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Type II restriction endonucleases are phosphodiesterases that 
recognize short (four to eight base pairs) palindromic DNA
sequences, and cleave both DNA strands to yield 5'-phosphate and
3'-hydroxyl groups as products1,2. Although they have been the
workhorses of molecular biology for more than 20 years, their cat-
alytic mechanisms have not been satisfactorily explained. The three
dimensional structures of six type II endonucleases are presently
known, including EcoRI3, EcoRV4, BamHI5–7, PvuII8,9, Cfr10I10, and
FokI11,12. All except Cfr10I have been determined bound to their
cognate DNA sites. The enzymes share little sequence homology
but in all cases fold up to form a central β-sheet that is flanked by α-
helices on both sides2. The active sites occur at one end of the cen-
tral β-sheet and contain at least three superimposable residues that
are critical for catalysis. Two of these residues are usually acidic —

except in Cfr10I which has a serine — while the third residue is
usually a lysine, except in BamHI which has a glutamic acid.
Divalent cations are essential for activity, with the fastest cleavage
rates occurring with Mg2+, although other ions (Mn2+, Co2+, Zn2+,
Cd2+) are also functional. Calcium is an exception that shows an
inhibitory effect on DNA cleavage13.

Several models have been proposed to explain the catalytic
mechanism of restriction endonucleases14. These models differ in
the number of cations involved in catalysis and in the moiety that
activates the attacking water molecule. For EcoRV a two metal
mechanism was proposed based on the crystal structures deter-
mined in the presence of divalent cations and on studies examining
the synergistic effects of calcium and manganese on catalysis13,15.
An alternative substrate assisted mechanism with a single metal

The role of metals in catalysis by the restriction
endonuclease BamHI
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Type II restriction enzymes are characterized by their remarkable specificity and simplicity. They require only divalent
metals (such as Mg2+ or Mn2+) as cofactors to catalyze the hydrolysis of DNA. However, most of the structural work on
endonucleases has been performed in the absence of metals, leaving unanswered questions about their mechanisms
of DNA cleavage. Here we report structures of the endonuclease BamHI–DNA complex, determined in the presence of
Mn2+ and Ca2+, that describe the enzyme at different stages of catalysis. Overall, the results support a two-metal
mechanism of DNA cleavage for BamHI which is distinct from that of EcoRV.

Fig. 1 BamHI active site. a, Sequence of the palindromic 12
base pair DNA fragment used in the cocrystallization studies
with BamHI. The six base pair recognition sequence is shown
in a box. The cleavage sites are indicated by arrowheads. The
base pairs are numbered from the center, for the left (L) and
the right (R) half-sites. b, An anomalous difference Fourier
map for BamHI–DNA/Mn2+ cocrystals at pH 7.4. The map (2.8 Å
resolution) was computed after rejecting the 15 largest anom-
alous differences and applying the native model phases
retarded by π/2. The map, contoured at 2σ level, shows two
peaks corresponding to the presence of two Mn2+ ions in the R
active site of BamHI. The plotted model is the refined post-
reactive complex. c, A comparison of BamHI active sites in the
presence (blue) and absence of metals (yellow). The structure
in the absence of metals7 reveals three water molecules (A, B
and C) whose positions are compared to Ca2+A and Ca2+B and
the attacking water molecule Wat1.
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cation, has also been postulated for restriction enzymes, in which
the phosphate group neighboring the scissile phosphodiester acti-
vates the attacking water molecule16. The debate over these differ-
ent catalytic models has not been helped by the lack of structural
information on metal binding. To date, EcoRV has been the only
type II restriction endonuclease for which detailed metal bound
structures were available15,17.

The previous structures of BamHI were determined in the
absence of metals5–7. These structures revealed that the enzyme
undergoes a series of conformational changes on DNA binding, the
most striking of which is the unraveling of the C-terminal α-helices
to form partially disordered arms. The arm of one monomer of
BamHI (the R subunit) fits into the DNA minor groove, while the
arm of the other monomer (the L subunit) follows the DNA sugar-
phosphate backbone. This introduces an asymmetry to the com-
plex, but the active sites of both subunits (R and L) contain a
similar clustering of acidic residues (Asp 94, Glu 111 and Glu 113)
and water molecules around the scissile phosphodiesters7. 

