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ABSTRACT: Guided by the X-ray structure analysis of a crystalline EcoRV-d(GGGATATCCC) complex 
(Winkler, in preparation), we have begun to identify functionally important amino acid residues of EcoRV. 
We show here that Asn70, Asp74, Ser183, Asn185, Thr186, and Asn188 are most likely involved in the 
binding and/or cleavage of the DNA, because their conservative substitution leads to mutants of no or strongly 
reduced activity. In addition, C-terminal amino acid residues of EcoRV seem to be important for its activity, 
since their deletion inactivates the enzyme. Following the identification of three functionally important 
regions, we have inspected the sequences of other restriction and modification enzymes for homologous regions. 
It was found that two restriction enzymes that recognize similar sequences as EcoRV (DpnII and HincII), 
as well as two modification enzymes (M-DpnII and, in a less apparent form, M-EcoRV), have the sequence 
motif -SerGlyXXXAsnIleXSer- in common, which in EcoRV contains the essential Ser 183 and Am188 
residues. Furthermore, the C-terminal region, shown to be essential for EcoRV, is highly homologous to 
a similar region in the restriction endonuclease SmaI. On the basis of these findings we propose that these 
restriction enzymes and to a certain extent also some of their corresponding modification enzymes interact 
with DNA in a similar manner. 

T y p e  I1 restriction endonucleases catalyze the site-specific 
cleavage of double-stranded DNA [reviews: Modrich and 
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Roberts (1982), Malcolm and Snousnou (1987), Bennett and 
Halford (1989), and Pingoud et al. (1990)]. Over 1200 dif- 
ferent restriction enzymes have been discovered in a wide 
variety of prokaryotes (Roberts, 1990), among them many 
isoschizomers which recognize the same DNA sequence. 
Altogether, about 130 different specificities have been de- 
scribed. 

EcoRV is one of the best characterized restriction enzymes 
[review: Luke et al. (1987)l. Its sequence is known (Bou- 
gueleret et al., 1984). It has been purified to homogeneity 
(d'Arcy et al., 1985) from an overproducing strain (Bou- 
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gueleret et al., 1985) and characterized biochemically (Kuzmin 
et al., 1984). It is a dimer of two identical subunits (d’Arcy 
et al., 1985) which recognizes the double-stranded DNA se- 
quence -GAT/ATC- (Kholmina et al., 1980) and cleaves 
DNA as indicated (Schildkraut et al., 1984) with very high 
specificity in the presence of Mg2+. Substrates with sites 
differing in only one base pair from the canonical sequence 
(Luke et al., 1987) and most substrates with a single mismatch 
in the canonical site (Alves and Pingoud, unpublished results) 
are cleaved several orders of magnitude more slowly. Se- 
quences flanking the recognition site have an influence on the 
rate of cleavage as well as on the mechanism of the reaction, 
i.e., whether both strands are cleaved in a single binding event 
or not (Taylor and Halford, personal communication). It is 
of great importance to investigate what makes the recognition 
process so precise. This question must be addressed both by 
studying the structural elements of the DNA needed for 
recognition as well as by identifying the amino acid residues 
of the protein involved in DNA contacts. Some of the 
structural elements of the DNA important for recognition have 
been identified by introducing chemical modifications into the 
DNA substrate and analyzing their effect on the rate of 
cleavage by EcoRV (Fliess et al., 1986, 1988; Mazzarelli et 
al., 1989; Newman et al., 1990a,b; Cosstick et al., 1990). More 
recently, site-directed mutagenesis studies have been initiated 
to identify amino acid residues essential for recognition and 
for catalysis. These studies have been guided by preliminary 
results of the X-ray structure analysis of crystals of EcoRV 
and EcoRV-DNA complexes (Winkler, in preparation), the 
coordinates of which have been deposited with the Protein Data 
Bank (Brookhaven National Laboratories). 

We describe here the genetic engineering of several EcoRV 
mutants, their isolation, and their characterization with respect 
to DNA cleavage activity. This work was carried out to 
identify regions important for the function of EcoRV; it will 
be followed by a detailed characterization of the individual 
mutants in both structural and functional terms. The results 
obtained so far demonstrate that regions of the protein im- 
plicated by the X-ray structure analysis to be located in close 
proximity to the DNA are essential for the function of EcoRV. 
We show, furthermore, that these regions have counterparts 
in some other restriction and modification enzymes, in as much 
as sequence motifs within these regions can be found in the 
sequences of DpnII, EcoRI, HincII, and SmaI, as well as in 
M-DpnII and, in a less obvious form, also in MoEcoRV. 

