can be maintained in cells that lack the
employ the same chemical mechanism for phosphodiesterECORI methyltransferase provided that the cells have an

hydrolysis. active DNA ligase (Heitman et al., 1989). The survival of
the 191L mutant ofEcoRV without a methyltransferase is
DISCUSSION thus likely to be due to DNA ligase repairing nicks before

any double-strand breaks are made. In cells containing the

Random mutagenesis targeted to the residues that lie closavild-type EcaRV restriction—modification system, the me-
to the active site of thEcoRV endonuclease yielded several thyltransferase protects the cellular DNA at tBeoRV
mutants in which 1le91 had been replaced by Leu (Vipond recognition site, yet the endonuclease still nicks the cellular
& Halford, 1996). The function of lle91 iEcoRV has not DNA at noncognate sites but these are also repaired by DNA
been analyzed previously by mutagenesis. On the basis ofligase (Taylor et al., 1990). In vitro, the 191L protein retains
the crystal structures oEcoRV (Winkler et al, 1993; its high Mr?*-dependent activity in reactions that contain
Kostrewa & Winkler, 1995), there would have been very 20 times the concentration of MgGbver MnCl (data not
little reason to select this residue for an analysis by SDM, shown), so the fact that it was isolated as a null mutant in
and, even if it had been selected, it is unlikely that the chosenvivo shows that the concentration of free Mnin E. coli
mutation would have been HelLeu. In many instances, must be extremely low.
lle—Leu substitutions have no repercussions on the structure 191L with Mre*. Mutants ofBanH| that are more active
or function of the protein (Schulz & Schirmer, 1979; with Mn2" than Mg have been described before (Xu &
Matthews, 1993). lle residues are mainly located in the Schildkraut, 1991) and likewise fécdRV (Vermote et al.,
hydrophobic cores of proteins, at sites that can accommodatel992; Selent et al., 1992). However, all previous mutants
alternate packing arrangements (Sauer & Lim, 1992). In that were more active with Mn than Mg still had Mr?+-
contrast, this lle-Leu substitution irEcdRV has a profound  dependent activities that were inferior (or at best equal) to
effect on the interactions of the protein with metal ions, the wild-type protein with MA" and their Mi3*-dependent
severely reducing its activity with Mg as the cofactor yet  activities were very much lower than the wild-type with
enhancing both its activity and its specificity with K The Mg?*. Similarly, a ribozyme that had no activity when kg
properties of the mutant protein with ¥fnare in many ways  was replaced with Ca has been converted by in vitro
similar to wild-type EcoRV with Mg?" so the mutation  selection into one that can utilize €aions, but the C#-
effectively switchesEcoRV from being a Mg*™-dependent  dependent activity of the mutant was still far below the’t4g
enzyme to one demanding K dependent activities of either mutant or wild-type RNA



Mn?t-DependenEcaRV Biochemistry, Vol. 35, No. 6, 19961719

Ade Ade
Thy Thy

Nle134 Ile134

Ficure 7: 1191 in EcoRV. The stereodiagram shows the location of 1le91 in the crystal structure &dtiRV restriction endonuclease
bound to the duplex form of AAAGATATCTT and to Mg (Kostrewa & Winkler, 1995). Several amino acids in the immediate vicinity
of 1le91 are shown as is also a water molecule (HOH105) and the TpA step in the DNA that is cleaedR. The Mg ion is
depicted as a dotted sphere, and hydrogen bonds are shown by dashed lines. Data were taken from PDB file 1RVB.

(Lehman & Joyce, 1993). In contrast, the lleSteu slower rate for the subsequent dissociation of the product
mutation inEcaRV achieves virtually a complete switch- and thus a lowelk.y (Cao et al., 1995). For wild-type
over in metal ion requirement from Mg to Mn?". An EcadRV, the type of stopped-flow kinetics previously applied

earlier mutant oEcaRV, D9OE, failed to distinguish between to its Mg?*-dependent reaction (Baldwin et al., 1995) has
Mg?t and Mrf* in that it had high activities with both ions  also shown rapid phosphodiester hydrolysis with 2Mn
(Selent et al., 1992), but 191L is completely specific for followed by slow product dissociation (G. S. Baldwin and
Mn?*, The fact that such a switch in the specificity of a S. E. H., manuscript in preparation). The 191L mutant of
protein for a metal ion can be achieved by an—tlesu EcaRV behaves similarly. In the presence of ¥t rapidly
substitution illustrates the power of random genetic methods cleaved both strands of the DNA and its turnover rigg)(
in generating novel specificities for proteins. It is doubtful was subsequently limited by the dissociation of the cleaved
whether the current strategies for the design of metal-binding DNA (Figure 2). Nevertheless, 191L differed from wild-
sites in proteins (Berg, 1993) could have engineered a sitetype in that, instead of cleaving DNA at a uniform rate at
that is as specific for a novel metal ion as the active site of varied concentrations of Mng{Vermote & Halford, 1992),
191L for Mn?*, it had its maximal activity at low concentrations of MiCl

