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Structure of Bam HI Endonuclease
Bound to DNA: Partial Folding
and Unfolding on DNA Binding

Matthew Newman,* Teresa Strzelecka,t Lydia F. Dorner,
Ira Schildkraut, Aneel K. Aggarwali

The crystal structure of restriction endonuclease Bam HI complexed to DNA has been
determined at 2.2 angstrom resolution. The DNA binds in the cleft and retains a B-DNA
type of conformation. The enzyme, however, undergoes a series of conformational chang-
es, including rotation of subunits and folding of disordered regions. The most striking
conformational change is the unraveling of carboxyl-terminal « helices to form partially
disordered ‘‘arms.”’ The arm from one subunit fits into the minor groove while the arm from
the symmetry related subunit follows the DNA sugar-phosphate backbone. Recognition
of DNA base pairs occurs primarily in the major groove, with a few interactions occurring
in the minor groove. Tightly bound water molecules play an equally important role as side
chain and main chain atoms in the recognition of base pairs. The complex also provides
new insights into the mechanism by which the enzyme catalyzes the hydrolysis of DNA

phosphodiester groups.

Protein-DNA selectivity is a central event
in many biological processes. Type 1I re-
striction endonucleases are attractive sys-
tems for studying selectivity because of their
high specificity and great variety. Almost
2400 type 1I restriction enzymes represent-
ing 188 different specificities have now
been discovered (1). They generally recog-
nize DNA sequences that vary between four
to eight base pairs (bp), and require only
Mg?* to catalyze the hydrolysis of DNA.
Their sequence specificity is remarkable; for
example, the activity can be a million times
lower as the result of a single base pair
change within the recognition sequence
(I1). This specificity is crucial for the pre-
vention of accidental cleavage at the many
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nonspecific sites in a DNA sequence.

Bam HI endonuclease (from Bacillus
amyloliquefaciens H) binds as a dimer to the
symmetrical sequence 5'-GGATCC-3’. The
enzyme cleaves DNA after the 5'-G on each
strand to produce 4-bp (5') staggered ends.
The structure of Bam HI has been deter-
mined in the absence of DNA and consists
of a central B sheet with a helices on both
sides (2, 3). The structure shows striking
resemblance to the endonuclease Eco RI
model (4, 5) despite the lack of sequence
similarity between the two enzymes. We
have now determined the structure of Bam
HI bound to a 12-bp DNA fragment con-
taining its recognition sequence.

As we anticipated from the structure of
the free enzyme, the DNA binds in the
large cleft of the Bam HI dimer. The DNA
retains a regular B-DNA-like conforma-
tion, and there are no major bends or kinks.
The enzyme undergoes a series of conforma-
tional changes on DNA binding. The most
striking of these is at the carboxyl-terminal
end of the protein. This region is an ordered
o helix (a7) in the free protein, but it



6L 5L 4L |[3L 2L 1L 1R 2R 3R 4R 5R 6R
5-TATIGVGATCCIATA

ATAICCTAGG|ITAT - 5"
6L 5L 4L |3L 2L I'L IR 2R 3R |[4R 5R 6R

Fig. 1. Sequence of the palindromic 12-bp DNA
fragment cocrystallized with Bam HI. The 6-bp
recognition sequence is shown in a box. The
cleavage sites are indicated by arrowheads. The
sequence is divided into left (L) and right (R) half-
sites and the nucleotides numbered 1 to 6 starting
from the center.

assumes an extended, partially disordered
conformation on DNA binding. We refer to
the extended conformation as an arm. The
arm from one subunit fits into the minor
groove of the DNA, whereas the arm from
the symmetry related subunit lies parallel to
the sugar-phosphate backbone. This intro-
duces an unavoidable asymmetry to the
complex because the minor groove is too
narrow to accommodate both arms. Al-
though disordered regions are known to
become ordered on DNA binding, as occurs
in the NH,-terminal arm of lambda (\)
repressor (6) or the recognition helices of
bZip and helix-loop-helix proteins (7), we
now show that an ordered a helix unfolds
and becomes partially disordered on DNA
binding.

The specific base pair contacts occur
primarily in the major groove of the DNA,
with a few interactions occurring in the

minor groove. The major groove contacts
are formed mainly by atoms at the NH,-
terminal end of a parallel four-helix bundle.
Every hydrogen bond donor and acceptor
group in the major groove is involved in
direct or water-mediated bonds with the
protein. Although Bam HI shares structural
similarity with Eco RI, none of the interac-
tions could have been anticipated from the
Eco RI-DNA complex (4, 5).