EXPERIMENTAL PROCEDURES 
Bacterial Strains and Plasmid Vectors. The following 

Escherichia coli strains were used: the repair-deficient 
WK6mutS( A) for transformation of DNA after gapped-duplex 
mutagenesis (Kramer et al., 1984), LK1 ll(X) for propagation 
of DNA after cassette mutagenesis, and TGE900 for over- 
expression of mutant proteins. These strains produce the wild 
type [WKbmutS(X), LK11 l(X)] or a thermosensitive 
(TGE900) bacteriophage X repressor and, encoded by the 
plasmid pLBM4422, the EcoRV methylase. Plasmid 
pLBM4422 is the 4422 bp BglIIBamHI fragment of pLBM 
(Bougueleret et al., 1985) that carries the EcoRV methylase 
and a chloramphenicol resistance gene. For mutagenesis, 
sequencing and overexpression of EcoRV proteins, the plasmid 
pRVF03 and its derivatives were used. pRVF03 carries the 
EcoRV gene under control of the bacteriophage X pL-promoter, 
allowing the induction of overexpression in TGE900 by a 
temperature shift from 30 to 42 “C. It is derived from the 
plasmid pRIF309+ (Wolfes et al., 1986) and contains the 
EcoRV gene instead of the EcoRI gene. 
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FIGURE 1 : Schematic illustration of cassette mutagenesis with 
pRVF04. The top part of the figure shows the map of pRVF04. For 
the purpose of cassette mutagenesis, the plasmid was cleaved in the 
EcoRV gene with BglII and CluI. After removal of the small 
fragment, a synthetic double-stranded oligodeoxynucleotide (%assette”) 
carrying the mutation was ligated with the large fragment (“plasmid 
frame”), thereby restoring the gene and the circular plasmid. 

Mutagenesis and Sequencing. The pRVF03 derivative 
pRVF04 was used for cassette mutagenesis of amino acids 
183-190. It contains a single BglII site at codon 178 in the 
EcoRV gene and a single ClaI site at codon 190. Both these 
sites were used for the preparation of the mutagenesis frame 
for cassette mutagenesis. In order to prevent dam methylation 
of the CZaI site, the codon GGA for Gly 190, which is part 
of the site (GGATCGAT), had to be changed by site-directed 
mutagenesis according to the gapped-duplex protocol. We 
chose GCA, resulting in the EcoRV mutant G190A. This 
mutation was reversed to wild type in the course of cassette 
mutagenesis (Figure 1). Details of the mutagenesis following 
the gapped-duplex protocol have been described by Geiger et 
al. (1989). 

For cassette mutagenesis, typically 0.2 pmol of double- 
stranded oligodeoxynucleotide was mixed with 0.06 pmol of 
plasmid frame and ligated overnight at 14 “C in a total volume 
of 20 pL of ligation buffer (66 mM Tris-HC1, pH 7.5, 5 mM 
MgC12, 1 mM DTE, 1 mM ATP, and 1 unit of T4 DNA 
ligase). The ligation mixture was then transformed into 
competent LK1 ll(X) cells containing the plasmid pLBM4422. 
Cells were plated on LB agar with the appropriate antibiotics. 
Screening for positive clones was carried out first by restriction 
analysis with ClaI (positive clones had a methylated ClaI site 
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and could therefore not be cleaved by this enzyme), and then 
by sequencing (Geiger et al., 1989). All synthetic oligo- 
deoxynucleotides used for site-directed mutagenesis were 
synthesized on a Milligen Cyclone DNA synthesizer and pu- 
rified as described by Wolfes et al. (1986). 

Fermentation. TGE900 cells were grown in L-broth con- 
taining 100 pg/mL ampicillin and 30 pg/mL chloramphenicol 
to an optical density of 2 Am,,, (1 cm) at 30 OC. The culture 
flasks were then transferred to 42 OC and incubated for an- 
other 2 h. Cells were harvested by centrifugation and washed 
once with ice-cold STE buffer (10 mM Tris-HC1, pH 8.0, 0.1 
mM EDTA, and 0.1 M NaCl). 

