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ABSTRACT: Sequence specific DNA binding proteins are thought to adopt distinct conformations when
binding to target (cognate) and nontarget (noncognate) sequences. There is both biochemical and
crystallographic evidence that this behavior is important in mediating sequence recognition by the Mg-
(II)-dependent type II restriction enzymes. Despite this, there are few systematic comparisons of the
structural behavior of these enzymes in various complexes. Here,1H-15N HSQC NMR spectroscopy is
applied toPVuII endonuclease (2× 18 kDa) in an effort to better understand the relationship between
sequence recognition and enzyme conformational behavior. Spectra of the free enzyme collected in the
absence and presence of metal ions indicate that while there is a modest backbone conformational response
upon binding Ca(II), this does not occur with Mg(II). Substrate binding itself is accompanied by very
dramatic spectral changes consistent with a large-scale conformational response. HSQC spectra of the
enzyme bound to cognate (specific) and noncognate (nonspecific) oligonucleotides in the presence of
Ca(II) are dramatically distinct, revealing for the first time the structural uniqueness of aPVuII cognate
complex in solution. The strong correlation between NMR spectral overlap and crystallographic data (CR
rmsd) permits characterization of the nonspecificPVuII complex as being more similar to the free enzyme
than to the specific complex. Collectively, these data support the notion that it is the DNA, not the metal
ion, which promotes a unique conformational response by the enzyme. It therefore follows that the principle
role of metal ions in complex formation is one of driving substrate affinity and stability rather than
conformationally priming the enzyme for substrate binding and sequence recognition. These results not
only provide valuable insights into the mechanism of protein-DNA interactions but also demonstrate the
utility of NMR spectroscopy in structure-function studies of these representative nucleic acid systems.

Sequence discrimination by nucleic acid binding proteins
is one of the most remarkable examples of molecular
recognition in biochemistry. Target sequences of 6 bp
typically occur once every few thousand base pairs, yet they
are efficiently recognized by restriction enzymes (1). While
their recognition sites are typically larger, transcriptional
regulators perform this same feat (2). To find this proverbial
“needle in a haystack”, proteins must have evolved an
integrated set of mechanisms for accomplishing this task.
An attractive model is that of facilitated diffusion, in which
proteins bind nucleic acids nonspecifically and then proceed
along the helix until the target site is located (3).

In addition to favorable diffusion kinetics, this model has
an important structural component: To facilitate rapid motion
along the helix, interactions between the protein and non-
target sequences must be less intimate than that with the
target sequence (4, 5). The motivation to better understand
the structural basis of sequence discrimination has led to an
abundance of crystallographic studies of proteins complexed
to their target sequences. These structures reveal a rich library
of interactions at the atomic level (6). Among these are
structures of the type II restriction enzymes, the Mg(II)-
dependent homodimeric DNA hydrolases that have revolu-
tionized molecular biology (1). Thermodynamic studies in-

dicate that sequence discrimination among restriction en-
zymes is accomplished with differential affinities for cognate
(specific) versus noncognate (nonspecific) sequences (7, 8).
Early evidence for a relationship between sequence specific-
ity and conformational behavior emerged from biochemical
studies ofEcoRI andEcoRV endonucleases (see the Discus-
sion) (7, 9, 10). As is the case for many specific DNA bind-
ing proteins, most direct information about conformational
behavior has been obtained from crystallographic studies of
specific DNA complexes (1, 11). The structures of more than
dozen restriction enzymes have been reported to date.

To best understand the magnitudes of protein conforma-
tional changes associated with DNA binding, cognate
complex structures must be compared to the appropriate
reference structures, more specifically, those of free protein
and nonspecific complexes. Despite this imperative, there
is only a small number of systems for which this information
has been published (12-14). One impediment to studying
reference structures is the necessity of determining multiple
structures to extract conformational information. In this
respect, NMR spectroscopy is an attractive complementary
technique. Using the convenient and highly sensitive1H-
15N HSQC1 experiment (15), the conformational conse-
quences of a wide variety of interactions can be assessed in
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solution in a matter of hours. In addition, because it is a
solution technique, NMR spectroscopy can provide informa-
tion about population distributions, exchange, and molecular
motion (16, 17).

