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EcoR1 and EeoRV have a very similar active sile, as is apparent {rom a comparison of the structures of their respective protein-DNA complexes.

Based on structural and mechanistic data, as well as detailed moleculur modelling presented here, a mechanism for the DNA cleavage by these

enzymes is suggested in which the attacking water molecule is activaied by the phosphate group 3’ to the scissile phosphodiester bond, and in which

the leaving group is protonated by a water molecule associated with the essential coluctor, Mg*. The mechanism proposed nay also apply to other
nucleases.
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1. INTRODUCTION

X-ray crystallography has contributed tremendously
to the understanding of protein nucleic acid interac-
tions, particularly for DNA binding proteins (for review
¢f. [1-3]). Enzymes acting on DNA, in addition to being
sequence-specific binding proteins, fulfill a catalytic
function. Understanding the details of their mechanism
of action requires structural information. Yet even if &
X-ray structure analysis of an enzyme substrate com-
plex is available the deduction of a mechanism may not
be straightforward because, although such structures
often are good models for the ground state of enzyme-
substrate complexes, they contribute less to the under-
standing of the transition state. Examples are the re-
striction enzymes, EcoRI and EcoRY, which, in the
presence of Mg®", catalyze the specific hydrolysis of
phosphodiester bonds in double-stranded DNA ai the
palindromic sites G/AATTC [4,5] and GAT/ATC [6,7],
respectively. The X-ray structure analysis of co-crystals
of these enzymes in complex with their respective cog-
nate oligodeoxynucleotide substrates are available [8,9].
As the crystals were grown in the absence of the essen-
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tial cofactor, Mg?", to prevent DNA cleavage they pre-
sumably do not represent the ground state of the com-
plex before catalysis. Whereas the EcoRI-DNA co-
crystal structure, however, may be regarded as the
structure of a recognition complex (because EcoRI
binds specifically to DNA in the absence of Mg**) this
does not equally hold for EcoRV, which in the absence
of Mg** does not specifically bind DNA [10,11]. This
means that considerable differences must exist between
the structures of the EcoRI- and, in particular, EcoRV-
DNA complexes, as seen in the X-ray structure analyses
and the structures of the catalytically competent en-
zyme-substrate complexes, In the present contribution
an analysis is presented which utilizes structural and
mechanistic information to deduce likely structures for
the active complexes and to present a mechanism for
DNA cleavage by EcoRI and EcoRV.

2. RESULTS AND DISCUSSION

Site-directed mutagenesis studies have shown that the
carboxyl-group of Glu''! is essential for the catalytic
action of EcoRI [12-14]. Later a structural homology
between EcoRI and EcoRY in the vicinity of the phos-
phate group to be cleaved was noticed, consisting of
four amino acids located in a similar steric arrangement
(Prc", Asp®, Glu'" and Lys'? in EcoRl and Pro™,
Asp™, Asp” and Lys® in EcoRYV, Fig. 1) [15]. Subse-
quently it was demonstrated by a mutational analysis
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Fig. 1. Homologous amino acids in the presumptive active sites of EcoRI and EcoRYV, The figure depicts part of the structure of EcoRlI (lefl) and

EcoRV (right) using the coordinates deposited in the Brookhaven protein databank. For clarity, only one strand of the DNA is shown. The

polypeptide backbone is represented by the Ca positions. Indicated are the Ca-P distances between several residues of EcoRI and EcaRV,
respectively, and the scissile phosphodiester bond.

that the two acidic amino acids of this homologous
region in EcoRYV and EcoRI are important for catalysis,
as well as Lys® in EcoRV (Lys''® has not yet been
analyzed in EcoRI) [16]. It was concluded, therefore,
that the general caialytic mechanism of both enzymes
is similar, although they differ in their recognition se-
quence and the position of cleavage within this se-
quence.

The similarity between the mechanism of DNA cieav-
age by EcoRI and EcoRY is also apparent in the stere-
ochemical course of the reaction. Both enzymes hy-
droiyse the phosphodiester bond on its 3’-side leaving
a 5’-phosphate. Cleavage occurs with inversion of con-
figuration at the phosphorous atom [17,18). This find-
ing is compatible with a direct S\2 attack of an activated
water in line with the 3’-OH leaving group (Fig. 2). This
mechanism requires:

(i) a Lewis acid that polarizes the non-bridging P-O
bonds, thereby increasing the electrophilicity of
the phosphorus atom;

(ii) a general base that activates the attacking water
molecule by increasing the negative partial

charge of the oxygen atom and strengthens its
nucleophilicity;

(iii) a Lewis acid that stabilizes the extra negative
charge of the pentacovalent phosphorous during
the transition state;

(iv) a Bronsted acid that protonates the leaving
group to decrease its nucleophilicity.