Purification of EcoRV Mutants. Cell pellets were resus- 
pended in an equal volume of freshly prepared lysis buffer (25 
mM sucrose, 10 mM Tris-HCI, pH 7.8, and 0.75 mg/mL 
lysozyme) and incubated on ice for 10 min. After addition 
of 2 volumes of buffer A (30 mM potassium phosphate, pH 
7.2, 0.5 mM EDTA, 0.1 mM DTE, 0.1% Lubrol, and 0.1 M 
NaCI), the incubation was continued for another 10 min. 
After removal of cell debris by centrifugation, the supernatant 
was mixed with half a volume of a phosphocellulose suspension 
in buffer A. The suspension was kept on ice for 5 min to allow 
binding of the enzyme to the phosphocellulose material. After 
centrifugation the phosphocellulose was washed three times 
with buffer A. The protein was eluted with three volumes of 
buffer B (buffer A containing 0.5 M NaCl instead of 0.1 M). 
This procedure which can be carried out in parallel with several 
mutants within 2 h yields a protein preparation which contains 
at least 30% EcoRV and is free of nonspecific nucleases. The 
mutants T186S, N188A, N188Q, G190A, and the deletion 
mutant Del 183-188 were purified to homogeneity as judged 
by SDS-PAGE. For this purpose an additional chromato- 
graphic step, consisting of adsorption of appropriately diluted 
material from the ion-exchange chromatography step to Blue 
Sepharose CL-6B (Luke et al., 1987) and elution with a 
0.15-1.7 M NaCl gradient, was included into the purification 
scheme. 

Bacteriophage X DNA Cleavage Assay. To measure the 
catalytic activity of EcoRV mutants in cleaving X DNA, ap- 
propriate dilutions were mixed with assay buffer (0.5 p g  of 
bacteriophage X DNA in 10 mM Tris-HC1, pH 7.5, 10 mM 
MgC12, and 50 mM NaCl, final volume 15 pL). Samples were 
incubated at 37 OC for 15 min and mixed with 5 pL of agarose 
gel loading buffer: reaction products were separated by agarose 
gel electrophoresis and stained with ethidium bromide. 

Sequence Comparisons, Secondary Structure Prediction, 
and Hydrophobicity Plots. Sequence comparisons were in part 
carried out by using the computer program MOTIF developed 
by Smith et al. (1990) for rapidly finding patterns of conserved 
amino acid residues in a group of related proteins. Alignments 
of pairs of sequences were done by using the computer program 
BESTFIT based on the algorithm of Smith and Waterman 
(1981) from the Heidelberg Unix Sequence Analysis Re- 
sources (HUSAR) program package. Secondary structure 
predictions describing the propensity of a polypeptide sequence 
to adopt an a-helix, @-sheet, or nonperiodic structure were 
made according to the rules established by Chou and Fasman 
(1 978). Hydrophobicity plots displaying the distribution of 
polar and apolar residues along a given sequence were con- 
structed according to Kyte and Doolittle (1982) with a window 
of five residues. 

RESULTS AND DISCUSSION 
According to the X-ray structure analysis of the EcoRV- 

d(GGGATATCCC) complex, a loop comprising amino acids 
180-190 is in close contact with the major groove of the DNA 

Thielking et al. 

Table I: Activity of EcoRV Mutants in Cleaving Bacteriophage X 
DNA” 

mutant activity mutant activity 
N70Q <wt T187S =wt 

T187N =wt D74E <<wt 
N188A <wt 
N188Q <<wt 
N188T <<wt 
N188D none 
G 190A -wt 

S183A <<wt 
S183T <<wt 
S183I none 
N185D <<wt 
N185A none 
N185Q none Del 183-1 88 nonspecific 

phosphodiesterase T186S none 
T186N none Del 216-245 none 

“The relative magnitude is indicated bv =wt (within a factor of 10 
as active as the wild&pe EcoRV), <wt (within a’factor of 10-100 less 
active than wild-type EcoRV), <<wt (within a factor of 100-1000 less 
active than wild-type EcoRV), or none (no detectable cleavage). 