Here we report crystallographic studies performed on BamHI in
the presence of Mn2+ and Ca2+. We describe both the pre- and the
post-reactive states of the enzyme. BamHI maintains an active con-
formation as shown by the fact that the DNA can be cleaved direct-
ly in the crystals. Together, these results support a two-metal
mechanism of catalysis for BamHI that is distinct from EcoRV.

Results
First, we show using anomalous and isomorphous difference
Fourier maps that the BamHI active site contains two metal ions.
Second, we provide a high resolution picture of the pre-reactive
complex in which the inhibitory calcium ions are bound to the
active site. Lastly, we describe the high resolution structure of the
post-reactive complex, following the cleavage of the DNA in the

crystal by the bound Mn2+ ions. We chose Mn2+ rather
than Mg2+ because of its greater anomalous signal, mak-
ing it easier to assign the ions unambiguously.

BamHI active site contains two metals
We had previously hypothesized a two-metal mechanism
of DNA cleavage for BamHI based on the structure of the
complex determined in the absence of metals7. The com-
plex revealed three well defined water molecules in the
active sites, two of which (A and B) were postulated to be
replaceable by cations while the third was proposed to be
the attacking water molecule7. To test this hypothesis we
sought to determine the positions of the bound metals.
The best evidence for a bound metal in an X-ray crystal-
lography experiment is a peak in an anomalous difference
Fourier map in which only the metal contributes signifi-
cantly to the total anomalous signal18. Manganese has an
anomalous signal of 2.8e- at λ= CuKα that makes it ideal
for such calculations. Thus, to locate the sites of divalent
cations within the BamHI active site, we measured data at

λ = CuKα on a home rotating anode X-ray source, for cocrystals
that were grown in the presence of MnCl2 at pH 5.3, and for the
same cocrystals after they had been soaked for an hour in MnCl2 at
pH 7.4. The anomalous difference Fourier maps calculated from
these data revealed two peaks, A and B, that were 4.1 Å apart in the
active site of the R subunit of BamHI (Fig. 1b). Both peaks had a
high signal to noise ratio (4.50 and 3.25σ in the MnCl2 soaked map,
for example) and were the most prominent peaks when the maps
were displayed at a 2σ level. Site A is between Asp 94, Glu 111 and
the scissile phosphate, while site B is next to the cleavable bond in a
pocket formed by the side chains of Asp 94 and Glu 77 (Fig. 1b).
Overall, the two sites are in similar positions to the two metals iden-
tified in the active site of the exonuclease domain of E. coli DNA
polymerase I19–21. In comparison to the structure without metals7,
the cations are oriented similarly to waters A and B but are posi-
tioned deeper within the active site, enabling them to coordinate the
active site residues Asp 94 and Glu 77. (Fig. 1c). In the structure
without metals, residues Asp 94 and Glu 77 pointed away from the
active site, probably to avoid the negatively charged DNA back-
bone7. However, upon metal binding both residues rearrange to face
the DNA in order to coordinate the two metals.

Curiously, the two metal peaks occur only within the active site
of the R subunit and not the L subunit of BamHI. This is observed
not only upon soaking the cocrystals with metals, but also in
cocrystals grown in the presence of metals at low pH. It is possible
that the kinetics of sequential cleavage at low pH are sufficiently
slow to permit crystallization prior to the cleavage of both DNA
strands. The R and L active sites differ markedly with a root-mean-
square deviation (r.m.s.d.) of 1.4 Å between the active site residues
(all atoms of residues Glu 77, Asp 94, Glu 111 and Glu 113). In par-
ticular, the L active site that lacks metals has a configuration similar
to that of the structure without metals (r.m.s.d. of 0.7 Å) in which

Fig. 2 A stereo view of the refined 2Fo - Fc map around the R
active site of the calcium bound pre-reactive BamHI–DNA
complex. The active site residues (Glu 77, Asp 94, Glu 111 and
Glu 113) and the DNA bases (Gua 2R and Gua 3R) adjoining
the scissile phosphodiester have been labeled. The two calci-
um ions (Ca2+A and Ca2+B) are shown as yellow spheres. The
water molecules are shown as small red spheres. A sketch
summarizing the coordination geometries of Ca2+A and Ca2+B
is shown at the bottom. Both ions are coordinated to six lig-
ands in octahedral arrangements. Wat1–Wat4 refer to four
water molecules within the active site
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residues Asp 94 and Glu 77 point away from the
DNA7. Asymmetric metal binding has also been
observed with the EcoRV dimer. On soaking the
EcoRV cocrystals with Mg2+, Kostrewa and
Winkler found that the metals were bound at only
one of the active sites, accompanied by a shift in the
DNA backbone towards the Mg2+ ions15.

