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Two new high-resolution cocrystal structures of EcoRV endonucle-
ase bound to DNA show that a large variation in DNA-bending
angles is sampled in the ground state binary complex. Together
with previous structures, these data reveal a contiguous series of
protein conformational states delineating a specific trajectory for
the induced-fit pathway. Rotation of the DNA-binding domains,
together with movements of two symmetry-related helices bind-
ing in the minor groove, causes base unstacking at a key base-pair
step and propagates structural changes that assemble the active
sites. These structures suggest a complex mechanism for DNA
bending that depends on forces generated by interacting protein
segments, and on selective neutralization of phosphate charges
along the inner face of the bent double helix.

DNA bending has received much attention as a striking
example of a conformational change occurring on forma-

tion of sequence-specific protein–DNA complexes. As is the case
for rearrangements in the protein, bending of DNA has a strong
influence on the affinity of the interaction and imposes an
energetic cost relative to unbent DNA (1, 2). DNA bending is
important to histone-mediated condensation and transcriptional
initiation (3, 4), so that an understanding of the underlying forces
generating the bend is of considerable biological significance.
Asymmetric neutralization of phosphates by positively charged
groups on proteins is known to be important in some cases (5,
6). By this mechanism, the DNA itself plays an active role in the
process of bending. However, mechanical forces generated by
protein binding, such as insertion of hydrophobic residues to
unstack adjacent base pairs (7), may also be partially or wholly
responsible.

The EcoRV endonuclease–DNA complex provides an excel-
lent model for the investigation of protein-induced DNA bend-
ing. This homodimeric type II restriction endonuclease cleaves
duplex DNA in a blunt-ended fashion at the center TA step of
its GATATC target site, bending the DNA directly at this locus
by approximately 50° into the major groove (as measured by the
roll angle) (8, 9). The DNA remains largely in the canonical
B-form on either side of the scissile phosphates. Comparison of
the crystal structures of the unliganded and DNA-bound enzyme
shows substantial quaternary structure rearrangements on bind-
ing, primarily involving rotation of the two DNA-bindingy
catalytic domains by 25° with respect to each other. Further, a
different 12° rotation between these domains exists between two
structures bound to cognate DNA in different lattices (10, 11).
Thus, considerable sampling of the enzyme quaternary structure
occurs in the ground state enzyme–DNA complex.

Although x-ray crystallographic studies such as these can
provide unparalleled high-resolution views of macromolecules
and macromolecular complexes, their use as a tool to study
conformational f lexibility and dynamics, such as are involved in
protein-induced DNA bending, has been limited. However,
additional views of quaternary states not visualized in a single
lattice environment, but nonetheless significantly populated in
the ensemble of solution structures, can be observed by extend-
ing the analysis to multiple lattices (12, 13). Here we have used
this approach to sample the collection of ground state confor-

mations in the 65,000 Mr EcoRV endonuclease–DNA complex.
In particular, we sought to distinguish whether different DNA-
bending angles are present in the ensemble of ground-state
structures and to establish a relationship between bending and
enzyme conformations that might help elucidate details of the
induced-fit pathway. To accomplish these objectives, the struc-
ture of the complex was determined at high resolution in two
additional crystal lattices. The new structures reveal a 50%
variation in the magnitude of the DNA-bending angle together
with correlated protein structure changes, providing direct in-
sight into the induced fit mechanism by which the conformations
of both macromolecules are altered en route to formation of a
productive specific complex.

Materials and Methods
Purification and Crystallization. Wild-type EcoRV was prepared as
described (11). The oligonucleotides were synthesized for co-
crystallization by standard methods and purified on a Rainin
PureDNA HPLC column (Rainin Instruments) developed in a
gradient of triethyl amine acetateyacetonitrile. Detritylation was
performed on the column (14). The DNA was lyophilized and
stored at 220°C until ready for use, when it was brought to a
concentration of 10 mgyml in 50 mM Tris (pH 7.5)y1 mM
EDTA. EcoRV in 10 mM Hepes, pH 7.5y250 mM NaCly1 mM
EDTAy0.1 mM DTT, and the DNA oligonucleotides were mixed
to give a final concentration of 10 mgyml EcoRV and 1.5-fold
molar excess of DNA. Crystals were grown by vapor diffusion.
One microliter of the protein–DNA solution was mixed with 1 ml
crystallization solution and placed over a well containing the
crystallization solution. The crystallization conditions are given
in Table 1.