(Winkler, in preparation). On the basis of the preliminary 
assignments of contacts between this protein segment and the 
DNA bases, we have begun to investigate by site-directed 
mutagenesis the contributions of individual amino acid residues 
within this loop for the catalytic activity of EcoRV. For this 
purpose, we have first introduced two unique restriction sites 
into the EcoRV gene, viz., a BglII site by changing codon 180 
from TTG to CTG and a ClaI site by changing codon 190 
from GGT to GCA and codon 191 from AGC to TCG. While 
the first and the last mutations are silent, the second mutation 
leads to a replacement of Gly by Ala. The two new restriction 
sites define a cassette of 39 base pairs which has been replaced 
by synthetic double-stranded oligodeoxynucleotides for the 
purpose of introducing various mutations between codons 180 
and 190. The oligodeoxynucleotides were designed such that 
during the process of cassette mutagenesis the mutation 
Gly190 to Ala was reversed and the CIaI site converted to a 
dam methyltransferase sensitive sequence. The absence of a 
cleavable ClaI site allowed a simple screening procedure for 
positive clones by restriction analysis. Mutations were con- 
firmed by sequencing which was extended over the entire 
coding region of the gene to verify that no mutations other 
than the desired one(s) had occurred. Isolation of EcoRV 
mutants was carried out by using phosphocellulose chroma- 
tography, which yields protein preparations sufficiently pure 
(at least 30%) for a semiquantitative analysis of the activity 
of these mutants. Some mutants (T186S, N188A, N188Q, 
G190A, Del 183-188) were purified to homogeneity by an 
additional chromatographic step using Blue Sepharose CL-6B. 
The specificity and activity of the mutants were analyzed in 
cleavage experiments with bacteriophage X DNA. The results 
are given in Table I. They demonstrate that Ser183, Asn185, 
Thr186, and, to a lesser extent, also Asn188 (Figure 2) are 
essential for the function of EcoRV, since their substitution 
by similar amino acids leads to an inactive or a much less active 
enzyme. The substitution of Ser183 by Ala and Thr leads to 
a decrease in activity by 2-3 orders of magnitude. Presumably, 
the hydroxyl function of Ser is needed, but there is no space 
for an extra CH3 group. A large hydrophobic amino acid 
residue as supplied by Ile in the SI 831 mutant leads to a totally 
inactive enzyme, most likely because it lacks the functional 
group and disrupts the local structure due to its size and 
hydrophobic nature. Asn185, which has a hydrogen bond 
acceptor as well as a donor function, cannot be replaced by 
the smaller Ala which lacks the CONH2 group without com- 
plete loss of activity, nor by the larger Gln. A very low activity 
is observed after substitution by the nearly isosteric Asp which 
could supply a hydrogen bond acceptor function, not, however, 
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FIGURE 2: Bacteriophage X D N A  cleavage assay: 2.5 pg of bac- 
teriophage X D N A  was incubated in 75 pL of cleavage buffer (20 
mM Tris-HCI, pH 7.5, lO mM MgCI2, and 50 mM NaCI) at 37 OC 
with the EcoRV mutant N188A or the wild-type enzyme. After 2, 
4 , 6 ,  8, 10, 15, and 20 min aliquots were withdrawn and the reaction 
was stopped by mixing with agarose gel loading buffer. The enzyme 
concentration in the reaction mixtures was 330 nM N188A or 6.7 
nM wild-type EcoRV, respectively. Left half: N188A. Right half: 
Wild-type EcoRV. This experiment demonstrates that the N188A 
mutant has an approximately 50-fold lower specific activity than 
wild- type EcoRV. 