The pre-reactive complex
Calcium is an inhibitor of BamHI as well as of
other restriction enzymes such as EcoRV13. The
mechanism by which Ca2+ inhibits DNA cleavage is
unclear although kinetic studies with EcoRV have
suggested that it competes with the binding of
Mn2+ (or Mg2+)13. Thus to obtain a picture of the
BamHI–DNA pre-reactive complex prior to DNA
cleavage, we sought to cocrystallize BamHI with
DNA in the presence of Ca2+ ions. The data for the
Ca2+ complex were measured at the Cornell High
Energy Synchrotron Source (CHESS) (λ = 0.908
Å). The 2Fo - Fc map revealed two broad peaks
lying in between the carboxylic residues of the R active site and the
DNA (Fig. 2). The positions of these peaks, presumably the Ca2+

ions, matched closely the positions of Mn2+ determined from the
anomalous difference Fourier maps described above (Fig. 1b).

We have refined the Ca2+ complex to 2.0 Å resolution with an R-
factor of 23.3% (Fig. 2). As expected, the phosphodiester bond
stays intact in the presence of Ca2+. The metals are separated by 4.3
Å and their coordination spheres are shown in Fig. 2. Ca2+A is coor-
dinated in an octahedral arrangement with six ligands: the Oδ2 of
Asp 94 (2.6 Å), the Oε2 of Glu 111 (2.8 Å), the carbonyl oxygen of
Phe 112 (2.4 Å), the O2 atom of the cleavable phosphate group
(2.3 Å), and two water molecules (2.5 Å and 2.7 Å). Ca2+B is also
coordinated to six ligands: the Oδ1 of Asp 94 (2.5 Å), the Oε2 of
Glu 77 (2.8 Å), the O2 and O3' atoms of the cleavable phosphate
group (2.6 Å and 3.0 Å), and two water molecules (2.6 Å for both).
Overall, the Ca2+ complex differs by only 0.54 Å r.m.s.d. in Cαposi-
tions  from the complex determined in the absence of metals7. The
main differences are in the R active site that binds calcium. The side
chain of Asp 94 is coordinated in a bidentate manner to both Ca2+

ions, its conformation buttressed by hydrogen bonds to the
hydroxyl group of Tyr 65 and the Oε1 of Glu 111. The movement of
Glu 77 towards the active site is important in creating the binding
site for Ca2+B. (In the L active site that lacks calcium, Asp 94 and
Glu 77 point away from the DNA in a similar manner as in the
complex without metal7). Amongst the several water molecules at
the R active site, two are noteworthy: Wat1, coordinated to Ca2+A
and 3.2 Å from the scissile phosphodiester group, is positioned ide-
ally as the attacking water molecule, maintaining in-line orienta-
tion with the cleavable P-O3' bond (Fig. 2). The molecule is
hydrogen bonded to Glu 113 (2.9 Å) which may act as a base in
promoting its activation. The side chain of Glu 113 is fixed in posi-
tion by a network of hydrogen bonds with the carbonyl oxygen of

Ser 119, the Oγ atoms of Ser 119 and Ser 123, and the amine of
residue 115. On the other side of the scissile phosphodiester group,
Wat4, coordinated to Ca2+B, forms a hydrogen bond (2.6 Å) with
the O3', possibly acting as a general acid in donating a proton to the
leaving group. Taken together, the Ca2+-bound structure provides a
remarkably detailed view of the BamHI–DNA complex in its
ground state, prior to DNA cleavage (Fig. 2).

The post-reactive complex
To visualize the BamHI–DNA complex after the cleavage reaction,
we refined the structure of a cocrystal that had been soaked for nine
hours in a solution of MnCl2. The data were again measured at
CHESS (λ = 0.908 Å). Remarkably, the DNA is cleaved in the
cocrystal — showing that BamHI maintains an active conforma-
tion in the crystalline state (Fig. 3). (Interestingly, the cocrystal
developed small fractures in the first few minutes of the soak, but
these gradually disappeared to produce an intact crystal). The DNA
cleavage occurs only in the R active site that contains two Mn2+ ions
(Fig. 3). The overall r.m.s.d. between the Cα positions of the pre-
reactive Ca2+ complex and the post-reactive Mn2+ complex is only
0.33 Å. The main difference is in the location of the scissile phos-
phate group after cleavage (Fig. 4a). Following cleavage, the phos-
phate group is displaced by 2.5 Å from the position it occupied
when the phosphodiester bond was intact, bringing it within the
vicinity of Glu 113 (3.0 Å) (Fig. 4a). The two Mn2+ ions are dis-
posed similarly to the Ca2+ ions though they are slightly closer
(3.9 Å as opposed to 4.3 Å ). The coordination spheres of the two
Mn2+ ions are, however, somewhat looser than Ca2+ (Fig. 3).
Mn2+A is coordinated by the Oδ2 of Asp 94 (2.5 Å), the carbonyl
oxygen of Phe 112 (2.6 Å), the O2 atom of the cleaved phosphate
group (2.3 Å) and a water molecule (2.5 Å). Glu 111 is no longer
coordinated to the metal at site A as in the Ca2+ complex, but has

