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A novel approach to studying the inter- and intrasubunit communication required for the activity of homodimeric proteins is described. It was developed for the
restriction endonuclease EcoRV, but should also be useful for other homodimeric enzymes. Two ecorV genes
encoding different EcoRV mutants are coexpressed in
the same Escherichia coli cell leading to homo- and
heterodimeric variants of the enzyme. The two eco/V
genes carry either a 5' extension coding for the glutathione-S-transferase or a His6-tag. The EcoRV heterodimer produced in vivo is separated from the two
EcoRV homodimers and purified to homogeneity by
affinity chromatography. Purified EcoRV heterodimers
are stable and are not subject to reassortment of the
subunits. To investigate the interdependence of the
two catalytic centers, EcoRV heterodimers consisting
of one subunit with wild type sequence and one subunit with amino acid substitutions in the PD...(D/E)XK
motif, characteristic for the active sites of many restriction endonucleases, were produced. While the
homodimeric EcoRV active site mutants are catalytically inactive, the heterodimeric EcoRV variants with
one active and one inactive catalytic center display a
twofold reduced activity toward oligodeoxynucleotide
substrates compared to the wild type, and preferentially nick supercoiled plasmid DMA. From these results
we conclude that in the wild type enzyme both catalytic centers function independently of each other.
Key words: Affinity chromatography / DMA cleavage /
Protein-nucleic acid interaction / Restriction enzyme /
Site-directed-mutagenesis / Subunit.
Introduction
Many enzymes act as dimers of identical subunits and are
inactive as monomers. In some cases the inactivity of the
monomer is due to the fact that the active site is composed
of amino acid residues from both subunits, in other cases
the active sites of dimeric enzymes are formed by amino
acid residues from one subunit only, but are activated by
subunit association. In either case one would like to know
whether there is an interdependence of the two identical

subunits, in particular with regard to their active sites. This
question can be addressed most precisely by analyzing
the activity of artificial heterodimers with one or a few
amino acid residue substitutions in otherwise identical
subunits. One way to produce artificial heterodimers relies
on reassortment in vitro, using a dissociation-association
strategy (Robey and Schachman, 1985; Wente and
Schachman, 1987; Ward ef a/., 1986; Distefano et a/.,
1990; Pookanjanatavipefa/., 1992; Bradshawand Dunlap
1993;Carrerasef a/., 1994;Ozturkef a/., 1995). This procedure is limited to enzymes which can be dissociated reversibly. To avoid this limitation, heterodimers must be produced
by coexpression of wild type and mutant genes in vivo
(Larimer ef a/., 1987; Distefano et a/., 1990; Green etal.,
1993) or in vitro (Tobias and Kahana, 1993). For a detailed
analysis it is necessary to separate the coexpressed
heterodimeric variants from the parental forms of the enzyme (Deonarain etal., 1992; Eriani etal., 1993; Lin etal.,
1994; Cui etal., 1995). The separation is usually based on
a difference in charge between the homo- and heterodimers, induced by site-directed mutagenesis in one subunit.
We have developed a novel approach to produce artificial heterodimers in vivo and to separate them from homodimers independent of the mutations located in the two
subunits. This new strategy relies on the fusion of different
affinity tags to the two subunits of the dimeric protein.
Heterodimers formed upon coexpression in vivo can thus
be isolated under non-denaturing conditions by two specific affinity chromatography steps.
This approach was chosen to study intersubunit communication of the restriction endonuclease EcoRV, one of
the best characterized restriction enzymes (review:
Roberts and Halford, 1993). EcoRV is a dimer of two identical subunits (d'Arcy ef a/., 1985) which recognizes the palindromic double-stranded DMA sequence -GAT/ATC(Kholmina ef a/., 1980). Under normal conditions both
strands of the DMA are cleaved at the position indicated
(Schildkraut ef a/., 1984) in a concerted reaction (Taylor ef
a/., 1989). According to structure analysis (Winkler et a/.,
1993; Kostrewa and Winkler, 1995), the homodimeric enzyme has one DMA binding site formed by the two subunits and two catalytic centers, one in each subunit. While
it is clear that the two subunits must cooperate in substrate binding, it is not obvious whether they do so for the
catalytic reaction perse. Mutagenesis studies based on
the structural data identified amino acid residues Pro73,
Asp74, Asp90 and Lys92 to be essential for catalysis
(Thielkingefa/., 1991; Selentefa/., 1992). These residues
are part of a sequence motif (PD...(D/E)XK) also present in
other restriction endonucleases (Thielkingefa/., 1991). By