the donor function when it is ionized. Thr186 seems to fulfil 
a very delicate role; its substitution by Ser, which is slightly 
smaller but has the same functional group, or by Asn, which 
is of similar size and polarity, but different shape and func- 
tionality, renders the enzyme totally inactive. Asnl88 seems 
to be as important for the catalytic activity of EcoRV as 
Asn185 but shows a different sensitivity toward different amino 
acid substitutions, indicating that it has a different role; it is 
noteworthy that the substitution by Ala is not as deleterious 
as the same substitution in position 185. This may indicate 
that in position 188 the hydrogen-bonding capacity of Asn is 
not needed. The inactivity of the N185A and the reduced 
activity of the N188A mutant in cleaving DNA were also 
demonstrated by Halford and co-workers (Vermote and 
Halford, personal communication). The identification of 
Gly184 to be essential for the activity of EcoRV is based on 
our finding that several double mutants involving positions 184 
and 187, which arose spontaneously during mutagenesis ex- 
periments at position 187, were inactive (data not shown). 
Since Thr187 can be replaced by other polar amino acids 
without effect on cleavage activity, it is very likely that the 
substitution of Gly by other amino acids is responsible for the 
defect. The replacement of the same amino acid in various 
positions of this region has different effects, viz., Gly in pos- 
itions 184 (essential) and 190 (nonessential) and Thr in pos- 
itions 186 (essential) and 187 (nonessential). This means that 
only some of the functional groups within this region are 
needed for recognition. As expected on the basis of the results 
obtained with the single-site mutants, the complete deletion 
of amino acids 183-188 leads to a mutant that exhibits a weak 
nonspecific phosphodiesterase activity, presumably because 
of an uncoupling of recognition and catalysis. This fact may 
be correlated with the finding that this mutant is defective in 
dimerization as shown by gel filtration experiments (data not 
shown). 

The structure of the EcoRV-d(GGGATATCCC) complex 
also shows that Am70 contacts the DNA in the minor groove 
(Winkler, in preparation). We have exchanged this residue 
by site-directed mutagenesis using the gapped-duplex protocol. 
In accordance with the presumed specific function of this 
residue, the N70Q mutant is by a factor of 100 less active than 

wild-type EcoRV (Table I). A residue nearby, Asp74, which 
because of its negative charge might be involved in Mg2+ 
binding and/or catalysis by abstracting a proton from a water 
molecule, was substituted by Glu; this substitution leads to 
an almost inactive enzyme (Table I). Both these substitutions 
are conservative ones; the effects observed, therefore, argue 
for a specific role of these amino acid residues, which cannot 
be fulfilled by a larger amino acid residue with the same 
functional group. 

EcoRV presumably makes contacts to the DNA backbone 
in regions outside of the recognition sequence (Luke et al., 
1987). These may serve to bind the substrate more firmly and 
presumably are nonspecific. In EcoRV, such contacts are 
formed by some amino acid residues of segment 221-226 
which is near the C-terminus (Winkler, in preparation). Our 
mutagenesis data show that a deletion mutant of EcoRV, Del 
216-245, is inactive (Table I). We are currently engaged in 
narrowing down the essential parts of this region by producing 
a series of mutants with short truncations at the C-terminal 
end of EcoRV. 

In general, type I1 restriction enzymes do not share extended 
stretches of homology. There are a few exceptions regarding 
several pairs of isoschizomers, as became apparent during the 
2nd New England Biolabs Workshop on Biological DNA 
Modification (Berlin, Sept 2-7, 1990). As in the previously 
published case of EcoRI and RsrI (Greene et al., 1981; 
Newman et al., 1981; Greene et al., 1988: Aiken & Gumport, 
1988; Stephenson et al., 1989), these pronounced homologies 
are of obvious significance and indicate that these enzymes 
are evolutionary closely related. Very short stretches of 
homology have been detected before between BsuRI, EcoRI, 
EcoRV, and PaeR7 (Lauster, 1989). The significance of this 
weak homology among restriction enzymes that recognize 
different sequences and have a dissimilar mode of cleavage 
by producing either blunt or sticky ends is not clear at present, 
because it cannot be correlated as yet with a particular com- 
mon function, such as DNA recognition, Mg2+ binding, or 
nucleolytic activity. We have wondered whether other, not 
readily apparent homologies can be detected among restriction 
enzymes that recognize similar sequences or have a similar 
mode of cleavage. Such weak homologies, not necessarily 
significant by themselves, may become meaningful when 
considered in the light of a known structure or function. 
Accordingly, we have analyzed the sequences of other re- 
striction enzymes for homologies with those regions in EcoRV 
that have been identified to be important for the function of 
this enzyme by our site-directed mutagenesis studies. 