Fig. 3 A stereo view of the refined 2Fo - Fc map around
the R active site of the manganese bound post-reactive
BamHI–DNA complex. Note that the scissile phosphodi-
ester bond is cleaved in the cocrystal. The two man-
ganese ions (Mn2+A and Mn2+B) are shown as yellow
spheres. The water molecules are shown as small red
spheres. A sketch summarizing the coordination geome-
tries of Mn2+A and Mn2+B is shown at the bottom.
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moved nearer to the metal at site B. Mn2+B is coordinated by Oδ1 of
Asp 94 (2.8 Å), the O3' of the Gua 2R (2.9 Å) and a water molecule
(3.0 Å), but has lost its contacts with Glu 77 (Fig. 3). Overall, the
metals give the impression of being less tightly bound after the
cleavage reaction, which is also reflected by their higher tempera-
ture factors (45 Å2 and 76 Å2 for Mn2+ versus 31 Å2 and 24 Å2 for
Ca2+ at sites A and B respectively).

Discussion
Type II restriction enzymes require only Mg2+ (or Mn2+) as a cofac-
tor to catalyze the hydrolysis of DNA phosphodiesters1. The reac-
tion occurs through an SN2 mechanism, with an in-line
displacement of the 3'-hydroxyl group and an inversion of configu-
ration of the 5'-phosphate group22,23. The important elements of
the reaction are an activated water molecule to carry out the nucle-
ophilic attack, a Lewis acid to stabilize the negatively charge transi-
tion state, and, in some cases, a general acid to donate a proton to
the leaving O3' atom. The active sites of EcoRI, EcoRV, BamHI,
PvuII, Cfr10I and FokI are structurally similar, containing overlap-
ping residues that occur at one end of a central β-sheet. The
residues follow the weak consensus Glu/Asp-Xn-Glu/Asp/Ser-Z-
Lys/Glu, where n varies from 9–18 residues and Z is usually a
hydrophobic residue. The first two residues of the consensus, cor-
responding to Asp 94 and Glu 111 in BamHI, are generally acidic,
except for Cfr10I which has a serine10. The third residue is a lysine
in all of the endonucleases except BamHI, which has a glutamic
acid (Glu 113). A fourth, acidic residue often precedes the consen-
sus in some of the enzymes (Glu 77 in BamHI), but it shows poor
superposition2.

We present evidence that BamHI employs a two metal mecha-
nism of DNA cleavage, similar to that proposed for the 3'-5'-exonu-

clease domain of the E.coli DNA polymerase I20. We show that the
BamHI active site contains two divalent cations (A and B) that are
separated by ~4 Å and are coordinated by Glu 77, Asp 94 and Glu
111 (Fig. 1b). A detailed view of the BamHI ground state is provid-
ed by the pre-reactive calcium complex, which we have refined to a
high resolution of 2.0 Å. In addition to the two Ca2+ ions the struc-
ture reveals a candidate attacking water molecule (bound to
Ca2+A), and a water molecule that can donate a proton to the leav-
ing group (bound to Ca2+B) (Fig. 2). The picture that emerges from
a consideration of all of the structures is as follows (Fig. 4b). Metal
A activates the attacking water molecule, while metal B stabilizes
the build-up of negative charge on the leaving O3' atom. At the
same time, both metals (acting as Lewis acids) help to stabilize the
pentacovalent transition state (Fig. 4b). A metal-bound water mol-
ecule has a lower pKa value (11.4 and 10.6 for Mg2+ and Mn2+

respectively) than bulk water, favoring the formation of a nucle-
ophilic hydroxyl species that can attack the scissile phosphodi-
ester24. The positions of the Ca2+ and Mn2+ ions conform to the
classical description of a two-metal mechanism, as discussed by
Beese and Steitz for E.coli DNA polymerase I20. The two metals lie
on a line that is parallel to the apical direction of the trigonal
bipyramid geometry that would be expected at the scissile phos-
phodiester, during the transition state. The distance between the
two metals (~4 Å) correlates with the anticipated distance of 3.8 Å
between the apical oxygens in the transition state. Thus, the ions
are in positions to stabilize the ‘entering’ and ‘leaving’ oxygens at
the apical positions, and to reduce the energy in forming the 90o