626

W. Wende ei a/.

conventional site-directed mutagenesis of these residues
in EcoRV, which leads to the same amino acid substitution
in both subunits, inactive enzymes are produced (Selent ef
a/., 1992). The question arises whether inactivation of the
catalytic center in only one subunit would influence the
activity of the other subunit. We report here the successful
application of our heterodimer approach to introduce
amino acid substitutions at various positions in the catalytic center of only one EcoRV subunit, and demonstrate
that the two catalytic centers function independently of
each other.

Results
Plasmid System for the Expression of EcoRV
Heterodimers
In order to generate artificial heterodimeric variants of the
restriction endonuclease EcoRV with different amino acid
substitutions in the two subunits, and to allow for a facilitated protein purification of the EcoRV heterodimers, the

ecorV genes of the mutants were fused to the coding region of different affinity tags. For this purpose we used either the plasmids pHisRVK and pGEXRV, which code for
the restriction enzyme with an additional affinity tag of six
histidine residues at the N-terminus, or the glutathione
binding domain of the glutathione-S-transferase. His6tagged EcoRV variants have previously been used to characterize various EcoRV mutants (Stover ef a/., 1993;
Köhler ef a/., 1994; Oswald ef a/., 1994; Wenz ef a/., 1994;
Jeltsch ef a/., 1995; Wenz ef a/., 1996). The affinity tags do
not interfere with the catalytic activity of the EcoRV endonuclease. To generate heterodimeric variants of the
EcoRV restriction enzyme, both plasmids (pHisRVK and
pGEXRV) were transformed into E. coll cells which harbored the plasmid pLBM4422 (Thielking ef a/., 1991), coding
for the EcoRV methyltransferase to protect the cellular
DMA from cleavage. All three plasmids can be maintained
stably in E. coli cells, as pLBM4422 carries the p15A1 replicon and a chloramphenicol resistance gene, and the expression plasmids (pGEXRV and pHisRVK) carry either the
ColE1 replicon and the ß-lactamase gene or a kanamycin
resistance gene (Figure 1). To produce, for example, a he-
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Fig. 1 Schematic Diagram Showing the Two Plasmids Used for the Generation of Artificial EcoRV Heterodimers and Illustrating the
Purification of the EcoRV Heterodimer after Coexpression In Vivo.
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terodimeric mutant of the EcoRV endonuclease which is
only substituted in one subunit, the pGEXRV plasmid
bearing the wild type ecorV gene and the pHisRVK plasmid carrying at mutated gene (e.g. pHisRVK[D90A]) were
transformed into E. coli cells. As the ecorV gene in both
plasmids is under the control of an inducible ptac-promoter, the expression of the two polypeptides could be
simultaneously induced with IPTG.
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to both affinity columns, was eluted from the second column (lane f). As judged by SDS-PAGE and staining with
Coomassie Blue, the preparation of the EcoRV heterodimer was free of contaminating proteins. The yield, on
average, was 1 mg/500 ml culture, somewhat less than
expected if the wild type and mutant polypeptides were
combined randomly. For comparison, the typical yield of
a His6:EcoRV homodimer is 10 mg/500 ml culture.