We have been pursuing restriction enzyme structure-
function relationships inPVuII endonuclease, which recog-
nizes the 5′-CAG|CTG-3′ sequence and in the presence of
Mg(II) cleaves at the central base step to achieve blunt ends
(18). Like many restriction enzymes,PVuII endonuclease also
utilizes metal ions to achieve effective sequence discrimina-
tion. In the presence of 10 mM Ca(II), a cofactor which does
not promote cleavage, the cognate complex stability is 5 kcal/
mol greater than that observed in the absence of added metal
ions (19). While the thermodynamic contribution of this
cofactor to sequence specificity is clear, the role of these
ions in structural contributions to this process could be better
understood. While there are structures of the cognatePVuII
complex and the free enzyme (20, 21), no structural
information about nonspecificPVuII complexes has been
reported.

As the smallest well-characterized restriction enzyme (156
amino acids, 18× 2 kDa), PVuII endonuclease is an ideal
system for exploring the power of NMR spectroscopic studies
of restriction enzymes. To that end, biosynthetic fluorination
and19F NMR spectroscopy were applied to examinePVuII
conformational changes associated with the binding of
divalent cations (22). More recently, uniform isotopic label-
ing and1H-15N HSQC spectroscopy were applied to assess
conformational effects of active site mutations (23). In this
study, NMR spectroscopy is applied for the first time to
examine the conformational basis of restriction enzyme
sequence discrimination. More specifically, this work ad-
dresses the following questions. Do divalent metal ions
conformationally prepare the enzyme for DNA binding? How
conformationally distinct are cognate and noncognatePVuII
complexes in solution? In addition to examining these
important issues, we also use the data collected here to
evaluate the enzyme for the application of more sophisticated
techniques. As will become clear, even in the absence of
resonance assignments, these spectra provide an unprec-
edented level of detail about restriction enzyme solution
conformational behavior.

EXPERIMENTAL PROCEDURES

Materials. Chelex resin was purchased from Bio-Rad
(Hercules, CA). Puratronic MgCl2 and CaCl2 were purchased
from Alfa Aesar (Ward Hill, MA). Concentrations of stock
solutions were determined by flame atomic absorption
spectroscopy using a Perkin-Elmer AAnalyst 700 spectro-
photometer. All buffers were applied to a Chelex column to
remove adventitious metal ions. Subsequent pH adjustments
were made with metal-free nitric acid. All solutions were
determined by atomic absorption spectroscopy to be metal-
free to the limits of detection (24).

Preparation of PVuII Endonucleases.The recombinant
expression systemPVuII endonuclease inEscherichia coli
(25) was kindly provided by P. Riggs of New England
Biolabs. The cells were grown in minimal media (M9 salts)
supplemented with 10µg/mL biotin, 10 µg/mL uracil, 50
µg/mL thiamine, 0.1 mM CaCl2, 2 mM MgSO4, and 0.5%
glucose. Uniform incorporation of15N was accomplished by

providing 15NH4Cl as the only nitrogen source, save 40µg/
mL Met required for growth. Purification of all enzymes was
accomplished using phosphocellulose chromatography and
heparin-Sepharose affinity chromatography as previously
described (22). Proteins were concentrated using Amicon
Centriprep and Centricon concentrators, and adventitious
metal ions were removed via exhaustive dialysis against
metal-free buffer (26). In repeated determinations, we have
been unable to detect metal ions in enzyme samples prepared
in this fashion. Thus, the enzyme is termed “metal-free” to
the limits of detection. All apoenzymes were quantitated
using anε280 of 36 900 M-1 cm-1 for the monomer subunit
and handled with metal-free sterile pipet tips and sterile
plasticware to prevent contamination.

Preparation of Oligonucleotides.The oligonucleotide 5′-
TGACCAGCTGGTC-3′ (self-complementary 13mer) was
purchased desalted from the Biopolymer Synthesis Facility
at the California Institute of Technology (Pasadena, CA) and
purified by reverse phase and ion exchange HPLC. The self-
complementary 14mer strand 5′-CGACCAGCTGGTCG-3′
containing a 3′-amidate linkage at the scissile phosphate was
purchased HPLC purified from Transgenomic (Boulder, CO).
DNA was quantitated usingε260 values provided by the
vendor. All oligonucleotide concentrations are expressed with
respect to the duplex. Using Centricons, DNAs were rendered
metal-free through at least two exchanges of>90% volume
with deionized distilled water. Subsequent handling was
accomplished with metal-free pipet tips and sterile plas-
ticware. Samples were stored in sterile water at 4°C for
immediate use or lyophilized for storage.