X-Ray Structure Determinations and Coordinate Analysis. Diffraction
data were collected at room temperature from crystals mounted
directly from the mother liquor into capillaries (form IV) by
using a Rigaku (Tokyo) rotating copper anode source or at
2160°C from a loop-mounted crystal (form II) soaked in
cryoprotectant [1.5 M ammonium sulfate (pH 5.0); 30% glyc-
erol] at SSRL BL1–5. Form IV data were processed and scaled
with the HKL suite of programs (15); form II data were processed
with MOSFLM and CCP4 (16). Each of the structures was deter-
mined by using molecular replacement techniques. Rotation and
translation function calculations were performed with a starting
model derived from crystal form III (10) by using XPLOR (17).
XPLOR was also used for positional, individual B-factor and
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simulated annealing refinements. Model building used the pro-
grams CHAIN (18) and LORE (19). Stereochemical parameters for
the DNA were those recently described (20). DNA helical
parameters were calculated with the program CURVES (21) by
using all base pairs of each complex but excluding any nucleo-
tides overhanging the duplex. The ‘‘mini’’ option was used to find
the best curvilinear helical axis. Minor groove widths were
measured between the C39 atom of the first thymine of the
recognition site GATATC and the C39 atom of the cytosine on
the complementary strand. Nucleotides at structurally equiva-
lent positions were used for the nonspecific complex. Solvent
accessible surface area was calculated by the method of Lee and
Richards (22) as implemented in XPLOR (17). Difference dis-
tance plots were calculated by using the program DDMP (Center
for Structural Biology, Yale University, New Haven, CT).
Correlation coefficients were calculated with the program
FINDoCORR (N.C.H.).

Results and Discussion
Structures of two crystal forms of the unliganded EcoRV dimer
(9, 11), two crystal forms of the cognate DNA complex [forms
I and III; Tables 1 and 3 (10, 11)], and a complex with nonspecific
DNA (NS) (9) have been determined previously. We now
present high-resolution structures of EcoRV bound to specific
DNA in two new crystal forms (forms II and IV; Tables 1–3).
Analysis of the cognate complex as visualized in the four
different lattices I-IV shows that the magnitude of the DNA-
bending angle varies by nearly 50% (Fig. 1; Table 3). Both the
extent of the variation and the trend in bending angles are

consistent among separate calculations of the overall DNA bend,
the bend directly at the center TA step, and the roll angle at the
center TA step. Thus, significantly populated ground state
conformations of similar energies are compatible with different
magnitudes of DNA bending.

To elucidate the mechanisms by which EcoRV induces DNA
bending, differences in conformation among the two unliganded
structures, the four specific complexes, and the nonspecific
complex were analyzed with difference-distance matrices (a set
of 12 matrices is available as supplementary material; see
www.pnas.org). This provides an assessment of regions that are
identical between pairs of structures, thus revealing subdomains
forming rigid units and polypeptide segments functioning as
flexible linkers or hinges. The analysis shows that the largest
movements always occur between the two monomers of each
dimer, although significant changes are also present between the
DNA-bindingycatalytic domain (DBD) and the dimerization
interface within each monomer (Fig. 1). The R-loops and
Q-loops binding in the major and minor grooves also move as
separate elements. The rotational difference between the two
DBD domains in the unliganded vs. the specific DNA-bound
forms is approximately 25°, with 10–12° differences among the
structures within each set. The NS complex resembles the
specific DNA complex more closely than it does the unliganded
form, but the two monomers are farther apart. These results
confirm and extend previous analyses of EcoRV by difference-
distance matrices (11).