Purification of EcoRV Heterodimers
To produce heterodimers of EcoRV, E. coli cells were
transformed with the corresponding plasmids and fermented. A schematic diagram of the production and purification of the heterodimers is shown in Figure 1. Upon induction with IPTG, these cells produce the GST:EcoRV[wt]
(Mr = 55000) and the His6:EcoRV[mutant] (Mr = 30000)
monomers (Figure 2, lane a, b). The polypeptides could
associate in three different ways in the cell to give the two
homodimers, (GST:EcoRV[wt])2 and (His6:EcoRV[mutant])2,
as well as the heterodimer (GST:EcoRV[wt]7 His6:EcoRV[mutant]). All EcoRV fusion proteins were found in the
soluble fraction of the cell extracts, the polypeptides
GST:EcoRV[wt] and His6:EcoRV[mutant] were present in
similar amounts (Figure 2, lane c). The soluble fraction was
applied to a Glutathione Sepharose column to separate
E. coli proteins and the (His6:EcoRV[mutant])2 homodimer
from the GST-tagged proteins (lane d). The eluate (lane e)
contained the EcoRV heterodimer and the (GST:EcoRV[wt])2 homodimer, which were then separated by
metal chelate affinity chromatography. Only the heterodimer (GST:EcoRV[wt]/His6:EcoRV[mutant]), which binds
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Fig. 2 Purification of the EcoRV Heterodimer wt/D90A Analyzed by SDS-PAGE.
Total cell protein before (a) and after induction (b); soluble protein
fraction applied to a Glutathione Sepharose column (c); flowthrough (d); eluate of the Glutathione Sepharose column applied
to the metal chelate affinity column (e); eluate of the metal chelate
affinity column containing the purified EcoRV heterodimer wt/D90A (f). The positions of the GST:EcoRV[wt] polypeptide (G) and
the His6:EcoRV[D90A] polypeptide (H) are marked on the right
side. The molecular weights in kilodaltons of a protein standard
mixture are indicated on the left.
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Fig. 3 Stability of the EcoRV Heterodimer wt/D90A Analyzed by
an Electrophoretic Mobility Shift Assay.
In (A), the electrophoretic mobility shift assay was carried out with
a radioactively labeled 382bp DMA fragment (2 nM) with a single
EcoRV site and increasing concentrations of the EcoRV homoand heterodimer (a: without enzyme, b: 10 ΠΜ, c: 20 ΠΜ, d: 60 ΠΜ,
e: 100 ΓΙΜ, f: 200 ΠΜ). The positions of free DNA (F) and the first
band shift (1:1 enzyme/DNA complex) of the His6:EcoRV[D90A]
homodimer (H2), the GST:EcoRV[wt] homodimer (G2) and the
EcoRV heterodimer wt/D90A (HG) are marked. The other nonlabeled bands represent 2:1,3:1,4:1, etc. enzyme/DNA complexes. In (B), the electrophoretic mobility shift assay was carried out
with the 382bp DMA fragment (2 ΠΜ) and a wt/D90A preparation
(50 ΠΜ) which had been incubated for 2 h in cleavage buffer with
pAT153 DMA (350 ΠΜ) at 0 °C (b), 25 °C (c) and 37 °C (d). Lane a
shows the band shift experiment with the D90A homodimer, lane e
free DMA.
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Stability of EcoRV Heterodimers