O–P–O bond angles between the apical and the equatorial oxygens.
A two-metal mechanism has also been postulated for EcoRV13,15,

but the crystallographically determined metal positions in that case
are strikingly different from BamHI (Fig. 5). In particular, the

Fig. 4 a, A comparison of the pre-reactive
(blue) and the post-reactive (red) BamHI–DNA
complexes. The calcium ions (A and B) bound to
the pre-reactive complex are shown as blue
spheres, while the manganese ions (A and B)
bound to the post-reactive complex are shown
as red spheres. The phosphate group moves
towards Glu 113 after cleavage. b, The BamHI
reaction mechanism based on the structures of
the pre- and post-reactive complexes. Me2+A
and Me2+B denote the metal sites; Wat1 and
Wat4 refer to water molecules.
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EcoRV metals (Mg2+ 1 and Mg2+ 2) are sepa-
rated by ~5.4 Å and lie in the equatorial
plane of the trigonal bipyramid15 (Fig. 5).
Mg2+ 1 is located approximately in between
the metal sites A and B of BamHI, while
Mg2+ 2 is coordinated to Glu 45, a residue
that has no counterpart in BamHI. In the
case of EcoRI only a single metal has been
implicated for its catalysis based on struc-
tural and metal competition studies13,25.

BamHI is the only restriction endonuclease to be characterized
structurally that has a glutamic acid (Glu 113) in the position cor-
responding to a lysine in the others. This difference is critical, as
shown by the severe loss of cleavage activity when Glu 113 in
BamHI is substituted by a lysine residue26, or conversely, when Lys
92 in EcoRV or Lys 113 in EcoRI is substituted by a glutamic acid
residue27,28. Glu 113 lies in the vicinity of metal A and appears to act
as a base in accepting a proton from the attacking water molecule.
This correlates with studies showing that mutating Glu 113 to an
aspartic acid has only a 10-fold effect on cleavage while changing it
to glutamine or asparagine leads to a severe loss of cleavage activity
(J. Bitinaite and I. Schildkraut, unpublished observation).
Although Glu 113 is not directly coordinated to metal A its negative
charge may also contribute to the binding of the metal.

The BamHI scissile phosphate group occupies a different posi-
tion before and after cleavage (Fig. 4a). We can carry out cleavage of
the DNA in the crystals by soaking the cocrystals in MnCl2. The
cocrystals show small fractures in the first few minutes of the soak,
which eventually ‘heal’ to produce an intact crystal. The experi-
ment shows vividly that BamHI maintains an active conformation
in the crystal state. The fractures probably arise from changes in the
positions of the DNA and protein atoms in forming the transition
state. However, these atomic movements must be relatively small
since they appear to be accommodated within the crystal lattice. By
contrast, a similar soaking experiment with EcoRV did not support
DNA cleavage, though it led to metal binding15. This could be
explained if the EcoRV–DNA complex needs to undergo a more
substantial distortion for catalysis17. Following cleavage by BamHI,
the phosphate group moves by 2.5 Å to within a hydrogen bonding
distance of Glu 113 (Figs 3, 4a). One wonders whether the proton
acquired by Glu 113 in its role as a base may be the basis for a
hydrogen bond with the scissile phosphate group after cleavage.
The two Mn2+ ions stay bound to the post-reactive complex, but
have higher temperature factors than Ca2+. This may indicate some
weakening of the interactions with the metals, as a prelude to the
dissociation of the enzyme from the cleaved product. Mn2+B in
particular has a very high temperature factor (76 Å2) suggesting
that it may be only partially occupied after cleavage. The recently
reported pre- and post-cleavage structures of intron-encoded
endonuclease I-PpoI also suggest a weakening of interactions
between a metal and the leaving O3' leaving group after cleavage29.
Besides the active site, there are few other changes at BamHI–DNA
interface following cleavage. The similarity of the BamHI–DNA
complex structures before and after cleavage is consistent with the
comparable association rates measured for BamHI for the 
intact (6.0 × 105 M–1 s–1) and nicked (2.8 × 105 M–1 s–1) DNA 
substrates30.