Structure determination. The crystalli-
zation of Bam HI-DNA complex has been
described (8). Reproducible cocrystals could
only be obtained with a 12-bp DNA frag-
ment containing 5'-TAT ends (Fig. 1). The
crystallographic asymmetric unit contains
one Bam HI-DNA complex in which the
two halves of the complex are related by a
noncrystallographic twofold symmetry axis.
The structure of the complex was solved by
combining molecular replacement (MR)
phases with heavy atom phases derived
from an iodinated derivative (Table 1). No
symmetry averaging was used in the struc-
ture determination and therefore the crystal
structure presents two independent half-
complexes. This enabled us to cross-vali-
date most of the observations drawn from
the structure.

The iodinated derivative was prepared
by substituting iodouracils for four thymine
residues (4L, 4R, 5'L, and 5’R) on the
12-bp DNA fragment. The isomorphous

Table 1. X-ray data collection and phasing statistics for Bam HI-DNA complex. The cocrystals belong to
space group P2,2,2,, with unit cell parameters a = 108.8 A b=819Ac=688A and one complex
in the orystallographlo asymmetric unit (8). Data from the native 1 and the iodouracil crystals were
collected at room temperature, with a Xuong-Hamlin area detector (33) operating on a Rigaku RU200
rotating anode x-ray generator. Data from the native 2 crystal (8°C) were collected at beamline 6A2 of the
Photon Factory (KEK, Japan), with the use of Weissenberg geometry (34) and an oscillation range of 4.5°
(cassette radius of 286.5 mm). Fuiji imaging plates were used to record the diffraction patterns and these
were digitized by means of a Fujix BA100 scanner. The data were processed with WEIS (35). Scaling,
merging, and refinement of heavy atom parameters were done with CCP4 (36).

Item Native 1 Native 2 lodouracil

Source i Xuong-Hamlin Photon Factory Xuong-Hamlin
Wavelength (A) 1.542 0.970 1.642
Resolution (A) 2.5 2.2 3.5
Measured reflections 43,264 103,881 30,505
Unique reflections 19,359 30,078 6,529
Data coverage (%) 88.4 94.2 79.7
Signal [%>30‘(|)] 64.6 73.9 87.9

Rrerge” (%) 6.8 11.8 8.5
Isomorphous phasing statistics:

Rt (%) 16.2
culllsi (A)) 67.0
Phasing power§ 1.2/1.0
Figure of merit|| 0.31/0.62

Refinement statistics (10 to 2.2 A)
Reflections [F > 2a(F)] 28,405
R factor (%) A 18.9
rms bond lengths (A)T 0.018
rms bond angles (°)T 2.8
Mergmg R factor (Rmerge = llype — (H/Z()) calculated for all data.  tMean isomorphous difference (R, = =IF, —

\/EF where F, and FD are the structure factor amplitudes of the native and derivative data, respectively). iR

cullis

is the mean lsomorphous lack of closure error divided by the mean isomorphous difference calculated over all the centric

data to 3.5 A resolution.

§Phasing power is defined as (|F, |)/rms(e) (where (|F, ) is the mean calculated amplitude for

the heavy atom model and rms(e) is the weighted root-mean-square (rms) lack of closure error for the isomorphous

differences). Values given are for the acentric and centric terms, respectively.

|IFigure of merit for the acentric and

centric terms, respectively. 9 The rms deviation from ideal values.

SCIENCE e« VOL. 269 ¢ 4 AUGUST 1995

RESEARCH ARTICLE

difference Patterson map showed clear po-
sitions for all four iodine atoms. When ad-
ditional iodinated derivatives were being
prepared, we solved the structure of Bam HI
by itself (2, 3). This enabled us to construct
a search model consisting of Bam HI dimer
for MR. The rotation function was solved
(3.5 to 12 A) with program MERLOT (9).
Two peaks corresponding to the noncrystal-
lographic twofold symmetry of the complex
were observed in the rotation function map.
One of these peaks was refined by the
Patterson correlation refinement option of
program X-PLOR (10). Translation func-
tion was also performed with X-PLOR (4.0
to 10 A), which produced a top peak of 16.4
o. The solution corresponding to the top
peak was improved by rigid body refinement
of the Bam HI dimer followed by individual
subunits, to yield an R factor of 46.7 per-
cent. The solution conformed closely to the
packing model derived earlier (8). The va-
lidity of the MR method was also estab-
lished by calculating a difference Fourier
map from MR phases and iodine isomor-
phous differences (3.5 to 8 A). The highest
peaks in the map coincided with the known
positions of iodines.