A mutant restriction enzyme that recognizes a novel DNA and was inhibited at higher concentrations (Figure 3). The
sequence would, however, be more useful than one recogniz-decline ink:at high levels of MA" must be due to a reduced
ing a novel metal ion, but this has yet to be achieved (Fisher rate for the slowest step in the reaction pathway, so it seems
et al., 1995). The conversion of a restriction enzyme to a that the binding of MA" ions to 191L can attenuate product
new sequence specificity in vivo demands the parallel release. Since the double mutants, I9H45M and
conversion of the modification methyltransferase to the same [91L+D90N, were virtually inactive (Table 1), the attenu-
sequence (Roberts & Halford, 1993), but the properties of ation cannot come from the binding of ®into either the
[91L suggest a strategy that circumvents the need for a90/74 or the 74/45 sites for metals at the catalytic center of
methyltransferase, inactivity in vivo coupled to high activity EcdRV: these two sites would need to be filled for
under non-physiological conditions in vitro. The 191L phosphodiester hydrolysis, and this is achieved by low
mutant was isolated by its survival in cells lacking EwoRV concentrations of M. However, the crystal structure of
methyltransferase (Vipond & Halford, 1996) so it could in the enzyme-product complex foEcAdRV shows a metal ion
principle be mutated in vivo to recognize a new sequence that is absent from the enzymeubstrate complex, bridging
without destroying the cell. The resultant enzyme would the main chain carbonyl group of GIn69 and thebBosphate
necessarily lack activity in vivo, but it might still possess of the cleaved DNA (Kostrewa & Winkler, 1995). A metal
the high activity of 191L in vitro with M@A*. Perhaps the  at this site could delay the dissociation of the cleaved DNA.
other restriction enzymes that possess the P-D-...-(D/E)-X-K Perhaps this site has a low affinity for ®tin the 191L
motif at their active sites (Anderson, 1993) could be mutated protein but a higher affinity in the native protein, so that the
at residue “X” (lle91 inEcaRV) to become specific for Mt delay with 191L is observed only at high concentrations of
ions. MnCl, while the native protein yields its lokg,with Mn2t

Phosphodiester hydrolysis by tied endonuclease is  at all concentrations of Mn@l Other sites for additional
faster with Mr#* than with Mg+, though M@+ gives a metal ions are located elsewhere in the DNA-binding cleft
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(Jeltsch et al., 1995), and these may also influence the ratethe enzyme-substrate complex without Mg, the main chain
of product dissociation. carbonyl group forms a hydrogen bond to a molecule of
In the presence of M, wild-type EcaRV has similar ~ water (HOH105 in Figure 7), and, upon the addition ofa¥]g
activities against both cognate and noncognate sites on DNAthis water becomes part of the coordination shell around the
(Vermote & Halford, 1992), yet the high activity of 191L ion at the 90/74 site (Kostrewa & Winkler, 1995). The
with Mn2* at theEcaRV recognition site is not accompanied mutation might alter these interactions and thus affect the
by high activity against noncognate sites (Figure 4). The binding of the metal at the 90/74 site in a way that creates
191L protein, like the wild-type, binds to DNA in the absence a binding site for MA* to the exclusion of Mg If so,
of divalent metal ions without any discernible preference for Leu at position 91 would have to disturb the path of the
the recognition site (Figure 5), so it must generate its peptide backbone differently from either Val or Ala at this
specificity for DNA cleavage at the recognition site upon position. We have attempted to model the perturbation in

the binding of Mi&* to the enzyme DNA complex. For
wild-type EcoRV, the ligands that coordinate Migappear

structure due to these mutations by energy minimization, but
the variations in backbone conformation from the wild-type

to possess the correct octahedral geometry only in the specificstructure caused by Leu, Val, or Ala at position 91 were

complex when the protein is at the recognition site. The

similar to each other and were very small, typically 0.2 A,

nonspecific complex lacks this precise geometry, but, becausehough Gly at position 91 gave a larger displacement