BamHI recognizes DNA in an asymmetric manner, in which the
C-terminal arm of the R subunit goes into the DNA minor groove
while the corresponding region of the L subunit follows the DNA
sugar-phosphate backbone7. In all of our structures, the metals are
only found in the R active site. This is true whether the cocrystals
were obtained by soaking or growing them in the presence of met-
als. What could be preventing the binding of metals to the L-sub-
unit? One possibility is that an interaction between Lys 205 of the
asymmetric C-terminal arm of the L subunit and Glu 77, results in
pulling Glu 77 away from the L active site. Glu 77 is one of the key
residues that helps to coordinate metal ion B in the R active site, and
its displacement in the L active site may therefore be one of the fac-
tors contributing to the asymmetry of metal binding in BamHI. An
intriguing question is whether this asymmetry in metal binding is
related to the mechanism of the enzyme. BamHI cleaves DNA in a
sequential manner in which the enzyme cleaves first one DNA
strand and then the other30. It appears that only the subunit with the
C-terminal arm in the minor groove is able to bind metals for catal-
ysis. When BamHI binds DNA, it is possible to imagine a competi-
tion as to which subunit first manages to get its C-terminal arm into
the minor groove. At a later time, as the two subunits exchange their
C-terminal arms, the second subunit may then acquire the ability to
bind metals for the cleavage of the second DNA strand.

Calcium provides an effective way of visualizing the enzyme
before catalysis. Ca2+ is an effective inhibitor of restriction enzymes
as well as nucleases such as E. coli DNA polymerase I and the
Tetrahymena ribozyme13,20,31. The inhibitory effects of Ca2+ on
restriction endonucleases have been ascribed to direct competition
for the Mg2+ or Mn2+ binding sites, rather than any impact on the
folding of the enzymes13. This is borne out in our structure, which
reveals two Ca2+ ions bound at similar sites as the Mn2+ ions (Figs 2,
4a). The Ca2+ complex is well poised for catalysis with an attacking
water molecule, and a water molecule that is in a position to proto-
nate the leaving O3' atom. Despite this seemingly ideal geometry,
the reaction does not proceed and the scissile P-O3' bond stays
intact. To understand the mechanism of Ca2+ inhibition, we first
note that the pKa of a Ca2+ bound water (pKa = 12.9) is higher than
that for Mg2+ (pKa = 11.4) or Mn2+ (pKa = 10.6)24. This will have the
effect of lowering the concentration of metal-hydroxyl ions for the
nucleophilic attack on the scissile phosphodiester. Secondly, Ca2+ is
a relatively bulky ion, with a radius of 0.99 Å as compared to 0.65 Å
and 0.80 Å for Mg2+ and Mn2+ respectively32. Although, the two Ca2+

ions appear to be well accommodated in the ground state of the
BamHI–DNA complex, this may not be the case during the transi-
tion state. In particular, the crowding of oxygens in the equatorial
plane of the trigonal bipyramid of the transition state may cause
steric interference with the larger Ca2+ ions. Ca2+ is also significantly

Fig. 5 A comparison of the BamHI (blue) and the
EcoRV (magenta) active sites, prior to DNA cleav-
age. The bound metals differ both in separation
and in their relative positions in the two enzymes.
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larger than the other cations (Co2+, Zn2+ and Cd2+) that have been
shown to activate endonucleases. Finally, although the Ca2+ ions in
our pre-reactive complex are coordinated to six ligands in an octa-
hedral arrangement (as would be expected for Mg2+ or Mn2+) (Fig.
2), the preference of Ca2+ for a higher coordination number (8) may
again cause a perturbation of the transition state31. Overall, the
inhibitory effects of Ca2+ on endonuclease activity appear to be
rather subtle, and are probably concentrated over the transition
state rather than in the initial binding to the ground state.

Together, the structures presented here provide a detailed look at
both the pre- and post-reactive states of BamHI. Based on the crys-
tal structures, we propose a two-metal mechanism of cleavage for
BamHI that is distinct from EcoRV. The observed diversity in metal
binding in endonucleases BamHI, EcoRV and EcoRI is surprising,
considering the structural similarities of their active sites. However,
restriction enzymes are notable for their lack of sequence similarity,
which raises the question of whether they arose by convergent or
divergent evolution. The diversity in metal binding may be an argu-
ment in favor of convergent evolution, though other endonuclease
structures are needed for a more satisfactory answer.