An electron density map calculated with
phases from the rigid-body refined model of
Bam HI dimer was discontinuous. The map
was improved by refining Bam HI dimer
with the use of simulated annealing (X-
PLOR) to 2.5 A resolution and combining
model phases with the iodine phases. The
resulting map was sufficiently continuous to
permit the building of DNA (which had
been omitted) and extensive rebuilding of
the protein. However, no density could be
seen for the COOH-terminal o helices of
the Bam HI dimer. Using the Photon Fac-
tory data to 2.2 A resolution, we performed
several rounds of simulated annealing and
positional refinement on the DNA and the
rebuilt Bam HI dimer but residues 194 to
213 were omitted from COOH-terminal
end of each monomer. The resulting map
showed densities for portions of the missing
COOH-terminal polypeptides, but at loca-
tions that were radically different from that
in the free enzyme (Fig. 2). Moreover, the
densities were asymmetric between the two
subunits. For the left subunit, residues 194
to 208 were built leading back toward the
core of the protein, and for the right sub-
unit, residues 194 to 198 were built leading
into the minor groove (Fig. 2). (Although
there is some indication that the COOH-
terminal end of right subunit can adopt a
similar conformation to that of the left
subunit for a small percentage of the time,
the primary conformation is in the minor
groove.)

As soon as more of the structure was
correctly placed and identified (3208 pro-
tein atoms and 465 DNA atoms), positional
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and temperature factor refinements were
performed to 2.2 A resolution (X-PLOR).
Water molecules (215 total) were subse-
quently identified and included in the re-
finement. The geometry of DNA was im-
proved when we used the program TNT
(11) for the final cycles of positional refine-
ment. X-PLOR was then used to obtain a
final set of temperature factors.

Overall structure. The Bam HI dimer
binds to DNA from the major groove side.
This is similar to Eco RI (5) but opposite to
Eco RV (12) and Pvu Il (13), which bind
from the minor groove side. The DNA fits
into the large cleft of the Bam HI dimer and
appears surrounded by the enzyme (Fig.
3A). Bam HI binds to DNA in a “cross-
over” manner. That is, the left (L) Bam HI
subunit cleaves and makes most of its phos-
phate contacts to the left DNA half-site,
but makes almost all of its base-pair con-
tacts to the right half-site of DNA. The
opposite is true for the right (R) subunit.
This crossover mode of binding differs from
that of dimeric repressors, such as A and
434, where contacts from each subunit are
more or less confined to a single DNA
half-site (14). Thus, the two half-sites of
Bam HI recognition sequence are interde-
pendent in that mutations at the R half-site
can affect cleavage at the L half-site, and
vice versa.

The Bam HI subunit structure consists of
a large six-stranded mixed B sheet (8%, B,
B°, BS, B7, and B'), which is sandw1ched on
both sides by a helices (a!, a2, o, a®2, o#,
o, and «®). Strands B B* and B’ are
antiparallel and form a B meander; strands
B®, B% and B7 are parallel and resemble a
Rossmann or mononucleotide binding fold,
with a* and a® acting as the cross over
helices (Fig. 3). The dimer interface is
formed primarily by a* and a®, which pair
with the corresponding helices from the
symmetry related subunit to form a parallel
four-helix bundle (Fig. 3C). The NH,-ter-
mini of these helices are directed toward
the major groove of DNA. Their dipole
moments should make an important elec-
trostatic contribution to stabilization of the
enzyme-DNA complex. Most of the amino
acids that recognize the Bam HI DNA se-
quence are located near the NH,-terminus
of the four-helix bundle. The catalytic res-
idues Asp”, Glu''!, and Glu!"® are clus-
tered at one end of the B meander, close to
the scissile phosphate group.

The DNA retains a B-DNA-like confor-
mation over the central 10 bp (15). There
are no major bends or kinks of the type seen
in Eco Rl and Eco RV (specific) DNA
complexes (5, 12). Thus, like Pvu Il DNA,
which also retains a B-DNA-like confor-
mation (I13), Bam HI DNA shows that
severe DNA distortion is not necessary for
specific complex formation. DNA distor-
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Fig. 2. The 2|F | — |F_| “omit" map
(2.2 A) from which electron densi-
ties for (A) L and (B) R arms were
first identified. The density, con-
toured at 0.80, is shown only
around the missing regions. The
density is unbiased by any model
for the arms, since the correspond-
ing segments had been excluded
from the structure up till this stage.
(C) A portion of the refined electron
density from a 2 F.| — |F.| map at
2.2 A, contoured at 1o level. The
view shows part of the protein-DNA
interface.

tion had been suggested as a way of posi-
tioning the scissile phosphate group in the
active site of a specific complex (16). For
Bam HI and Pvu I, it may be differences in
protein conformations or “docking” modes
on specific compared to nonspecific sites
that position or exclude the scissile phos-
phate group from the active site.

Protein conformational changes. In con-
trast to the DNA, the Bam HI enzyme un-
dergoes a series of conformational changes
on complex formation (Fig. 4). Some of
these such as rigid body motion of subunits,
ordering of disordered loops, and local side-
chain and main chain rearrangements have
been observed in other protein-DNA com-
plexes (14). However, the observed unwind-
ing of the COOH-terminal a helices to as-
sume extended, partially disordered confor-
mations on DNA binding is unprecedented.
These changes are described below.