We have detected such a homology with DpnII, EcoRV, and 
HincII which show no overall sequence homology. These 
enzymes not only are of similar size, their subunit molecular 
weights being around 30K, but also have recognition sequences 
with similar base composition which are cleaved to give blunt 
ends. Among the more than 20 restriction enzymes whose 
sequences are known these are the only ones that cleave DNA 
within a sequence G--/--C or G-/-C (the dashes represent 
adenine or thymidine residues) and produce blunt ends. Our 
sequence comparison shows that one short region of homology 
is shared by four of these (Table 11). It contains a core 
segment comprising nine amino acids which conform to the 
consensus sequence -SerGlyXXXAsnIleXSer- and in EcoRV 
is part of the region spanning amino acids 180-190. Among 
over 15 000 proteins whose sequences have been deposited in 
the Swiss protein data bank (release 15, August 1990), only 
nine other proteins contain this sequence, namely, Cochliobolus 
ATP synthase a-subunit, cattle plague virus hemagglutinin 
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Table I I :  Alignment in the Common Motif Region for the Dpnll ,  
EcoRV, and Hincll Restriction Enzymes' 

Enzyme Recognition 
sequence 

R,EcoRV GATlATC "'A 

Thielking et al. 

R.Dpnll GAiTC "'V N F Y 

R.Hincll GTYiRAC "OR R N I 

M.Dpnll GATC "N 

Most common amino acids - - - - - - 8 G - - - N I - 8 - - - - 
"Identical amino acid residues at a given position are shown in 

boldface. Additionally, the sequence of the DpnlI methyltransferase 
(dpn A gene product) is shown, which also contains this motif. Se- 
quences were obtained from the following references: RvDpnII and 
M.Dpnll, Lacks et al. ( 1  986); R.EcoRV and M-EcoRV, Bougueleret et 
al. (1984); Hincll, Ito et al. (1990). 