Although differences between the form I structure (Table 1)
and forms II, III, and IV appear clearly in the difference-

Table 1. Crystal forms and crystallization conditions for EcoRV-DNA complexes

Form
Space
group DNA Cell dimensions

Crystallization
conditions pH

Nonspecific* P21 CGAGCTCG a 5 68.4 Å; b 5 79.6 Å; c 5 66.4 Å; b 5 104.6° 0.02 M Mes
0.1 M NaCl

1.0–1.5% PEG 4,000

6.0

I. Cognate* C2221 GGGATATCCC a 5 60.2 Å; b 5 78.4 Å; c 5 371.3 Å 0.01 M sodium phosphate
0.08 M NaCl

2.5–3.5% PEG 4,000

7.0

II. Cognate C2221 GAAGATATCTTC a 5 72.6 Å; b 5 120.4 Å; c 5 182.7 Å 1.5 M ammonium sulfate 5.0
III. Cognate† P1 AAAGATATCTT a 5 49.2 Å; b 5 50.4 Å; c 5 64.1 Å;

a 5 96.4°; b 5 108.9°; g 5 108.5°
0.1 M Hepes
0.15 M NaCl

10% PEG 4,000

7.5

IV. Cognate P41212 AAGATATCTTA a 5 b 5 66.1 Å; c 5 299.3 Å 0.1 M acetate
0.2 M Na, K tartrate

10% PEG 4,000

4.5

PEG, polyethylene glycol.
*From ref. 9. For the nonspecific complex, the hexameric site is 59-TCGCGA, arising from two abutted 8-mer DNA duplexes. The central
phosphates at the GC step are thus missing in this complex. Both form I and the nonspecific complex are determined at 3.0-Å resolution.

†From refs. 10 and 11. Form III is determined at 2.0-Å resolution.

Table 2. Crystallographic data collection and refinement statistics

Form

Temperature
of data

collection
Resolution,

Å
Total

reflections
Unique

reflections Completeness*
Rmerge

†,
% Form

Asymmetric
unit

Rcryst
‡,

%
Rfree

§,
%

No.
solvent

rms
bond

lengths,
Å

rms
bond

angles

II 2160° 2.16 50,635 21,638 82% (41%) 4.8 II One dimer 23.1 31.6 248 0.012 2.1°
IV Room temperature 2.61 96,208 18,023 78% (50%) 10.3 One DNA duplex

IV One dimer 18.1 30.2 71 0.011 1.8°
One DNA duplex

*Completeness in the highest resolution shell is given in parentheses.
†Rmerge 5 (ShSiu^Fh& 2 Fhiu)y(ShFh), where ^Fh& is the mean structure factor magnitude of i observations of symmetry-related reflections with Bragg index h.
‡Rcryst 5 (ShSiuuFobsu 2 uFcalcuu)y(SuFobsu), where Fobs and Fcalc are the observed and calculated structure factor magnitudes.
§Rfree is calculated with removal of 5% of the data as the test set, followed by simulated-annealing refinement of the final model.
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distance matrix plots, detailed structural changes among the four
specific complexes (which might be correlated with different
DNA-bending magnitudes) are not revealed by this analysis.
Therefore, a standard linear correlation coefficient, r, was used
to assess the correlation between (i) the distance between a pair
of a-carbons (i, j) of a structure k (xi), and (ii) the DNA bend
angle in structure k (yi). Linear plots for all pairs of a-carbons
were made based on the coordinates of five structures: the four
specific complexes I–IV and the NS. A matrix representation of
r as a function of a-carbon pairs (i, j) was then constructed (Fig.
2A), in which high values of r represent interatomic distances that

vary linearly with DNA-bending angle. Interatomic distances
having the highest correlations occur between the two subunits,
and with a cutoff of r . 0.9 appear as patches comprising five
segments: (i) residues 37–58 (the B helix); (ii) residues 58–94
(the Q loop and two b-strands of the DNA-binding domain); (iii)
residues 100–126 (a b-strand, short helix, and loop of the
DNA-binding domain); (iv) residues 170–192 (a b-strand of the
DNA-binding domain and the R-loop); (v) residues 199–237 (the
carboxyl-terminal domain) (Fig. 2B). A decrease in the distance
between any pair of these regions (in separate monomers)
correlates with an increase in DNA bending at the center TA
step (Fig. 2 A). The conformational change giving rise to the
correlation of segments ii–v can be described by a rotation of one
DNA-binding domain relative to the other, about an axis roughly
perpendicular to the dimer 2-fold (approximately parallel to the
DNA axis), and a translation of the DNA-binding domain
toward the DNA (Fig. 2C). However, the movements of segment
i are distinct and involve step changes rather than a continuum
of conformations.