1) The first conformational change is a
quaternary change (Fig. 4). The Bam HI
subunits rotate toward the cleft and clamp
onto the DNA. The magnitude of this ro-
tation is approximately 19° about an axis
roughly parallel to the DNA helical axis
(~20° to it) and passing through the mid-
dle of the subunit-subunit interface. The
rotation leads to a narrowing of the DNA
binding cleft. The distance between resi-

dues Gly'"**R and Gly'**" across the DNA
SCIENCE »
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binding cleft changes from 31 A in the free
enzyme to 21 A in the enzyme-DNA com-
plex. Many of the contacts between the
enzymes and the sugar-phosphate backbone
of DNA could not be formed in the absence
of this large rigid body motion. The A\ Cro
dimer also undergoes a large quarternary
change on DNA binding (17). As in the
case of Bam HI, the Cro monomers rotate
(from 35° to 50°) about an axis roughly
along the DNA axis.

2) The second conformational change
is the local folding of residues 79 to 91
which connect strands B> and B* These
residues were disordered in free Bam HI but
become ordered on DNA binding (Fig. 4).
They now incorporate a single turn of helix
(named o) between residues 81 to 84,
and an extended region between residues 89
to 92. The region lies close to the phos-
phate backbone of nucleotides Thy* and
Gua?, which is only possible because resi-
dues 90 and 91 are both glycines. The re-
gion also forms part of the dimer interface
in the complex, making contacts to the
twofold related helix, a®. The total change
in solvent accessible area due to dimer for-
mation is 2050 A2, an increase of approxi-
mately 500 A? from the free enzyme. An
extra salt bridge is also formed across the
dimer interface between Lys®’" and Glu!¢"R.

The folding of this region appears to be



Fig. 3. Structure of Bam HI-DNA com-
plex. (A) The entire structure viewed
down the DNA axis. The enzyme's R
subunit is on the right and the L subunit
is on the left. The a helices are colored

in green, the B strands in purple, and the DNA in orange. (B) The R subunit of Bam HI showing the labeling
of e helices and B strands. A few residue numbers are indicated at approximate locations. C marks the
COQOH-terminal end of the subunit. (C) The parallel four-helix bundle viewed perpendicular to the DNA
axis. Helices and loops from R and L subunits are shown in purple and green colors, respectively.
Portions of the refolded COOH-termini are included as well as the active site residues of L subunit,

clustered near the scissile phosphate group.

driven by a set of contacts established be-
tween the main chain atoms of residues 90
and 91 and the phosphate backbone of
nucleotides Thy* and Gua®. A similar fold-
ing is seen in other protein-DNA complex-
es; for example, the NH,-terminal arm of A
repressor (6), the basic helices of bZip and
helix-loop-helix proteins (7), the second
zinc module of glucorticoid receptor (18),
and the DNA recognition loop of Eco RV
(12) are all examples of regions that be-
come ordered on DNA binding. Direct in-
teractions between the regions and the
DNA provide the necessary free energy for
the disorder to order transition. Disordered
regions allow better molding of proteins to

their DNA sites, but their resulting overall
binding energies would be less than that
with performed structures (19). However,
for Bam HI and glucorticoid receptor the
new dimer contacts, established by the
DNA induced refolding, should enhance
the overall binding energies.

3) The third type of conformational
change is a local rearrangement of the loop
(residues 152 to 157) preceding helix a®.
Many of the side chain and main chain
atoms that interact specifically with DNA
are located on this loop. The side chain of
Arg'®’® swings about 90° from its conforma-
tion in the free enzyme to form specific base
contacts with Gua®. In order to participate
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in this interaction, the main chain of
Arg'® occupies a region on the Ramachan-
dran plot that is not normally occupied by
nonglycine residues; its unfavorable torsion
angles are stabilized by a hydrogen bond
between Ile!'’N and Arg!>°0 (2.8 A). In
both subunits, there is also a local distortion
or kinking of helix a® on DNA binding.
This enables residues at the NH,-terminal
end of the helix to make direct contacts
with the DNA backbone.

4) The most striking conformational
change is the unfolding of a helices at the
COOQOH-terminal of the protein (residues
194 to 213). This region contained an or-
dered a helix (o) in the free protein, but
when bound to DNA it becomes extended
and partially disordered. We refer to the
extended conformation as an “arm.” The
arm from the R subunit binds to the minor
groove of the DNA, whereas the arm from
the twofold related L subunit folds back
toward the core of the protein (Fig. 4). The
minor groove is t0O Narrow to accommo-
date arms from both subunits, if they folded
symmetrically into the groove.