NMR Analysis.NMR samples contained 650µM PVuII
monomers in 25 mM Tris and 200 mM KCl at pH* 7.7 and
25 °C. DNA and metal ion concentrations were as indicated.
1H-15N TROSY HSQC NMR spectra were collected on a
600 MHz Varian Inova spectrometer located at Washington
University. HSQC spectra were acquired with 128 transients
of 1024 points in the1H dimension and 100 points in the
15N dimension. The1H spectral width was 8000 Hz, and the
15N spectral width was 1800 Hz.1H chemical shifts are
relative to DSS. Data were processed with resolution
enhancement and sine-bell shifting.

OVerlap Analysis.Spectra were plotted using thresholds
that permitted the best visualization of peaks without
including a lot of noise. In overlays, comparable thresholds
were used for both source spectra. The intensities for source
spectra were summed (NIH Image 1.63), and any difference
was used to generate and apply a correction factor. The
fraction of shifted area in overlaid spectra was obtained by
dividing this intensity (either red or blue) by the area
represented in the reference spectrum (the sum of black and
opposing color intensities). Calculating overlap with both
red and blue intensities generated results that varied up to
several percent. For this reason, only differences of>5-
10% were interpreted.

CR root-mean-square deviations (rmsds) between all com-
mon CR atoms in entire crystal structures were calculated
using SwissPDB Viewer 3.7 software. PDB entry 4RVE was
edited to contain only two subunits arranged as a homodimer.
For the 2BAM, 3BAM, and 1RVB structures, only the
subunit containing the metal ions was used in the calculation.
Since the BamHI structures can only be compared as
monomers, rmsds for both monomer and dimer forms for
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all structures involved in relevant comparisons are also
included.

RESULTS

Sample Conditions.Since this is the first comprehensive
NMR study of restriction enzyme-DNA interactions, and
part of the goal of the study is to evaluatePVuII endonuclease
for more detailed studies, some attention to sample conditions
is warranted. Ideal protein NMR samples are high in
concentration, very low in ionic strength, yet stable to many
hours of data collection at room temperature. Given that
restriction enzymes are more stable in high salt and have a
tendency to aggregate at high concentrations (22, 27), these
constraints present a special challenge. In previous calori-
metric studies requiring high concentrations of enzyme (1
mM monomers), we noted thatPVuII endonuclease is quite
stable at room temperature at ionic strengths around 400 mM
(28). While we have collected a number of spectra under
these conditions (22, 23), it can be difficult to tune some
probes and sensitivity to the coils is compromised. Therefore,
a series of trial HSQC spectra were collected and compared
at 50 mM Tris and 400 mM NaCl, 25 mM Tris and 200
mM NaCl, and 12 mM Tris and 100 NaCl, all at pH 7.7, a
pH close to optimum for activity. At the lowest ionic
strength, the enzyme precipitated after long periods of room-
temperature acquisition. Spectra collected between 0.5 and
1 mM PVuII monomers at 25 mM Tris and 200 mM NaCl
gave high-quality spectra with a minimum of sample
degradation. For most samples prepared in this fashion, a

good signal can be obtained with 32 transients without the
application of TROSY. However, samples containing phos-
phoramidate oligonucleotide were of reduced quality and
benefited from additional transients and TROSY. To facilitate
spectral comparisons, all spectra presented here were col-
lected in this fashion.

Free Enzyme Spectra.The first restriction enzyme NMR
studies involved biosynthetic fluorination and19F NMR
spectroscopy (22). In those studies, 10 Tyr residues served
as side chain probes of local protein environments.1H-15N
HSQC spectroscopy provides a different perspective: Since
these experiments correlate amide protons to their corre-
sponding nitrogens, these experiments report on backbone
environments throughout the protein structure, providing a
“fingerprint” spectrum of the enzyme (29). Figure 1 features
the 1H-15N HSQC spectrum of freePVuII endonuclease.
PVuII endonuclease has eight Pro residues, nine Asn residues,
and six Gln residues. Ideally, 180 cross-peaks are expected
from backbone and side chain amide groups of the enzyme
in this region. The application of a 600 MHz field, resolution
enhancement, and the TROSY modification (30) have
resulted in an improvement in sensitivity compared to that
of HSQC spectra published previously (23). The limits of
signal-to-noise ratios, the number of discernible peaks in this
spectrum is essentially equal to that expected. This spectral
quality indicates a potential for more detailed studies.