The EcoRV-induced DNA bend is small in the NS complex,
increases to 24° in the least-bent specific complex (form IV), and
varies up to a maximum of 35° in both forms II and I. In the
transition to form I, the minor groove widens by 1.2–1.3 Å, and
the scissile phosphates are brought deeper into the active site
(Table 3). Correlated movements of the two minor-groove
binding B-helices occur in concert with these changes in the
DNA, including a translation by one turn with respect to each
other (Fig. 3A). This translation decreases the helix–helix inter-
face area and appears only in form I. The B-helix–B-helix
interfaces in forms II, III, and IV are similar to each other and
to the unliganded enzyme, indicating that this step change occurs
only after both DNA binding and bending. Divalent metal crystal
soaking experiments have also shown that only form I retains
catalytic activity in the crystalline state (refs. 9–11; unpublished
data), suggesting that this conformation is close to the transition
state for phosphodiester bond cleavage. Although other stable
intermediates may be present in solution, the set of structures
beginning with the unliganded enzyme and proceeding through
crystal forms IV to I provides a model for a functionally relevant
trajectory of protein conformations present along the pathway of
DNA bending.

The interdigitation of B-helix side chains in the NS complex
resembles that of form I, but their placement relative to the
DNA-binding site is more distant than observed in any specific
complex. This conformation may not be relevant to cleavage

Fig. 1. Ribbon diagram of EcoRV (crystal form III) bound to cognate DNA.
The a-helices composed of residues 37–58 from each subunit are shown as
red cylinders. The DNA helical axes of the cognate forms (I, dark blue; II,
green; III, pink; IV, red) and of the nonspecific complex (light blue) were
calculated after superposition of all main chain atoms of each form onto
form III. The major-groove recognition loops (R-loops, black) and minor-
groove binding Q-loops (purple) are designated R and Q, respectively. The
dimer interface and the two DNA-bindingycatalytic domains are indicated
as DIM, DBD-I, and DBD-II, respectively.

Table 3. DNA structural parameters

Form
Bend* at

center step, °
Bend

overall†, °

Roll at center
step global

(local)

Bend* at
adjacent
steps, °

Minor groove
width at

center step, Å

Surface area
buried between
Q-loopyB-helix
and DNA‡, Å2

I 35 60 45.3° (49.9°) 15, 7 11.92 1,551
II 35 57 53.3° (47.7°) 9, 10 10.57 1,402
III 31 46 46.7° (51.1°) 8, 12 10.70 1,335
IV 24 42 33.7° (34.5°) 7, 8 10.70 1,241
Nonspecific 6 23 12.0° (5.7°) 13, 15 10.77 –

*Bend is defined as the angle between helical axes on either side of the base pairs (21). The center step is TA for the specific site GATATC
and GC for the nonspecific site TCGCGA. To establish the significance of the differences among the angles 24° to 35°, bend angles were
calculated for four protein–DNA complexes solved in lattices which contain two independent copies of a complete complex in the
asymmetric unit. The structures used are three zinc-finger complexes (34–36) and a leucine zipper protein bound to DNA (37). A total
of 74 base-pair steps in these four complexes were analyzed for differences in bend angles between the two asymmetric units of each
structure. The mean difference is 0.02° with a standard deviation of 1.5°. It thus appears that the overall 11° variation in bend angle
at the center TA step in the EcoRV structures is significant. There is no correlation of bending angle with the solution conditions (ionic
strength, precipitating agent, or pH) used for crystallization (Table 1).