The R and L arms can only be traced to
residues 198 and 208, respectively. The en-
suing residues are presumed to be disordered
in the complex. The Gly'* residue anchors
the beginning of each arm to DNA by a
hydrogen bond between its NH group and
phosphate of Thy!". The R arm continues a
path toward the back side of DNA and into
the minor groove. This positions it directly
opposite from the four-helix bundle, mak-
ing a series of contacts in the minor groove
(described below). The L arm follows a path
that is roughly parallel to the sugar-phos-
phate backbone of the DNA (Fig. 5).
Met!%8 contacts the DNA backbone di-
rectly, whereas Lys?°’" reaches over to form
a salt bridge with the phosphate group of a
translationally related DNA fragment. The
latter contact is likely to be preserved with
a longer DNA fragment. The other basic
residues on the L arm face the core of the
protein so that Arg?®! forms a salt bridge to
Glu® and Lys2* is 3.8 A from the carbonyl
group of Asn?>. The conformation of the L
arm is also stabilized by the packing of
Trp?% against Tyr’> and Tyr*® (Fig. 5).

The question arises as to what drives the
refolding of the COOH-terminal helices
(a”) on DNA binding? The R arm clearly
gains a new set of interactions in the minor
groove of DNA. The L arm gains a possible
salt bridge between Lys?® and a phosphate
group, and a new set of interactions are
established within the protein. These inter-
actions may tip the free energy balance
from helical to extended and partially dis-
ordered conformations on DNA binding.
a-Helices are only marginally stable by
themselves (20), their configuration in pro-
teins is stabilized by tertiary interactions. In
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free Bam HI, o’ was the most mobile ((B) =
33 AZ?) and solvent accessible helix of the
enzyme (3), suggesting a low-energy thresh-
old between folded and unfolded states. The
kinking of helix a® and the movement of
Gly'** to form the anchoring hydrogen
bond could also contribute to the destabili-
zation of the COOH-terminal helix on
DNA binding. Crystal packing effects can-
not explain the refolding of the COOH-
terminal regions because there are no crys-
tal lattice contacts to the R arm and only a
couple of contacts to the L arm (one of
which mimics contact to a longer piece of

DNA). In the free enzyme, the COOH-

Fig. 4. Structures of (A) free
and (B) DNA bound forms of
Bam HI. Regions that under-
go conformational change
are shown in yellow color.
Upon DNA binding, the res-
idues between strands B3
and B* become ordered but
the COOH-terminal helices
unwind and adopt extend-
ed, partially disordered con-
formations (R and L arms).

terminal region makes a few crystal con-
tacts, but these are far exceeded by interac-
tions established within the protein (21).
Refolding of secondary structure occurs
most dramatically in the structure of influ-
enza haemagglutinin, when induced by a
pH change (22). The structure of Bam HI-
DNA complex provides an example of an a
helix refolding on DNA binding. Spolar
and Record (23) have analyzed the large
negative heat capacity changes accompany-
ing site specific DNA binding in terms of
quarternary rearrangement of protein sub-
units and the ordering of disordered regions.
Bam HI shows that unraveling of secondary

Fig. 5. A stereo view of the refolded R and L arms. The R arm enters the DNA minor groove while the L
arm follows the sugar-phosphate backbone. The DNA is shown with a few nucleotides from the screw-
related DNA which stacks to form a pseudocontinuous helix.
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structural elements can also be used to cre-
ate part of the protein-DNA interface.
Moreover, the entropic cost of forming a
complex, in some cases, could be partially
offset by regions becoming more disordered
on DNA binding.

Protein-DNA recognition. The Bam HI
complex displays an impressive range of
protein-DNA interactions. For example,
side chain atoms, main chain atoms, tightly
bound water molecules, all contribute to-
ward recognition of the Bam HI sequence.
Interactions occur in both the major and
the minor grooves of DNA. In the major
groove, every hydrogen bond donor and
acceptor group takes part in direct or water-
mediated hydrogen bonds with the protein.
This complementarity at the protein-DNA
interface ensures that only the Bam HI
recognition sequence can make all of the
necessary interactions. Any other DNA se-
quence would lead to a loss of hydrogen
bonds or steric clashes (or both).

1) The major groove contacts are formed
primarily by regions at the NH,-terminal
ends of helices a* and af These helices
dimerize with the corresponding helices from
the twofold related subunit to form a parallel
four-helix bundle. The a* helices from sub-
units L and R form a V shape that penetrates
the major groove at the center of the 6-bp
recognition sequence (Fig. 3C). Helices a®
themselves do not enter the major groove,
but the loops preceding them interact with
the ends of the recognition sequence. Over
the 6-bp recognition sequence, there are 12
direct protein-DNA hydrogen bonds and six
water-mediated hydrogen bonds (Fig. 6).
Thus, the hydrogen bonding potential in the
major groove is totally satisfied. Most of the
specific contacts to the R-DNA half-site
come from the L subunit, and vice versa.
The contacts are almost identical between
the two DNA half-sites, and we describe
them for the R half-site only.