Table 111: Alignment of the Sequences of the EcoRV Restriction 
and Modification Enzymes within the Common Motif Region' 

~~~ 

R.EcoRV '"A G D L A G S G N T T N I G 8 I H A H 
M.EcoRVZoSL F E T L S S L N A T F I T S T W H H 

" Identical amino acids are shown in boldface. Sequences were ob- 
tained from the following references: R4EcoRV and MeEcoRV, Bou- 
gueleret et al. ( 1  984). 

neuraminidase, Drosophila homeotic sex combs reduced 
protein, cowpox host range protein, Pneumococcus modifica- 
tion methylase (MoDpnII), shark myoglobin, dengue virus 
polyprotein, Pichinde arena virus polyprotein, and Vaccinia 
virus 27.4-kDa protein. While eight of these nine proteins 
presumably contain this motif by chance, M-DpnII most likely 
does not, because it has one function in common with the 
DpnII restriction enzyme, Le., to recognize a specific DNA 
sequence. The DpnII methyltransferase otherwise shows no 
significant homology with the DpnII restriction endonuclease 
or any other restriction enzyme, which supports the assumption 
of a specific function of this stretch of amino acids also in 
M-DpnII. Prompted by these findings, we have looked more 
closely at the EcoRV methyltransferase sequence and found 
an interesting extended homology between the EcoRV re- 
striction and modification enzymes (Table 111) which encom- 
passes the consensus sequence of the common motif region of 
DpnII, EcoRV, and HincII. The secondary structure pre- 
diction shows that the predominant part of the common motif 
is likely not to be part of an extended a-helix or &pleated sheet 
in all five proteins. The hydrophobicity plot indicates that it 
occurs in a slightly hydrophilic region. The X-ray structure 
analysis of an EcoRV crystal has shown that these assignments 
are essentially correct for EcoRV (Winkler, in preparation). 
On the basis of mutational analysis with EcoRV, we propose 
that this sequence motif is involved in the recognition of a 
particular feature of the DNA conformation within the rec- 
ognition sequences of these enzymes, possibly-although this 
is highly speculative-the common GC base pair. While it 
is evident from our data that this sequence is part of a region 
which is essential for the function of EcoRV, it remains to be 
demonstrated, of course, whether our proposal is correct for 
the other enzymes. 

In addition to the sequence homology which concerns the 
region spanning amino acids 180-190 in EcoRV, there is 
another hitherto unnoticed homology regarding EcoRV and 

Table IV: Alignment of the C-Terminal Region of the EcoRV 
Rcstriction Enzyme with a Sequence in SmaP 

R.EcoRV lssN I G S I H A H Y K D F V E - G K 0 

R3maI "%I I S K S Y I H V S K W M E L G K G 

'051 F D S E D  E - - - F L D Y W R N Y  

I3'E W I L E L L L E R F L E H L E N Y 

"'E R T S Q L R N D K Y N N I 8  E Y R 

"'ERI F T L R -  - - Y  F K I  S E Y K  

Identical amino acids are shown in boldface. The chance occur- 
rence of this homology is less than 1 %  for two peptide sequences of the 
same amino acid composition (BESTFIT). Sequences were obtained 
from the following references: ReEcoRV, Bougueleret et al. (1981); 
R.Smal, Heidmann et al. (1989). 

Table V: Homologous Amino Acid Residues in the Presumptive 
Mg2+ Binding Site and/or Catalytic Center of EcoRV, EcoRI, and 
Rsrl" 

EcoRV 13P D 90D I K 

90P D '"E A K 

9'P D 'I6E S K 
] isoschizomers 

'Identical amino acids are shown in boldface. Sequences were ob- 
tained from the following references: RsEcoRV, Bougueleret et al., 
(1984); R-EcoRI. Newman et al. (1981) and Greene et al. (1981); R. 
Rsrl, Stephenson et al. (1989). 

RsrI 

SmaI (Table IV). According to our sitedirected mutagenesis 
results, this region is essential for the enzymatic activity of 
EcoRV, probably because it is involved in nonspecific contacts 
to the DNA. This would explain why two restriction enzymes 
which have very dissimilar recognition sequences, -GAT/ATC- 
vs -CCC/GGG-, have homologous regions. 

The comparison of the structure of EcoRI (Kim et al., 1990) 
and EcoRV (Winkler, in preparation) has revealed another 
interesting homology which presumably concerns the Mg2+ 
binding site and/or the active center of the two enzymes (Table 
V). In the current model of the EcoRI structure (Kim et al., 
1990), Glul 1 1 is placed near the scissile bond of the DNA 
and is part of a j3-strand running parallel to the DNA back- 
bone. Mutations at this locus have been identified (Wolfes 
et al., 1986; Kim et al., 1989) that strongly reduce the cleavage 
activity of the enzyme. Nearby there is Lysll3, and vis a vis 
as part of a loop there are Pro90 and Glu9 1. Homologous 
residues in structurally similar locations are found in the 
EcoRV structure with Asp90 and Lys92 in a 8-strand parallel 
to the DNA backbone near the scissile bond and Pro73 and 
Asp74 in a nearby loop. Site-directed mutagenesis experiments 
show that Asp74 is essential for the enzymatic activity of 
EcoRV (Table I) .  We have found the same motif, 
-ProAsp...Glu(Asp)XLys-, in many other restriction endo- 
nucleases including DpnII and HincII. This is an example of 
a homology which is not necessarily significant by itself but 
may become so in the light of structural and functional studies. 
Thus, this motif may represent one version of a Mg2+ binding 
site and/or an active center of restriction enzymes which could 
be formed by two acidic amino acids as in the aspartate 
proteases [review: James and Sielicki (1987)l. 