Probably, Mg?* fulfills the role of the Lewis acid (see

i) because soaking of Mg?* or Mn*" into EcoRI-DNA
co-crystals leads to in situ cleavage of the DNA and
leaves the divalent cation between Glu''! and the post-
reactive phosphate [19]. A similar experiment carried
out with EcoRV does not result in DNA cleavage in
situ, but leads to the binding of the metal ion near the
scissile phosphodiester bond (F. Winkler, pers. com-
mun.). An oxygen atom of the phosphate group can be
part of the coordination sphere of the Mg**, the cation
thereby effectively compensates for the negative charge
of the phosphate group. This implies that the Mg**
binding site is formed by the enzyime and the DNA
similarly, as proposed for the exonuclease domain of the
Klenow polymerase [20-23]. Asp® and Glu'" in EcoRI
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Fig. 2. A general mechanism for DNA cleavage by EcoR1 and EcoRY. An activated water molecule tiacks the phosphorous alom in a Sx2 reaction

which proceeds with inversion of configuration, as indicated. The general acid-base cutalysis by X~ and H-Z is hypothetical. There is good evidence

for Y* 1o be Mg®". The extra negative charge of the penta-¢oordinated phosphorous in the transition state presumably is neutralized by a basic
amino acid residue (Lys'"? in EcoRI, Lys™ in EcoRV; not shown here).
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Fig. 3. Stereo drawing of a molecular model of the active siie of EcoR1. G235, A26 and A27 are part of the recognition sequence G/AATTC of

EcoRI. The Mg* lon is coordinated by Asp*, Glu'', one non-bridging oxygen atom of the phosphate group between G25 and A 26 and one water

molecule which is additionslly hydrogen-bonded to the bridging G25-3"-0xygen atom. The attacking water {s hydrogen-bonded to a non-bridging
oxygen atom of the phosphate group between A26 and A27,

and Asp”™ and Asp™ in EcoRV are involved in Mg**
binding, as shown by site-directed mutagenesis experi-
ments [11,16). Lys'?® (EcoRI) and Lys® (EcoRV), re-
spectively, can act as the Lewis acid (see iii) and stabilize
the transition siate in addition to assisting the Mg** ion
in positioning the phosphate and making the phospho-
rous more electrophilic,

Unfortunately, neither the EcoRI-DNA nor the
EcoRV-DNA cocrystal structures have good candi-
dates in the surrounding region of the scissile bond for
the two other required catalytic functions, namely the
general base that activates the attacking water (see ii),
and the Brdnsted acid Lthat protonates the leaving group
(seeiv) [9,19). In the case of EcoRYV this is not surprising
because structural changes of the complex are likely to
occur upon Mg** binding, since specific association of
the enzyme to DNA requires Mg®* and DNA cleavage
does not occur in crystals after Mg*" is diffused into
them. In the case of EcoRI, however, cleavage occurs
in the crystals after soaking in Mg?*; structural changes
in the course of the catalysis, therefore, should be
smaller than with EcoRYV, and the two missing func-
tional groups are expected to be near the reactive phos-
phate.

In order to identify likely candidates for the general
base (ii) and the Brnstedt acid (iv), the structures of the
active center of LcoRI and EcoRY in the presence of
Mg** and water were simulated by molecular modelling.
The simulation was done using an ESV (Evans & Suth-
erland, St. Louis) work station equipped with the mo-
lecular modelling softiware SYBYL 5.4 (TRIPOS, St.
Louis) containing energy minimizer and molecular dy-
namics modules employing the TRIPOS force field [24].
Starting with the published coordinates of the
EcoRI(Ca-atoms)-DNA complex (Brookhaven data
bank entry 1R1E) we added the side chains of the pro-
tein using all available information on protein~-DNA
and protein—protein interactions [19] in several rounds

6

of energy minimization. The structure obtained accom-
modates all these contacts and is free of unfavourable
van der Waals contacts and angle- or torsion stress. In
the next step we added one Mg*” ion in the center of a
triangle formed by the phosphorus atom to be attacked,
and the carbon atoms of the carboxyl groups of Asp®
and Glu'" that most likely form the Mg®* binding site.
We also added one water molecule at a position such
that it could attack the phosphate group in line with the

"“OH leaving group. Energy-minimized structures
showed that neither the attacking water molecule nor
the second non-bridging oxygen atom of the phosphate
group, or amino acids other than Asp” or Glu'!!, are
part of the inner hiydration sphere of the Mg?*. There-
fore, a second water molecule was included in the mo-
lecular modelling to allow for a hexagonal hydration
sphere of Mg>*. Several rounds of energy minimization
and molecular dynamic runs yielded a low energy struc-
ture (Fig. 3) that allows the suggestion of candidates for
the general base (ii) and the Bronstedt acid (iv) involved
in the EcoR] catalyzed DNA cleavage.