The outer G-C base pair is contacted by
the 152-157 loop that precedes helix
(Fig. 6). Two hydrogen bonds are donated
by Arg'® to Gua’® [N"...N7 (29 A),
Ne...06 (2.6 A)]. Interaction between ar-
ginine and guanine is probably the most
commonly observed (and predictive) inter-
action in protein-DNA complexes (14).
However, the hydrogen-bonding pattern we
observe differs from usual pattern in that N¢
and N™ rather than N and N™? of Arg'*®
form the bidentate hydrogen bonds to gua-
nine. The unusual orientation of Arg'>® is
stabilized by a salt bridge to Glu'®'
N0 (2.9 A), N"...0¢! (2.7 A)].
The outer cytosine base, Cyt*’, makes a
single hydrogen bond with Asp'**
[N4...0%! (2.9 A)]. Hydrogen bonds be-
tween aspartate and cytosine residues have
also been observed for the fourth and fifth
zinc fingers of the human glioblastoma
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GL1-DNA complex (24).

Contacts to the middle G-C base pair
arise from the 152-157 loop, the NH,-
terminal end of helix o, and a water mol-
ecule (Fig. 6). Asn''® donates a single hy-

Argl22R

drogen bond to Gua® through its terminal 7 GuaR
amino group [N®2. . .06 (3.1 A)]. The ami- AsniteL] & A’

no group is propetly positioned by a hydro- (A )

gen bond between O®! of Asn'!® and the e/ S Guazk

main chain nitrogen of Ser''®, The N7
atom of Gua? is hydrogen-bonded to a
tightly bound water molecule [N7...0 (3.0
A)]l, which in tumn is linked to Arg'?*®
(N2 .0 (3.0 A)] and Asn''® [O?'...O Cy2’RO
(2.6 A)]. The hydrogen-bonding potential AspI96R Aspl96R
of Cyt? is satisfied by a bond to the main

chain carbonyl of Asp!>* [N4. . .0 (2.7 A)].

Hydrogen bonds between main chain car-

bonyl groups and amino groups of cytosine B Arg122R
bases have also been observed in Eco RV~
DNA and Gal4-DNA complexes (12, 25).
The close approach of the main chain at-
oms to Cyt? helps to explain why methyl-
ation of this residue (at atom N4) by Bam
HI methylase would sterically inhibit the
endonuclease from binding to its specific
site.

In the Bam HI-DNA complex, only the
thymine base of the inner A-T base pair is
involved in a hydrogen bond with the pro-
tein (Fig. 6). The Asn''®, which donated a
hydrogen bond to Gua?, also donates a hy-
drogen bond to Thy!" [N®2. . .04 (2.9 A)].
Thus, the side chain of Asn''S bridges be-
tween Gua? and Thy!". The nonpolar por-
tion of Asn!!® side chain also forms van der
Waals contacts with the methyl group of
Thy'', a situation similar to the GIn®’-
Thy®" interaction in the 434 repressor—op-

Major groove
5t 3t

erator complex (26). There are no direct (o} R
hydrogen bonds between Ade! and the en- Lys 146L NG > 1
=21 [=]
Fig. 6. Protein-DNA interactions. (A) A stereo view L +
of the interactions between the enzyme and the ] =2
outer (GC) and middle (GC) base pairs of the rec- Glu 161L Arg 155L ¢ [
ognition sequence. (B) A stereo view of the inter- S|
actions between the enzyme and the middle (GC) bl Asp 154L et ) Minor groove
and inner (AT) base pairs of the recognition se- : CW
quence. Dashed lines indicate hydrogen bonds. Ser118L 116l Asp 196 R
Conserved water molecules are shown as black ﬂy < V7 L Lys 103U ) P
spheres. Interactions are shown for both the ma- adl e oo  — Asn 116L, Thr 153L
jor and minor groove edges of the base-pairs. (C) e RERFN M Var 156l a1 [T] NH 197R
A sketch summarizing contacts between Bam H| Arg129R - - - - R | ] ¢<«—Thr163LOy1 ¢ [] | S
and DNA: (i) Contacts to base pairs in the major 9 e [z Val 57L N E’[f NH 198R
groove of R half-site. The 6-bp recognition se- 4R < ’ Gly 194LN
quence is shown shaded. Direct hydrogen bonds & /CO 16R ) ¢<—Lys 61LNC
between the enzyme and the bases are shown by e ] Thr 114L O71
solid lines, water mediated hydrogen bonds by J < (L Active site)
dashed lines, and van der Waal contacts by a row aGR@_/Q
of vertical lines. Base pair contacts to the L half- L
site are exactly the same. (i) Hydrogen bonds W ¢a— LG';' ?;lél.NNg
between base pairs and R arm in the minor a2 7] ¥
groove. (i) Contacts between the L subunit and Lys 89L N¢
the sugar-phosphate backbone of DNA. The R 9 -~ Gly 90L N
subunit makes identical, twofold symmetric con- [z] =&
tacts. Note that the L subunit makes most of its
base pair contacts to the R half-site, but most of ) L 9 Lys 89LNG
its backbone contacts to the L half-site. 3 5!