To demonstrate the homogeneity and the stability of the
heterodimers, an electrophoretic mobility shift assay was
used. A 382bp PCR fragment with a single EcoRV site was
incubated with increasing amounts of either homo- or
heterodimers in the absence of the essential cofactor
Mg2*. For EcoRV, Mg2*-ions are not only essential for catalysis but also for specific binding, thus under the conditions used here, depending on the concentration of
EcoRV, a ladder of multiple shifted bands appear, indicating nonspecific binding of the endonuclease (Taylor et a/.,
1991; Thielking ef al., 1992). Figure 3A shows a representative gel electrophoretic mobility shift experiment with
the homo- and heterodimers of wild-type EcoRV and the
D90A mutant. Due to the different molecular weights and
overall shape of the different EcoRV homo- and heterodimers, the DNA-enzyme complexes have different
electrophoretic mobilities. The DNA-(His6:EcoRV[D90A])2
homodimer complexes (H2 in Figure 3A) have a high electrophoretic mobility, whereas the DNA-(GST:EcoRV)2
homodimer complexes (G2 in Figure 3A) containing two
GST-domains, each with a molecular weight of 26000,
have a much lower electrophoretic mobility. The DNAheterodimer complexes with one His6- and one GST-affinity tag (HG in Figure 3A) display an intermediate mobility.
Thus, all three EcoRV-variants can be clearly distinguished from each other. The analysis indicates that the
preparation of the EcoRV heterodimer does not contain
detectable amounts of the homodimeric proteins, which
means that no exchange of the EcoRV subunits occurred
during purification. Heterodimers proved to be stable
even after storage for one year at - 20 °C or during incubation for several hours under cleavage conditions (Figure 3B).
Activity of EcoRV Heterodimers with Individual
Mutations in the Catalytic Center of One Subunit

We applied the heterodimeric expression system of EcoRV
to study inter-subunit communication of the enzyme, in
particular to find out if a single amino acid exchange in one
catalytic center influences the activity of the other. To this
end, a subunit of an EcoRV mutant with a defective catalytic center was combined with the wild type subunit. The
mutations introduced concerned the amino acid residues
of the PD...(D/E)XK motif found in many restriction enzymes (Thielking etal., 1991) and identified as part of the
catalytic centers of these enzymes (EcoRV, Winkler et al.,
1993;EcoRI,Kimefa/.,1994;Pv ll,Chengefa/.,1994and
with a Glu for Lys substitution also in amHI, Newman
ef al., 1995). The homodimeric EcoRV active site mutants
P73G, D74A, D90A, and K92E were catalytically inactive
or displayed a strongly reduced activity (Selent ef a/.,
1992).
The result of a DMA cleavage experiment with pAT153
DMA and the EcoRV heterodimer wt/D74A is shown in
Figure 4 (the nomenclature for a heterodimer consisting of
one subunit with wild type sequence and one subunit with,
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Fig. 4 Kinetics of Cleavage of 350 ΠΜ pAT153 Plasmid DNA by
the EcoRV Heterodimer wt/D74A (50 ΠΜ).
sc denotes the supercoiled, oc the nicked and li the linear form of
pAT153.
Table 1 Steady-State Parameters for Cleavage of an Eicosadeoxynucleotide by Artificial EcoRV Heterodimers Carrying an
Amino Acid Substitution in the Active Site of One Subunit.

EcoRV
heterodimer

KM
[μΜ]

[min'1]

kcJKi Λ
[min'1 μΜ-']

wt/wt
wt/P73G
wt/D74A
wt/D90A
wt/K92E

0.82
0.24
0.40
0.54
0.86

1.85
0.28
0.35
0.57
0.71

2.26
1.17
0.88
1.06
0.83

/(cat

(1.0)·
(0.52Γ
(0.39)·
(0.47)·
(0.37)'

* Relative to the wild type activity, which refers to the GST:
EcoRV[wt]/His6:EcoRV[wt] enzyme.