the coordination complexes for Mh are generally more
stable than those for Mg, Mn?* can perhaps tolerate the
nonideal geometry in this complex (Winkler et al., 1993).
Many other enzymes involved in DNA metabolism catalyze
noncognate reactions better with Rnthan with Mg+t
(Tabor & Richardson, 1989; Baker et al., 1991; Shah et al.,
1994), and these might also be due to 2Mriolerating
nonideal coordination geometries. However, the ability of
91L to discriminate accurately between cognate and non-
cognate DNA sequences in the presence ofMimows that
Mn2* can be just as fastidious as Rtgabout binding to a
particular coordination geometry. Even though Mran
bind readily to both specific and nonspecific complexes with
wild-type EcaRV, the protein framework in 191L creates a
binding site for Mi&* only in the specific complex.

Correlation to Structure In the crystal structure of wild-
type EcoRV bound to its recognition sequence (Kostrewa
& Winkler, 1995), 1le91 is located on the proteiDNA
interface but its side chain points away from the DNA and
into the hydrophobic core of the protein (Figure 7). The
perturbation td&=coRV activity caused by the 191L mutation
is uniquely due to Leu at position 91. When this site was
occupied by either Val or Ala, the proteins were similar to
wild-type EcaRV (Table 1, Figure 5) while Gly at position
91 appeared to misfold the protéinThe unique feature of
Leu is that its side chain is branched at thefg@sition while
both lle and Val are branched ag@nd Ala is unbranched.
The effects of Leu at position 91 are thus likely to be due to
the methyl group on € instead of @. Given the role of
hydration effects on DNA recognition by restriction enzymes
(Robinson & Sligar, 1995), one possibility would have been
that this mutation alters the hydrophobicity of the surface
of the protein facing the DNA. However, this is unlikely
because both theCand C/ loci in 1le91 are in hydrophobic
environments away from the interface (Kostrewa & Winkler,
1995).

Another possible explanation of the phenotype of 191L
involves the peptidyl amino and carbonyl groups on lle91.
The main chain amino group forms a hydrogen bond to the

carboxylate in the side chain of Asp74 in both the presence

and absence of Mg ions (Kostrewa & Winkler, 1995). In

3 The packing of the hydrophobic core may be unable to adjust to a
change in the size of the side chain at position 91 as large-a<lie
However, since the core can accommodate-Kéa perfectly well, an
alternative explanation for misfolding by Gly could be the propensity
of this residue to take up unususly angles (Schulz & Schirmer, 1979).

(calculations not shown).

The switch from lle to Leu will, however, alter the packing
of the side chain against its immediate neighbors in the
structure, in particular the methylene groups in the side chain
of Glu45 which wrap around thefOmethyl group on lle91
(Figure 7). Leu at position 91 will perturb the configuration
of Glu45, while Val or Ala might retain the wild-type
configuration. Glu45 is not coordinated to the metal ion in
the structure oEcoRV bound to its recognition site in the
presence of Mg, but it is coordinated to a metal in the
enzyme-product complex (Kostrewa & Winkler, 1995). For
its catalytic reaction, thEcdRV endonuclease may need to
bind one metal ion between Asp90 and Asp74 (as shown in
Figure 7) and another between Asp74 and Glu45 (Vipond
et al., 1995; Baldwin et al., 1995). Thus the most likely
explanation for the phenotype of 191L is that the mutation
alters the position of Glu45 so that the distance and/or angle
between the carboxylate groups of Glu45 and Asp74 become
inappropriate for the coordination of Migbut are now ideal
for the coordination of MfT", at least in the specific complex
of 191L bound to its recognition site. This view is supported
by preliminary crystallographic studies on 191L: the addition
of Mn?* to the cocrystals of wild-typ&coRV bound to its
recognition sequence leads to the binding of the metal ion
only at the 90/74 site (Kostrewa & Winkler, 1995) while
the same addition to cocrystals with 191L results in3Wn
binding to both the 90/74 and the 74/45 sites (F. K. Winkler,
personal communication). In the nonspecific complex for
191L, this distance is presumably inappropriate foraVim
the same way that the nonspecific complex for wild-type
EcaRV lacks the ability to bind Mg" ions.

The 191L mutant thus illustrates how thiecdRV endo-
nuclease manages to cleave DNA specifically at its recogni-
tion sequence. It produces the correct coordination shells
for the metal ions only when bound to its recognition site
even though the metals in question can be eithef'Mar
the wild-type enzyme or Mt for 191L.
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