SCIENCE « VOL. 269 * 4 AUGUST 1995 661




zyme; they are instead mediated by an in-
tricate network involving three highly lo-
calized water molecules (Fig. 6). Similar
water-mediated recognition of base pairs
has been observed in a number of protein-
DNA complexes, most notably the trp re-
pressor-operator complex (27).

2) Minor groove contacts are formed by
the refolded COOH-terminal arm of R sub-
unit (Fig. 6). As noted above, there is in-
sufficient room within the minor groove to
accommodate arms from both subunits if
they were to fold symmetrically in the
groove. The possibility of steric clashes be-
tween symmetrically folded NH,-terminal
arms was similarly suggested as the cause of
N repressor’s asymmetric binding to its
DNA site (28). The R arm of Bam HI
makes specific interactions with both DNA
half-sites. There are hydrogen bonds be-
tween Asp'”® and Gua®™® [O°!.. N2 (3.0
A)], Gly"™® and Cyt?® [N...02 (3.0 A)],
Met!' 3R and Thy'" [N...O2 (2.8 A)], and
van der Waals contacts between Gly'"®
and Ade'® [C*...C2 (3.4 A)].

3) The interactions between the enzyme
and the sugar-phosphate backbone of DNA
are extensive. Each subunit makes 11 direct
hydrogen bonds to DNA phosphate groups
(Fig. 6C), with approximately eight more
mediated via water molecules. The residues
involved come from several segments of the
enzyme: the NH,-terminal end of helix o’
(57 to 61), the ordered region just before
strand B* (89 to 91), the NH,-terminal end
of helix a* (111 to 126), the NH,-terminal
end of helix «® (146 to 165), and residues
just before the refolded COOH-terminus

Fig. 7. Stereo views of
the (A) Bam HI and (B)
DNA polymerase | (Kle-
now) active sites. The
views have been se-
lected to emphasize
the similarites be-
tween the active sites.
The Bam HI active site
is from the right DNA
half-site, and A, B, and
C are labels for three
water molecules. In the
polymerase active site,
A and B are labels for

A
E
D %R
®
®A B .
E113 E 113R
ﬁ

(193 to 194). Of the direct phosphate con-
tacts, seven involve side chain groups (five
of which are lysines) and four are from
chain NH groups (involving three glycine
residues). The L subunit contacts seven
consecutive phosphates from 5L to 2'R,
whereas the R subunit contacts the non-
crystallographic symmetry related 5R to
2'L. Thus, contacts to the central four
nucleotides of the recognition sequence
overlap between the two strands.

Active sites and catalytic mechanism.
Type II restriction enzymes require only
Mg?* as a cofactor to catalyze the hydrolysis
of DNA phosphodiesters, leaving free 5’
phosphate and 3" hydroxyl groups. The re-
action is considered to proceed by an in-
line displacement of the 3’ leaving group, in
which an activated water molecule acts as
the attacking nucleophile (29). The active
sites are found to be structurally similar for
the four restriction enzymes whose struc-
tures are known. Residues Asp™, Glu''!
and Glu'"® in Bam HI can be spatially
aligned with residues Asp”!, Glu!!'' and
Lys'"? in Eco RI (5), residues Asp’, Asp™
and Lys”? in Eco RV (12), and residues
Asp®®, Glu®® and Lys™ in Pvu II (13). Sev-
eral mechanisms have been proposed for
the way these enzymes might activate a
water molecule for a nucleophilic attack
(12, 30). For Bam HI, based on the struc-
ture of the free enzyme, we suggested a
general base mechanism in which the acidic
residues Asp” and Glu'!! coordinate a
Mg?* at the active site, while Glu'!® acts as
a general base to deprotonate the attacking
water molecule (2). Based on the structure

E1l
D %R
[
®A B
ﬁ

two divalent cations Bam HI

and C is a label for a

water molecule. The

active site residues B

and the scissile phos- D 355 D 424 D 355 D 424

phate group are shown i&t i

in ball and stick repre- o

sentation. E 357 ﬁ( on @, E 357 ‘Y oA .B
Klenow

662 SCIENCE + VOL. 269 ¢ 4 AUGUST 1995

of the complex, however, a two metal
mechanism may in fact be more likely.