for example, an Asp to Ala substitution at position 74 is designated as wt/D74A). In contrast to the wild type enzyme
(wt/wt), which converts the supercoiled plasmid to the
linear form in a concerted manner without the accumulation of a nicked circle intermediate (Taylor ef al., 1989), the
heterodimer with one inactive subunit (wt/D74A) cleaves
pAT153 with a pronounced accumulation of the nicked
circle intermediate (Figure 4). Essentially the same results
were obtained for wt/P73G, wt/D90A and wt/K92E (data
not shown). As reported for the K92E homodimer (Selent
ef al., 1992), the heterodimer wt/K92E can be activated by
Mn2* with the effect that the nicked circle does not accumulate, as the double stranded DNA is cleaved in a concerted manner (data not shown).
Steady-state kinetic parameters were obtained for the
cleavage of a 20mer oligodeoxynucleotide by the heterodimers (Table 1). The catalytic efficiency (kcai/KM) of the
mutated heterodimers is reduced approximately twofold
as compared to the wild type enzyme (wt/wt). This effect
on the phosphodiesterase activity is mainly based on a reduced /ccat value. The KM values of the mutated heterodimers are similar or slightly lower than those observed for
the wt/wt enzyme.
Discussion
Like many proteins, Type II restriction endonucleases are
homodimers, but unique in that they bind one substrate
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molecule, a double-stranded DMA with a palindromic
recognition sequence, and attack it at two positions in a
concerted reaction. These enzymes have a DMA binding
site that is formed by two identical subunits, which are engaged in essentially the same set of interactions with the
symmetric substrate (Winkler ef a/., 1993; Kimefa/., 1994;
Cheng et a/., 1994; Newman etal., 1995). Concerted cleavage of the two strands is achieved by the simultaneous
activation of the two catalytic centers, one in each subunit.
This implies that the two subunits must communicate with
each other via conformational changes to signal that both
subunits have formed all specific contacts to the DNA
target and that the catalytic center is properly assembled
for phosphodiester bond cleavage to occur. A minimum
requirement for a concerted reaction would be that the
formation of specific contacts in the DNA binding site is
signaled to both catalytic centers, or that the two catalytic
centers would communicate with each other upon activation.
The approach we have chosen to analyze intramolecular signal transduction in the restriction endonuclease
EcoRV has been to substitute amino acid residues in the
catalytic center of one subunit and to study the effects of
their substitution on the catalytic process. Two principally
different strategies can be pursued to produce artificial
heterodimers of normally homodimeric proteins. One strategy relies on recombination of denatured homodimers in
vitro, the other on combination of nascent polypeptide
chains in vivo. For both strategies, a procedure to separate
the homodimers from the heterodimers is required. As
EcoRV cannot be denatured and renatured with reasonable yields, we decided to use the in vivo strategy. To allow
for a facilitated and complete separation of the EcoRV
heterodimers from the homodimers and all other E. coli
proteins, independent of the mutations introduced, the
ecorV gene was fused to the coding region of either the
glutathione binding domain of the glutathione-S-transferase or a His6-tag. EcoRV variants with these tags at the
N-terminus show the same catalytic activity as the untagged enzymes (F. Stahl and W. Wende, unpublished)
and were in part already used to study homodimeric
EcoRV mutants (Stover ei a/., 1993; Köhler ef a/., 1994;
Oswald et a/., 1994; Wenz ef a/., 1994; Jeltsch ei a/., 1995;
Wenz ei a/., 1996). The two plasmids, pGEXRV and
pHisRVK, coding for the EcoRV variants contain the same
origin of replication but different antibiotic resistance genes.
Although both plasmids have the same origin of replication, addition of ampicillin and kanamycin to the growth
medium is sufficient for the maintenance of both plasmids
in the same cell during protein expression. This was also
found in other studies (Pookanjanatavipef a/., 1992; Eriani
ef a/., 1993). The advantage of a system with two different
plasmids is the prevention of intramolecular recombination of the constructs (Deonarain ef a/., 1992). As both
plasmids are under the control of a ptac-promotor, the two
polypeptides, GST:EcoRV and His6:EcoRV, were produced with similar efficiencies. The yield of the EcoRV
heterodimer, however, is slightly lower than expected for
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a random assortment of the subunits. This may reflect
the intracellular distribution of the nascent polypeptide
chains. Presumably, there is a greater possibility to combine with a polypeptide of one type (produced by the same
polysome) to form a homodimer, than to associate with the
polypeptide of another type (produced on a different polysome) to form a heterodimer. The resulting EcoRV heterodimer fraction could be separated with high efficiency and
without any reassortment of the subunits during purification. Even after prolonged storage and incubation under
cleavage conditions, reassortment was not observed, as
judged by an electrophoretic mobility shift assay.
With this novel approach we produced four EcoRV
heterodimers, all with a defective catalytic center in one
subunit, due to a mutation at individual positions of the
PD...(D/E)XK motif (Figure 5). The results of the cleavage
experiments with an oligodeoxynucleotide as a substrate
demonstrate that the heterodimeric EcoRV variants have
about 50% of the catalytic efficiency of the wild type enzyme (Table 1). This is to be expected if the two catalytic
centers in the two EcoRV subunits are independent of
each other.