Methods
Materials. The overexpression and purification protocols for BamHI
have been described33. The oligonucleotide was synthesized on a solid
support using phosphoramidite chemistry. The trityl group was left on
to help purify the oligomer by reverse phase HPLC, and then cleaved
off with 0.1% trifluroacetic acid34. The purified, detritylated oligomer
was eluted from the reverse phase (Dynamax 300) column with a tri-
ethylammonium acetate/acetonitrile gradient34.

Crystallization. Cocrystals of BamHI with the self-complementary 12-
mer (5'-TATGGATCCATA-3'), as shown in Fig. 1a, were obtained by the

hanging drop method at 20 oC. The protein–DNA solution contained
three parts of BamHI (~20–25 mg ml–1 in 0.5 M KCl, 20 mM potassium
phosphate (pH 6.9), 1 mM dithiothreitol, 10% glycerol) to 1 part of
annealed DNA (10 mg ml–1). For hanging drops, 1 µl of the protein–DNA
solution was mixed with 1 µl of the precipitant solution (12–14% poly-
ethylene glycol 8000, 0.1 M MES (pH 5.3)) and set up above wells con-
taining 12–14% polyethylene glycol 8000, 0.15 M KCl, 0.1 M MES (pH
5.3) and 5% glycerol. Birefringent crystals could be seen after a few
hours as needles, which after a few days reached a size of ~0.5 × 0.1 ×
0.1 mm. For the Mn2+ soaking experiment, a cocrystal was soaked for a
total of nine hours in a solution containing the well solution at pH 5.3
plus 20 mM MnCl2. Interestingly, immediately upon soaking the cocrys-
tal showed small fractures along the shorter dimension, which healed
after few minutes and the crystal remained stable afterwards. We also
soaked a cocrystal with MnCl2 after raising the pH of the soaking solu-
tion to 7.4 for optimal cleavage. The crystal showed greater decay at
pH 7.4, but we could measure X-ray data by limiting the time of the
soak to only one hour.

In addition to the soaking experiments, we attempted to cocrystallize
BamHI with DNA in the presence of divalent cations. (We had not
attempted this in the past, based on the assumption that cleavage of the
DNA would interfere with cocrystallization). Surprisingly, we obtained
cocrystals in the presence of Mn2+ (15 mM MnCl2) and Ca2+ (10 mM CaCl2)
ions under similar conditions as the native cocrystals. In all cases, the
cocrystals grew best at pH 5.3 and were isomorphous to the native
cocrystals (a = 108.8 Å, b = 81.9 Å, c = 68.8 Å, space group P212121)7.

Data collection. All data were collected from frozen crystals after
transferring them to a stream of dry nitrogen gas (110 K). The crystals
were cryoprotected by the addition of 20% glycerol to the soaking solu-
tions. A total of four data sets were measured: Mn2+ soak at pH 5.3, Mn2+

soak at pH 7.4, Mn2+ cocrystals, and Ca2+ cocrystals. The Mn2+ soak at pH
5.3 and the Ca2+ cocrystal data were measured on beamline F1 at CHESS
(λ = 0.908 Å) using imaging plates. The data from the Mn2+ soak at pH
7.4 and the Mn2+ cocrystals were collected on an R-axis II imaging plate
area detector mounted on a Rigaku RU 200 rotating anode (CuKα)Χ-ray

Table 1 X-Ray data collection and refinement statistics
Cocrystal BamHI-DNA Cocrystal Cocrystal
BamHI–DNA–Ca2+ soaked with Mn2+ BamHI–DNA–Mn2+ BamHI–DNA–Mn2+

pH 7.4 pH 5.3
Source CHESS CHESS Cu+2 rotating anode Cu+2 rotating anode
Resolution limit(Å) 2.0 1.8 2.8 2.5
Wavelength (Å) 0.91 0.91 1.54 1.54
Unit cell 105.5, 79.4, 66.4 106.4, 79.6, 67.6 106.7, 79.6, 66.8 107.0, 79.6, 68.2
Measured reflections 93,202 11,1430 32,531 87,576
Unique reflections 31,554 40,212 11,650 19,636
Rmerge (%) 7.4 (31.0)1 8.4 (31.8) 11.8 (38.8) 10.3 (33.3)
Completeness (%) 81.6 (61.0) 72.0 (45.6) 80.7 (84.9) 93.7 (97.6)
Refinement
Reflections (F > 2σ) 29,690 33,484
Rfactor (%) 23.3 22.6
Rfree