†Bend overall of the helical axis as calculated by CURVES (21) using a best-fit curvilinear axis.
‡Buried surface area is calculated as the sum over both enzyme subunits.
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events in which EcoRV directly binds specific DNA (as in
reactions with short synthetic oligonucleotide duplexes). How-
ever, because EcoRV can reach its target site by scanning
nonspecific DNA, it must be capable of transforming from the
NS conformation to the form I conformation without dissocia-
tion. According to the structural models, this would require
three changes to the B-helix interface: once on binding DNA
(unliganded to NS), next at the initial stages of bending (NS to
form IV), and finally to produce the catalytically active confor-
mation (form II to form I). By contrast, a pathway invoking
simultaneous binding and bending of the specific site requires
only one helical interface translation.

The direct force applied to facilitate bending may arise from
contacts of Thr-37, at the extreme amino termini of the B-
helices, with the ribose sugar at the center thymine nucleotide of
each ATC half site (Fig. 3B). As the DNA bends by 11° in
proceeding through the conformational states in crystal forms
IV through I, the side chain of Thr-37 rotates to generate a
hydrophobic contact between Cg and the thymine ribose ring,
and these two groups move closer together. Close van der Waals
contact is made at the stage in bending corresponding to crystal
forms I-II (Fig. 3C). The Thr-37 movements also affect the
conformations of the adjacent minor-groove binding Q-loops
(residues 67–70), via an intersubunit contact between Thr-37 and
Gln-69 (Fig. 3D). As the DNA bend increases, more surface area
is buried between the Q-loopsyB-helices and the minor groove
(Table 3). The energy cost associated with DNA bending may be
roughly compensated by this increased buried surface area,
allowing the capture of intermediate states. Ultimately, suffi-
cient binding energy is liberated to provide the driving force for
the B-helices to translate apart into the form I conformation
(Figs. 2C and 3A). The importance of the Thr-37–Gln-69 minor
groove contact in facilitating these conformational changes is
supported by the severe effects on catalysis observed on muta-
tion of either residue (23, 24).

The Q-loopyB-helix rearrangements occurring in concert
with bending in turn help to assemble the active sites, as
important carboxylates at Glu-45 and Asp-74 alter their rel-

BB

C

A

Fig. 2. (A) Cross-correlation matrix plot of the distances between a-car-
bons i and j of each DNA-bound structure, and roll angle of the DNA at the
center TA step. Shown is the upper right quadrant of the full matrix.
Residues 1–245 of subunit I are on the horizontal axis, and residues 1–245
of subunit II are on the vertical axis. A gray point is placed for a-carbon
atom pairs having r . 0.90 (i.e., the distance between these atoms is
significantly correlated with roll angle for the five structures I-IV and NS).
Shading of points from gray to black indicates values of r ranging from
0.9 to 1.0. Colored segments 1 through 5 (Upper and Left) are assigned by
inspection of this plot. Residues 184 –187 in segment 4 and 221–228 in
segment 5 are not included in the calculation because they are disordered
in the nonspecific complex; these residues appear as stripes with discrete
borders. Similar plots were calculated with each of the other two measures
of DNA-bending angle (Table 3) as well as with random values for the bend
angle. The total number of points (i, j) having r . 0.90 are: using center-
step bend of the DNA, 28,251; using roll angle at the center step, 34,681;
using overall bend of the DNA, 10,465; using random values for bend
angles, 1,893. Segments 1 through 5 appear in the three plots using
experimental DNA-bending angles but not in the plot using random bend
angles. Inspection of other quadrants of the matrix plot shows no signif-
icant correlations for interatomic distances within either subunit. Analysis
of cross-correlation coefficients has also been used to assess correlated
atomic displacements in molecular dynamics simulations of proteins (32).
(B) Ribbon diagram of the specific complex in crystal form IV color coded by
segments defined by the plot in A. (C) Schematic drawing of the protein
conformational changes occurring with DNA bending. The white and black
models represent complexes containing DNA which is bent to a lesser and
greater degree, respectively. As the DNA bends, the B helices translate
apart and rotate up into the DNA-binding site, and the DNA-binding
domains rotate about the axes indicated.

5732 u www.pnas.org Horton and Perona



ative positions in the more sharply bent as compared with the
less bent structures (Fig. 3D) (25). Complete assembly of the
active site requires accurate juxtaposition of Asp-90yLys-92 in
the central b-sheet with Asp-74 and Glu-45, for ligation of
required divalent cations that bind between these side chains
and the DNA phosphates (25–27). A lattice contact on the
amino-terminal helix of the enzyme, present in all crystals
except the active form I, appears to prevent the B-helix
movements (Fig. 3A) required for precise active-site assembly
in forms II to IV.