188b

/188a

B
90a

90b

" .
Fig. 5 The Structure of EcoRV in the EcoRVxDNA Complex in
the Presence of Mg2+ (PDB Entry: 1 rvb).
The residues of the PD...D/EXK motif (Pro73, Asp74, Asp90 and
Lys92), which are part of the catalytic center, as well as Asn188
and Thr37, which could serve to couple base and backbone
contacts to catalysis, are high-lighted in (A) and shown in detail
in (B). Residues from the two subunits are denoted by a and b,
respectively. The essential cofactor Mg2+ is represented by a
dotted sphere.
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The decrease in KM (relative to the wild type enzyme)
measured for the heterodimers wt/P73G, wt/D74A and
wt/D90A, which is also observed for the homodimers
D74A and D90A (data not shown), indicates that repulsive
interactions between carboxylates of the enzyme and
the phosphodiester backbone are eliminated (wt/D74A,
wt/D90A), or are less pronounced presumably due to a locally altered conformation (wt/P73G). The homodimeric
EcoRV mutant P73G does not bind substrate DNA and
displays a different Chromatographie behavior than wild
type EcoRV, and is therefore likely to have an altered protein structure (Selent et a/., 1992). Since the wt/P73G
heterodimer behaves as if it had one fully active subunit,
the overall structure must be restored in the wt/P73G
heterodimer, because both subunits are needed for DNA
binding.
In agreement with our suggestion that only one subunit
is active in the EcoRV heterodimers, these variants display
a different mode of cleavage of plasmid DNA. The wild
type enzyme converts the supercoiled DNA to the linear
form in a concerted manner (Taylor et al., 1989) due to the
action of two catalytic centers, one per subunit. In contrast, the mutated EcoRV heterodimers cleave supercoiled DNA with an accumulation of the nicked circle intermediate, because after cleavage of the first strand the
enzyme has to dissociate from the nicked DNA and bind
again in an orientation which allows the catalytically active
subunit to cleave the other intact strand.
In summary, we have shown that amino acid residues
that are of central importance for the catalytic activity of
EcoRV can be replaced in one subunit without affecting
the activity of the other subunit. From this, we conclude
that the two catalytic centers in the wild type enzyme do
not influence each other directly. This does not exclude
inter-subunit communication taking place via amino acid
residues in the vicinity of the catalytic center, for example
via Asn188 or Thr37 (Figure 5).
We are currently using the heterodimer approach to investigate the inter- and intra-subunit communication between base specific interactions and catalysis as well as
the communication between contacts to the phosphodiester backbone of the DNA and catalysis. Preliminary results demonstrate that in heterodimers, defects in one half
of the DNA binding site are transmitted to both catalytic
centers (Stahl ef a/., 1996).

Materials and Methods
Bacterial Strains
All cloning experiments and the overexpression of the EcoRV
variants were carried out in E. coli LK111 ( ) cells (Zabeau and
Stanley, 1982). Prior to transformation with the plasmids harboring the EcoRV genes, cells were transformed with plasmid
pLBM4422 (Thielking ef a/., 1991) carrying the EcoRV methyltransferase gene.