2 (%) 25.1 26.8
Resolution (Å) 8-2 8-1.8
Total number of atoms 4,166 4,179
Number of water molecules 317 352
R.m.s. bond lengths (Å) 0.009 0.010
R.m.s. bond angles (°) 1.5 1.7
R.m.s. planarity (°) 1.5 1.7
R.m.s. torsional, angle (°) 21.1 23.8
Mean B value, overall (Å2) 21.8 30.0
Mean B value, protein (Å2) 20.2 29.3
Mean B value, DNA (Å2) 17.2 26.4
Mean B value, solvent (Å2) 36.3 41.1
B values, divalent ions (Å2) A: 30.8, B: 24.1 A: 44.9, B: 75.8

1The numbers in parentheses refer to the last resolution shells. 
2Rfree was calculated with 5% (Ca2+) and 3% (Mn2+) of data.
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generator (100 mA and 50 kV). All data were reduced to profile fitted
intensities and scaled together using the HKL programs (HKL
Research)35. To analyze the anomalous signal the Bijvoet pairs were kept
separate in the scaling process. Crystal and data statistics are summa-
rized in Table1.

Structure determination. The structures of the metal bound com-
plexes were determined using the previously determined BamHI–DNA
complex7 as a rigid-body model for rotational and translational search-
es as implemented in the program X-PLOR36. The searches were per-
formed with data between 10 and 4 Å resolutions and resulted in initial
R-factors between 32.6 and 35.8% for the different structures.

Anomalous difference Fourier maps. To determine the positions of
the cations, we calculated anomalous difference Fourier maps using the
FSFOUR program of the PHASES suite of programs37. At λ = CuΚα, the
anomalous signal (f’’) for Mn2+ is 2.8e–, making it possible to distinguish
the Mn2+ peaks from the random noise in the maps. At λ = 0.908 Å, cor-
responding to the synchrotron radiation at CHESS, the f’’s for Mn2+ and
Ca2+ are 1.30 and 0.57e– respectively, making it more difficult to distin-
guish the metal sites from the background noise. Typically, the defini-
tion of the anomalous peaks was much improved if the maps were
calculated after some cycles of refinement.

Refinement. The X-PLOR package was used to perform the refinement
with the two high resolution data sets collected at CHESS, namely the
Mn2+ soak at pH 5.3 and the Ca2+ cocrystal. The starting models for
refinement were the rigid body solutions described above. Only data
higher than 8 Å in resolution were included for refinement. The para-
meters for the conformational and energy terms were those derived by
Engh and Huber for proteins38, and those derived by Berman et. al. for
DNA39. To assure correct DNA geometry, restraints for base planarity,
sugar pucker and Watson-Crick hydrogen bonds were applied. Initially,
we carried out positional refinement in which the upper resolution limit

was increased each cycle (in 0.3 Å increments), to a maximum of 2.0 Å
for the Ca2+ cocrystal and 1.8 Å for the Mn2+ soak. Each cycle was fol-
lowed by manual rebuilding of the proteins and the DNA using the pro-
gram O40. When the R-factor reached 30%, the individual B-factors were
included for refinement after cycles of positional refinement. Once all of
the electron density had been fit with the protein–DNA models, an Fo - Fc

map was computed and water molecules assigned to peaks that were
higher than 2σ and within hydrogen bonding distance of donor and
acceptor groups on the protein and the DNA. The metal ions were
included after all of the water molecules had been assigned. The posi-
tions of the metal ions in the Fo - Fc maps coincided with the peaks in the
anomalous difference Fourier maps. At a later stage, when the Rfree val-
ues were ~25%, the reflection files were modified to account for
anisotropic diffraction. The final refined models contain all protein
residues except some at the C-terminal arms. In the Ca2+ complex, the R
and L arms were modeled out to residues 207 and 210 respectively. (The
BamHI monomer consists of 213 amino acids). In the Mn2+ structure, the
arms R and L were traced to residues 206 and 209 respectively. In the
final stages of refinement, numerous simulated annealing omit maps
were computed to both check and improve the side chain positions. The
refinement and model statistics are summarized in Table 1.

Coordinates. The coordinates have been deposited in the
Brookhaven Protein Data Bank (accession numbers 2bam and 3bam).
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