The observation that regions identified in EcoRV to be 
important for its catalytic activity have counterparts in other 
restriction enzymes is not totally unexpected because type I1 
restriction enzymes constitute a very large family of func- 
tionally related proteins. It can be anticipated that their 
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common function will be reflected in common-albeit not 
necessarily readily apparentstructural features, as was shown 
in recent years for a similarly large family, the DNA me- 
thyltransferases (Lauster et al., 1987, 1989; Chandrasegaran 
& Smith, 1988; Posfai et al., 1989; Lauster, 1989; Ingrosso 
et al., 1989; Smith et al., 1990). 

CONCLUSIONS 
We have described here a set of EcoRV mutants which were 

constructed to identify functionally important regions of this 
enzyme. So far, we have identified three regions which seem 
to be necessary for binding and/or cleavage of the DNA, the 
criteria being that conservative amino acid substitutions in 
these regions lead to EcoRV mutants of very low or no activity. 
While our experiments were guided by the preliminary data 
from the X-ray structure analysis, their results constitute in- 
dependent evidence for the importance of these regions. 

A sequence comparison suggests that several other restric- 
tion and modification enzymes have counterparts to these 
regions, a suggestion that must be tested by similar site-di- 
rected mutagenesis experiments as carried out for EcoRV. 
With more sequences of restriction and modification enzymes 
being published, we soon will have an independent means to 
test the validity of our suggestions. 

ADDED IN PROOF 

In agreement with our assignment that the sequence motif 
PD ... DXK may represent part of the catalytic center of 
EcoRV, we have found that the mutants P73A, P73G, D74E, 
D90A, D90N, D90E, D90T, and K92E are inactive or almost 
inactive. 
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The NADH-Binding Subunit of the Energy-Transducing NADH-Ubiquinone 
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ABSTRACT: The NADH dehydrogenase complex isolated from Paracoccus denitrificans is composed of 
approximately 10 unlike polypeptides and contains noncovalently bound FMN, non-heme iron, and acid-labile 
sulfide [Yagi, T. (1986) Arch. Biochem. Biophys. 250,302-31 11. The NADH-binding subunit (M, = 50000) 
of this enzyme complex was identified by direct photoaffinity labeling with [32P]NADH [Yagi, T., & Dinh, 
T. M. (1990) Biochemistry 29, 5515-55201. Primers were synthesized on the basis of the N-terminal amino 
acid sequence of this polypeptide, and these primers were used to synthesize an oligonucleotide probe by 
the polymerase chain reaction. This probe was utilized to isolate the gene encoding the NADH-binding 
subunit from a genomic library of P.  denitrificans. The nucleotide sequence of the gene and the deduced 
amino acid sequence of the entire NADH-binding subunit were determined. The NADH-binding subunit 
has 431 amino acid residues and a calculated molecular weight of 47 191. The encoded protein contains 
a putative NAD(H)-binding and an iron-sulfur cluster-binding consensus sequence. The deduced amino 
acid sequence of the Paracoccus NADH-binding subunit shows remarkable similarity to the CY subunit of 
the NAD-linked hydrogenase of Alcaligenes eutrophus H16. When partial DNA sequencing of the regions 
surrounding the gene encoding the NADH-binding subunit was carried out, sequences homologous to the 
24-, 49-, and 75-kDa polypeptides of bovine complex I were detected, suggesting that the structural genes 
of the Paracoccus NADH dehydrogenase complex constitute a gene cluster. 

x e  energy-transducing NADH-quinone (Q)’ oxidoreductase 
(complex I or NDH-1) in the respiratory chains of mito- 
chondria and bacteria contains a noncovalently bound FMN 
and multiple iron-sulfur clusters. The enzyme catalyzes 
electron transfer between NADH and Q and leads to the 
concomitant formation of a proton gradient across the mem- 
brane (Hatefi et al., 1985; Hatefi, 1985; Ragan, 1987; Yagi, 
1989, 1991). The NADH-Q oxidoreductase of mitochondria 
is composed of more than 25 unlike polypeptides (Tuschen et 
al., 1990; Hatefi, 1985; Ragan, 1987) and appears to have the 
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most intricate structure of any known membrane-bound pro- 
tein complex. This complexity has hampered progress in 
studies on many aspects of the structure and mechanism of 
action of this enzyme complex (Yagi, 1991). However, such 
studies have taken on a greater significance in recent years 
since there has been an increasing number of reports on human 
mitochondrial diseases involving structural and functional 
defects at the level of this enzyme complex (Morgan-Hughes 
et al., 1990; Wallace et al., 1988). It has been recently sug- 
gested that Parkinson’s and Huntington’s diseases might also 

Abbreviations: Q, quinone; UQ, ubiquinone; NDH-I or complex I, 
energy-transducing NADH-quinone oxidoreductase; NDH-2, NADH- 
quinone oxidoreductase lacking energy coupling site; complex 111, ubi- 
quinol-cytochrome c oxidoreductase; bp, base pairs; FP, IP, and HP, 
respectively, the flavoprotein, the ironsulfur protein, and the hydro- 
phobic protein fractions of complex I; SDS-PAGE, sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis; PCR, polymerase chain re- 
action; PVDF, poly(viny1idene difluoride). 
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