Metal Ion-Mediated Enzyme Conformational Changes.An
important issue in restriction enzyme structure-function
studies is the role of metal ions in DNA sequence recognition

FIGURE 1: 1H-15N TROSY HSQC spectrum ofPVuII endonuclease at 600 MHz. Conditions: 0.65 mM enzyme monomers, 25 mM Tris,
200 mM KCl, 10% D2O, pH* 7.7, and 25°C. FIDs of 1024 points from 128 scans were processed with line broadening and a sine-bell
shift. Chemical shifts are relative to DSS.
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and cleavage. This question naturally extends to conforma-
tional behavior. Specifically, do metal ions promote enzyme
conformational changes in preparation for DNA complex
formation? A few early structure-function studies suggested
that metal ions might be involved in conformational changes
associated with DNA binding and cleavage (see the Discus-
sion) (9, 31). More recent studies of metal ion-enzyme
interactions have been helpful in providing structural and
thermodynamic perspectives. Both Ca(II) and Mg(II) bind
PVuII endonuclease with low millimolar dissociation con-
stants (28, 32). While 25Mg NMR spectroscopy demonstrated
that the latter ion binds the enzyme (32), this event was could
not be detected by calorimetry or19F NMR spectroscopy.
Recently, the structure ofPVuII endonuclease bound to Mg-
(II) was determined (33); remarkably, the CR rmsd between
this structure and that of the free enzyme is only 0.67 Å.
Collectively, these data suggest that Mg(II) does not affect
the conformation of the enzyme, and is therefore not likely
involved in conformational priming. Binding of Ca(II), on
the other hand, is associated with obvious enthalpic and19F
spectral signatures consistent with a conformational response
(22, 28). How significant is this response in the protein
backbone, and how does it compare to conformational
changes associated with DNA binding? The behaviors of
enzyme-metal complexes provide a valuable opportunity
to gauge the sensitivity of HSQC spectra to divalent metal
ion binding. They also serve as calibrations of pattern
changes for spectral studies of enzyme-substrate complexes.

To determine the extent of backbone conformational
adjustments upon the addition of commonPVuII cofactors,
spectra were collected in the presence of 10 mM Ca(II) and
in the presence of 10 mM Mg(II). Panels A and B of Figure
2 compare the spectrum of the free enzyme (blue) with that
obtained in the presence of Ca(II) versus Mg(II) (red). There
is a clear change in the cross-peak pattern in the presence
of Ca(II). There are both substantial overlap and evidence

that the environments of a number of backbone amide
protons have been perturbed.

As described below, sequence specific assignments will
be a significant undertaking. However, in the meantime, a
measure of the degree of conformational response to metal
ion binding can be assessed with spectral overlays. While
one cannot directly correlate the magnitudes of chemical shift
changes with structural changes, the extent to which spectra
display overlapping intensities indicates a provisional mea-
sure of conformational similarities. To facilitate comparisons,
the intensity which is common to both spectra is presented
in black. Cross-peak intensities that are unique to one
spectrum are either blue or red as indicated. In addition to
the overall visual impression this coding provides, varying
degrees of overlap can be quantitated. Using imaging
software, peak areas (as opposed to volumes) were normal-
ized, integrated, and compared. The fraction of overlapping
area is obtained by dividing the black intensity by the area
represented in the reference spectrum (the sum of black and
either blue or red intensity as appropriate). Using this simple
analysis, approximately 60% of the apoenzyme cross-peak
area overlaps with the spectrum obtained in the presence of
Ca(II).

As shown in Figure 2B, a much more modest conforma-
tional response is observed upon addition of Mg(II). Only a
few backbone amide protons have shifted; the amount of
black intensity indicates a high degree of overlap with the
apoenzyme spectrum. Indeed, more than 80% of the intensity
is unaffected by the addition of Mg(II).