DNA sequence specificity may be determined in part by the
intrinsic high bendability of the TA step. In proceeding through
the conformations observed in crystal forms IV through I, the
DNA bend also increases, but by a smaller amount, at the two
adjacent AT-steps of GATATC (Table 3). These adjacent steps
are the sites of direct interaction with Thr-37. The TA step has
on average a 50% greater roll angle than does the AT step (28)
and is known from thermodynamic and theoretical studies to be
the most easily unstacked of any base-pair step (29, 30). The

superior bendability of TA thus may have a significant effect on
the precise position at which deformation preferentially occurs
in response to the Thr-37 contact. A study of base analogs at the
center TA step also suggested that the differential free-energy
cost of base-pair unstacking is an important mechanism by which
EcoRV distinguishes the cognate DNA sequence via indirect
readout (31).

This characterization of intermediate states along the EcoRV
protein-induced DNA-bending pathway, accomplished by trap-
ping these states in different lattice environments, provides
perhaps the most detailed view to date of an induced-fit tran-
sition in a protein–nucleic acid complex. Although the final stage
of DNA bending and active-site assembly appears to be driven
by mechanical forces generated by the protein, the initiation of
bending may instead depend significantly on asymmetric phos-
phate charge neutralization on one face of the double helix (5, 6).
It is notable that the 30-aa carboxyl-terminal subdomains of
EcoRV (Fig. 1), which are disordered in the unliganded enzyme
(11), possess a net 1 5 electrostatic charge and interact with

A B

C D

Fig. 3. (A) Superposition (based on the R-loop residues 184–187) of the least-bent form IV (red) and the most-bent form I (blue), showing interdigitation of Leu-46,
Thr-42, and Val-39 at the B-helix interface. Arrows indicate the antiparallel movements of the helices during the 11° bending of the DNA in progressing from form IV
to form I. Distances between Ca T42 (blue) and Ca Thr-42 (red) are 3.4 Å in subunit A and 2.2 Å in subunit B. (B) Propagation of the B-helix conformational changes
to DNA bending, with structures superimposed as in A. The B-helices and DNA from crystal form I (blue) and crystal form IV (red) are shown, with coupling between
the Thr-37–Thy-8 ribose contact and the B-helix translation also illustrated. Thr-37 and the ribose sugar in form I are shown in green in thicker bonds for clarity. These
groups in form IV are shown in gold. (C) Plot of the center-step DNA-bending angle as a function of distance between Thr-37Cb and Thy-8-C49. Error bars for crystal
forms II and IV reported here indicate coordinate error as calculated with the program SIGMAA. The error bars for crystal forms I and III (9, 10) were estimated from the
resolutions of the data sets, based on calculations from truncated penicillopepsin data, and may represent underestimates (33). The points represent the average
Thr-37(Cb)-ribose(C49) distance for the two monomer subunits of each dimer. Roman numerals adjacent to the data points indicate the crystal form (Tables 1 and 3).
(D)PropagationoftheB-helixconformationalchangeintotheadjacentQ-loops.Residues intheactivesitesGlu-45,Glu-65,andAsp-74areshown,as is theThr-37–Gln-69
contact in crystal form I (blue) and crystal form IV (red). The superposition was done as in A.
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f lanking regions of the DNA on the inside of the bend. Mutation
of Arg-226 in this subdomain, which removes a distal phosphate
interaction, produces large decreases in catalytic rate (23). Thus,
initial encounter of the specific GATATC site may be accom-
panied by a smaller bend, originating from flanking-sequence
interactions near the major groove. This might then set the stage
for application of direct mechanical force in the minor groove to
increase the bend magnitude. Further work to distinguish the
respective quantitative contributions of the two mechanisms in

EcoRV should provide insight into the energetic requirements
for assembly of higher-order protein–DNA complexes, with
important implications for the packaging and expression of
chromosomal DNA.
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