The Bam HI-DNA complex shows that
the geometries of the L and R active sites
are similar. In particular, three water mole-
cules labeled as A, B, and C are positioned
at almost identical positions in the two
active sites (Fig. 7). Water molecules A and
B are separated by about 4 A, and occupy
positions that bear resemblance to the two
metal sites in the exonuclease domain of
DNA polymerase I (31). Water molecule A
is located centrally at the active site, within
hydrogen-bonding distances from the car-
boxylate groups of Glu'!'! and Glu'!?, the
nonesterified oxygens of the scissile phos-
phate group, and the main chain carbonyl
group of Phe!!2. Water molecule B is locat-
ed toward the 3’ end of the scissile phos-
phate, a short hydrogen-bonding distance
from Glu!''! and a long hydrogen-bonding
distance from the leaving O3’ atom (Fig.
7). Also, Asp®* could hydrogen-bond to
water molecule B, if it adopted the config-
uration observed in the free enzyme (2). In
the presence of Mg?*, water molecules A
and B could easily be substituted by cations,
functioning in the manner postulated for
DNA polymerase I (31), with the cation at
site. A helping to activate the attacking
water molecule with the cation at site B
helping to stabilize the negative charge on
the 3’ oxyanion leaving group, and both
cations helping to stabilize the pentacova-
lent transition site. Water molecule C may
be a candidate for the attacking water mol-
ecule. It is hydrogen-bonded to the phos-
phate group of the neighboring 3’ nucleo-
tide (Ade!), and is the most linearly posi-
tioned water molecule with respect to the
scissile P-O3’ bond (angle of about 150°).
At present, its distances from the phospho-
rus atom of the scissile phosphate, the car-
boxylate group of Glu''?, and water mole-
cule A are >4 A, but these could change on
Mg?* binding.

Comparison to Eco RI. The structural
similarity between Bam HI and Eco RI was
noted previously (2). The resemblance was
unexpected because of the lack of sequence
similarity between the two enzymes. The
cores of both enzymes consist of a central B
sheet with a helices on both sides. Two «
helices from each subunit come together to
form a parallel four-helix bundle. The NH,-
terminal end of the four-helix bundle is
directed toward the major groove of DNA
in both enzymes. Despite this similarity,
none of the protein-DNA contacts ob-
served in the Bam HI-DNA complex could
have been anticipated from the structure of
Eco RI-DNA complex (5). Although the
angles between the helices of the bundle are
similar in both enzymes, the rms difference
for Ca atoms is high (3.0 A). Moreover, the
inner and outer arms that precede the he-



lices of the bundle in Eco RI are missing in
Bam HI. The beginning portion of the in-
ner arm described as the extended chain
motif, which makes many of the protein-
DNA contacts (especially to pyrimidines)
in Eco RI (5), is also absent in Bam HI.
Thus, the four-helix bundle of Bam HI and
Eco RI cannot be viewed as a conserved
DNA recognition motif, in the way that the
helix-turn-helix (HTH) motif or the zinc-
finger is viewed in transcription factors
(14). The large insertions and deletions
lead to different geometries for base pair
contacts in Bam HI and Eco RI. The pres-
ence of a four-helix bundle in the two en-
zymes may be due less to similarity of their
DNA sites (GGATCC compared to
GAATTC), but more to their similar cleav-
age properties; both enzymes cleave with a
4-bp stagger to produce 5' overhanging
ends. If such is the case, the four-helix
bundle may be regarded more as a con-
served dimerization motif for positioning
the active sites at a separation of about 17
to 19 A along the DNA axis, rather than for
conserved DNA contacts (2, 3). Interest-
ingly, Eco RV and Pvu II are structurally
similar but recognize their DNA sites by
ditferent elements, namely, antiparallel 8
strands in Pvu Il and a loop region in Eco
RV (12, 13, 32). Both enzymes cleave
DNA to produce blunt ends with no stagger
of base pairs, and their similarity may again
be due to a need to position the active sites
at a separation of only a couple of angstroms
along the DNA axis.

The diversity of protein-DNA contacts
in restriction enzymes may be a reflection of
the selective pressure that they face. A bac-
terial chromosome contains many sites that
differ by only a single base pair from the
specific site. These nonspecific sites would
be unmethylated, and their accidental
cleavage by the host restriction enzyme
could prove fatal for the cell. Restriction
enzymes must therefore evolve a protein-
DNA interface that is highly complemen-
tary toward their cognate DNA site. The
interface needs to be easily disrupted by
noncognate sequence that differ by even a
single base pair and the effect transmitted

to the active sites. The search for “tight”
complementarity may be one of the reasons
for the surprising diversity of protein se-
quences amongst restriction enzymes (1).
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