DNA Complexes.While the spectra described above are
informative, the conformational changes of greatest interest
are those associated with DNA binding and sequence
discrimination. The stabilities of these complexes are critical
to spectral quality. Our extensive kinetic and equilibrium
DNA binding studies indicate that Ca(II)-promoted binding
of cognate DNA is avid. At 10 mM CaCl2, the equilibrium

FIGURE 2: Conformational effects of metal ion binding.1H-15N TROSY HSQC spectra ofPVuII endonuclease in the presence of (A)
Ca(II) (red) and (B) Mg(II) (red) at 600 MHz. Spectra are overlaid with the free enzyme spectrum (blue) for easy comparison. Conditions:
0.65 mM enzyme monomers, 10 mM metal chloride salt, 25 mM Tris, 200 mM KCl, 10% D2O, pH* 7.7, and 25°C. FIDs of 1024 points
from 128 scans were processed with line broadening and a sine-bell shift. Chemical shifts are relative to DSS.
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constant for this process is 50 pM at an ionic strength of
∼100 mM. Moreover, dissociation rates are very slow, 10-3

s-1 (34). Thus, exchange broadening and concomitant
increases in line width should not affect spectral quality.

To evaluate the magnitude of enzyme conformational
changes upon cognate DNA binding, a spectrum of an
enzyme-Ca(II)-DNA complex was collected and overlaid
with that of an enzyme-Ca(II) complex (Figure 3A). The
quality of the spectrum obtained in the presence of DNA is
quite high. Indeed, increased chemical shift dispersion and
some improvement in line width are observed. We speculate
that substrate binding alleviates some aggregation behavior.
The most dramatic aspect of the overlay is that there is very
little intensity common to both spectra (∼20%). This is
consistent with a very large scale conformational change
upon addition of DNA. The magnitude of the difference
between the enzyme-Ca(II) and enzyme-Ca(II)-DNA
spectra is consistent with a model in which the DNA, rather
than the metal ions, dominates the conformational response
of the enzyme to substrate binding.

SpecificVersus Nonspecific DNA Complexes. The role of
protein conformational behavior in sequence recognition is
of particular interest not only to students of restriction
enzymes but also to those of nucleic acid binding proteins
in general (14). Currently, there are only two endonuclease
systems for which there are crystal structures of the free
enzyme and both cognate (specific) and noncognate (non-
specific) DNAs (EcoRV and BamHI) (12, 13). In both
systems, there are clear conformational differences between
these structures (1).

To examine this question for the first time with a restriction
enzyme in solution, the spectrum ofPVuII endonuclease was
collected in the presence of a noncognate oligonucleotide
and Ca(II) (E:Ca:noncognate, red). Figure 3B is an overlay
of this spectrum with that of the enzyme-Ca(II) complex
(blue). While there are obvious differences, particularly

between 9 and 10 ppm in the1H dimension, the degree of
overlap is clearly higher than for the enzyme-Ca(II)-
cognate DNA complex (50 vs 20% for the specific complex).
This indicates that the enzyme conformational response to
binding nonspecific DNA is much less dramatic than it is
upon binding cognate DNA.

It is therefore not a surprise that there are very dramatic
differences between the enzyme-Ca(II)-cognate (red) spec-
trum and the enzyme-Ca(II)-noncognate (blue) spectrum.
This is best appreciated in Figure 4. While the overall
patterns are sufficiently similar to confirm the identity of
the protein, many nuclear environments are different. Ap-
proximately 80% of the intensity of each spectrum is distinct
from that of the opposing spectrum. The scale of these
differences indicates that the conformation of the enzyme
in each complex is quite distinct.

Conformational Effect of DiValent Metal Ion Cofactors
in DNA Complexes.The large conformational changes
induced by DNA and the small changes induced by metal
ions indicate that DNA is the principal effector of enzyme
conformational behavior. These solution data support the
observations of crystallographers, who note that in crystalline
form, restriction enzyme conformation is predominantly
driven by DNA binding (see the Discussion). It should also
follow that spectra of enzyme-DNA complexes supported
by different ions or in the absence of metal ions should
exhibit substantial similarities.