Construction of Expression Vectors
The vector pGEX-2T (Pharmacia) was used for the construction
of the GST fusion protein. An 850bp ßa/nHI fragment harboring
the structural gene of the EcoRV restriction endonuclease was
obtained from the plasmid pRVFOS, a derivative of pRVFOS
(Thielking ef a/., 1991), which carries a ßamHI site at the position
of codon 1 and 2 of the ecorV gene. This fragment was inserted
into the ßamHI site of pGEX-2T to give pGEXRV, encoding the fusion protein GST-EcoRV. The correct orientation of the fragment
was checked by restriction enzyme analysis and verified by sequencing the entire gene.
To prepare the expression vector pHisRV, encoding the His6EcoRV fusion protein, the 850bp ßamHI fragment from pRVFOS
was inserted into the Sph\-BamH\ sites of pUHE25-1 (a variant of
the pDS plasmids, Bujard ef a/., 1987) with an additional SphlßamHI-linker coding for six histidine residues at the 5' end of the
ecorV gene. For stable coexpression of pGEXRV and pHisRV it
was necessary to exchange the ampicillin resistance gene encoded by pHisRV for a kanamycin resistance gene. To this end a
1.3-kb A/rt/l-H/ndlll fragment harboring the gene for neomycin
phosphotransferase, which confers kanamycin resistance (Beck
ef a/., 1982), was excised from the plasmid pREP4 (Qiagen) and
inserted into pHisRV pHisRV was first digested with Nhe\ and Sfyl
and the resulting termini of both fragments were converted to
blunt ends by incubation with Klenow fragment. Finally, to destroy
the reading frame of the ß-lactamase gene, the plasmid was
digested with Pvu\, incubated with Klenow fragment and recircularized to generate pHisRVK.
The generation of the EcoRV mutants used here was described
by Selent ef al. (1992). To express the EcoRV mutants in the
heterodimeric plasmid system, the mutant Pacl-Sa/l ecorV gene
fragment was transferred from pRVFOS to pHisRVK which was digested with the same restriction enzymes. The presence of the
desired mutations, as well as the absence of unwanted mutations
elsewhere in the gene, was confirmed by sequencing both
strands of the entire ecorV gene.
Fermentation and purification of the EcoRV heterodimers
Escherichia coli cells harboring both expression plasmids
(pGexRV, pHisRVK freshly transformed) and the plasmid coding
for the EcoRV methyltransferase (pLBM4422) were grown at
37 °C in 500 ml LB-medium containing 75 g/ml ampicillin,
25 g/ml kanamycin and 20 g/ml chloramphenicol to an absorbance of 1 Aeoo- After induction with 0.5 mM IPTG, the cells
were incubated for an additional 2 h. Cells were harvested and
washed once with STE buffer (10 mM Tris-HCI, pH 8.0, 0.1 mM
EDTA and 0.1 M NaCI). The cell pellet was resuspended in 35 ml
buffer A(30 mM potassium phosphate, pH 7.2,0.5 M EDTA, 0.1 mM
DTE, 0.01 % Lubrol). After sonication (5 x 30 s at 4 °C), Triton
X-100 was added to a final concentration of 1 % and the cell debris was removed by centrifugation. The supernatant was loaded
onto a small column filled with 2 ml Glutathione Sepharose 4B
(Pharmacia) equilibrated with 30 ml buffer A, 1% Triton X-100.
After washing with 50 ml buffer A, 1% Triton X-100 and 50 ml
buffer B (30 mM potassium phosphate, pH 7.2,0.5 M NaCI, 0.1 mM
DTE, 0.01 % Lubrol) the protein was eluted with 5 ml buffer B,