A similar molecular modelling was carried out for
EcoRV starting with the structure of the specific
EcoRV-DNA complex (Brookhaven data bank entry
3RVE). Since this data set contains the side chain coor-
dinates, only a Mg?* ion and two water molecules had
to be modelled into the complex. Not unexpectedly local
rearrangements were necessary to generate a suitable
Mg?* binding site. Following minimization a low energy
structure was obtained (Fig. 4).

In principle, the structural arrangement seen for
EcoRI[ and EcoRY is very similar. The attacking water
can form a hydrogen bond to one oxygen atom of the
phosphate group, which is located on the 3’-side of the
scissile phosphodiester bond. This phosphate can act as
a base and abstract a proton from the attacking water.
Interestingly, in the crystal structures of EcoRI and
EcoRV, this phosphate is not directly contacted by the
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Fig. 4. Stereo drawing of a molecular model of the active site of EcoRV, T25, A26 and T27 are part of the recognition sequence GAT/ATC of
EcaRV; Asp™, Asp*™® and Lys*® represent Asp™, Asp™ and Lys®, respectively. The Mg fon is coordinated by Asp™, Asp™, one non-bridging
oxygen atom of the phosphate group between T25 and A26 and one water molecule which Is additionally hydrogen-bonded to the bridging
T25-3"-0xygen atom. The attacking water is hydrogen- bonded to a non-bridging oxygen atom of the phosphate group between A26 and T27,

enzyme, a result which in the case of EcoR1 was con-
firmed by ethylation interference experiments [25]. This
finding suggests that this phosphate group is available
to form the proposed hydrogen bond. Although the pK,
of p-ribose-5-dihydrogen phosphate is 2 [26], it might
well be that the environment of the protein DNA inter-
face results in a pX shift which would render this phos-
phate a reasonable proton acceptor at neutral pH and
make it suitable for the role to activate water. Fig. 3 and
Fig. 4 show that the second water molecule, which is
part of the inner hydration sphere of the Mg** ion, can
form a strong hydrogen bond to the 3-OH group. Since
it is possible that the pK of a [Mg** aquo]-complex in
proteins is significantly lower than in water (pK = 10.2
[27]), it seems possible that this Mg>*-bound water pro-
tonates the leaving group through a favourable six-
membered cycle.

The assignment of the neighbouring phosphate as
responsible for water activation easily explains how spe-
cific DNA binding activates the enzyme to catalyze
DNA cleavage. Recognition leads to considerable dis-
tortion of the DNA substrate [8,9], brings the water-
activating phosphate in an optimum position for cataly-
sis and thereby couples recognition and catalysis. Nev-
ertheless there are alternatives which have to be dis-
cussed. While Asp® in EcoRI and Asp™ in EcoRYV are
too far away from the attacking water it may be possible
that the other acidic amino acid residues (Glu'"' and
Asp™, respectively) activate the water molecule simi-
larly, as suggested for other nucleases (RNaseH: [28],

‘-5’ nuclease domain of Klenow polymerase: [22]). It
must be emphasized that all candidates for water activa-
tion require a higher basicity of the proposed proton
acceptors than that observed in the isolated groups dis-
solved in water. For EcoRI and EcoRV, the pK shift
seems to be more reasonable for the phosphate group
at the protein DNA interface where it is not contacted
by cationic groups, than for a carboxyl group that

forms an ion pair with a Mg?*. In EcoRV Asn'® has
been suggested to position the attacking nucleophile [9].
It seems that this asparagine is not sufficiently basic to
function also as a water-activating base. Additionally
the EcoRV mutant, N188A, retains a reduced activity
which makes it very unlikely that Asn'® has this role in
the catalytic mechanism [15,29].

We are planning to employ the diastereomers of
phosphorothioate and methyl phosphonate containing
oligodeoxynucleotides as substrates to investigate
whether water activation in EcoRI and EcoRV is
achieved by interaction of the water molecule with one
oxygen atom of the adjacent phosphate group. Yel even
at this state of model building, where experimental test
systems are not presently available, we would like to
draw attertion towards the possibility that, in EcoRI,
EcoRVa- erhapsin other nucleases as well, the water
activatiny  se may be a neighbouring phosphate group
of the DN, ‘ubstrate and not an amino acid residue of
the enzyme. Ribozymes, which also require Mg?* as an
essential cofactor, demonstrate that components of nu-
cleic acids can function in such a manner {30,31],
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