20 mM GSH (freshly dissolved). The eluate was mixed with an
equal volume of buffer C (30 mM potassium phosphate, pH 7.2,
0.5 M NaCI, 15 mM imidazole, 0.1 mM DTE, 0.01 % Lubrol) and applied onto a small column filled with 2 ml Ni-NTA-Agarose
(Qiagen) equilibrated with 30 ml buffer C. After washing with 50 ml
buffer C, the protein was eluted with 5 ml buffer C, 0.5 mM EDTA,
200 mM imidazole. The eluate was dialyzed overnight against
storage buffer [30 mM potassium phosphate, pH 7.2, 0.3 mM
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NaCI, 0.5 ΠΓΙΜ EDTA, 0.1 ΓΠΜ DTE, 0.01 % Lubrol, 77% (v/v) glycerol] and stored at - 20 °C. The purity of the EcoRV heterodimers
was checked by SDS-PAGE.
DNA Cleavage Assay
DMA cleavage assays were performed with the supercoiled plasmid pAT153 (Twigg and Sherratt, 1980) which harbors a single
EcoRV site. 10 μΐ of an appropriate dilution of the EcoRV heterodimer were added to 90 μΐ assay mixture (350 ΠΜ pAT153 in 20 mM
Tris-HCI, pH 7.5, 50 mM NaCI, 10 mM MgCI2) and incubated at
37 °C. 10 μΐ aliquots were withdrawn at various time intervals and
mixed immediately with 5 μΐ stop solution (0.25 M EDTA, 25%
(w/v) sucrose, 1.2% SDS, 0.1% chromotrope FB, 0.1% xylene
cyanole FF, pH 8.0). The reaction products were separated by 1 %
agarose gel electrophoresis in TPE (80 ΓΤΙΜ Trisphosphate, pH 8.0,
2 mM EDTA) and stained with ethidium bromide.
Steady-State Cleavage Experiments
The self-complementary eicosadeoxynucleotide d(GATCGACGATATCGTCGATC) was synthesized with a Milligen Cyclone
DNA synthesizer, purified by denaturing polyacrylamide gel
electrophoresis and labeled at the 5'-end with h-32P]ATP
(Amersham) and T4 polynucleotide kinase (MBI Fermentas).
Cleavage reactions were performed in 20 mM Tris-HCI pH 7.5,
50 mM NaCI, 10 mM MgCI2 using 0.1 - 2 μΜ oligodeoxynucleotide
and started by the addition of 10 ΠΜ - 0.5 μΜ enzyme. After appropriate time intervals, aliquots were withdrawn, spotted onto
DEAE cellulose plates (Macherey & Nagel) and subjected to homochromatography (Brownlee and Sanger, 1969). The separated
spots of products and uncleaved substrates were quantitatively
analyzed using an Instant l mager (Canberra Packard). ForKM and
/ccat determination, the initial velocities were calculated from the
linear part of the progress curves obtained with at least 4 different
substrate concentrations. The KM and /ccat values were obtained
by a best fit to the cleavage data using the computer program
ENZFITTER(Biosoft).
Electrophoretic Mobility Shift Assay
2 ΠΜ of a [32P]-labeled 382bp fragment with a single EcoRV site
(Jeltsch et a/., 1995) was incubated with the EcoRV variants in
binding buffer (50 mM Tris-HCI, pH 7.5,100 mM NaCI, 5 mM EDTA,
10 mM 2-mercaptoethanol, 2 ΓΤΊΜ spermine, 0.1 mg/ml bovine
serum albumin) for at least 15 min at room temperature. 5 μΐ of gel
loading buffer (50% v/v) glycerol, 0.25% chromotrope FB, 0.25%
(w/v) xylene cyanole FF in binding buffer) was added to 20 μΐ of the
binding mixture. Electrophoresis was carried out on 20 x 20 cm
6% polyacrylamide gels at room temperature in TBE buffer
(50 mM Tris-borate, pH 8.0, 1.25 mM EDTA). Radioactive bands
were visualized by autoradiography.
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