A familiar complication in testing this hypothesis is the
ability of Mg(II) to support cleavage in native substrates.
The search for suitable nonhydrolyzable substrate analogues
with which to conduct restriction enzyme-DNA studies in
the presence of Mg(II) has been longstanding. This was our
motivation for exploring the behavior ofPVuII endonuclease
toward phosphoramidate (PN) oligonucleotides, DNAs in
which the 3′-oxygen of the scissile phosphate is replaced
with nitrogen (35). In this recent study, we reported that a

FIGURE 3: Conformational effects of DNA binding. (A) Overlay of1H-15N TROSY HSQC spectra of the Ca(II)-PVuII endonuclease
complex (blue) and upon the addition of 1 equiv of self-complementary 13mer cognate duplex DNA (red) at 600 MHz. (B) Overlay of
1H-15N TROSY HSQC spectra of a Ca(II)-PVuII endonuclease complex (blue) and upon the addition of 1 equiv of self-complementary
13mer noncognate DNA (red). Conditions: 0.65 mM enzyme monomers, 10 mM CaCl2, 25 mM Tris, 200 mM KCl, 10% D2O, pH* 7.7,
and 25°C. FIDs of 1024 points from 128 scans were processed with line broadening and a sine-bell shift. Chemical shifts are relative to
DSS.
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self-complementary 14mer containing a PN linkage at the
scissile position is stable in the presence ofPVuII endonu-
clease and Mg(II). Further, in the presence of Ca(II), the
enzyme binds cognate PN with the same affinity as it does
the corresponding native cognate duplex (Kd ) 300 pM at
10 mM CaCl2). Further, as highlighted in overlay spectra in
Figure 5A, 1H-15N HSQC peak patterns are quite similar
for the enzyme bound to PN and native DNA complexes in
the presence of Ca(II). The overlap intensity is∼60%; closer
inspection of the peak patterns reveals that most of the peaks
shift only slightly. In most cases, one can easily assign
corresponding pairs of red and blue peaks. These data suggest
that while there a substantial number of small chemical shift
differences, at least on a global scale, enzyme conformation
when bound to native or PN duplexes is comparable,
providing some confidence that PN mimics the native
substrate in familiar ways.

Of course, the value of phosphoramidates is the ability to
conduct experiments on enzyme-PN complexes in the
presence of Mg(II). At 10 mM MgCl2, the Kd for cognate
PN binding is∼10 nM; theKd obtained in the absence of
added metal ions is within experimental error of this value.
This indicates that metal ion-independent binding is consid-
erably more avid for cognate PN than we observe for the
corresponding native duplex. Such properties facilitate the
formation of enzyme-PN complexes under a variety of
conditions, making phosphoramidates suitable substrate
analogues for spectroscopic studies.

The simplest way to test the hypothesis described above
is to compare spectra of enzyme-Mg(II)-PN and enzyme-
PN complexes, that is, to a complex formed in the absence
of added divalent cations. Since the enzyme binds Mg(II)
with little to no conformational response, one does not have
to account for this event when interpreting the ternary
complex spectra. Second, the high affinity of the enzyme
for PN in the absence of metal ions makes the formation of

the complex under NMR conditions (i.e., high ionic strength)
facile. With this modified oligonucleotide, it is indeed
possible to saturate the enzyme under these conditions,
yielding the blue spectrum in Figure 5B (Enzyme:PN).
Obvious differences between this spectrum and that of the
free enzyme (Figure 1) indicate a DNA complex has indeed
been formed. For example, the constellation of peaks between
9 and 10 ppm1H at 102-106 ppm15N are unique to cognate
complexes. Comparison with the spectra of the same complex
obtained after the addition of Mg(II) (red) reveals strikingly
obvious similarities and a high degree of overlap (85%).
Thus, while we cannot completely rule out that PN adversely
affects Mg(II) binding [i.e., that Mg(II) may not be part of
the enzyme-PN complex], these data support the general
observation that DNA dominates the enzyme conformational
response, and that divalent metal ions do not conformation-
ally prime the enzyme for substrate binding.

A more complex comparison is that of DNA complexes
formed in the presence of Ca(II) and Mg(II). To that end,
the spectrum of the enzyme-Ca(II)-PN complex (blue) is
overlaid with that of the enzyme-Mg(II)-PN complex (red)
(Figure 5C). Upon initial examination, it appears that there
is not a large degree of overlap between these spectra (15%).
Visual examination of the spectral overlap indicates that
while there are clear chemical shift differences, the overall
peak patterns are obviously comparable. This is particularly
clear in the top left and bottom left and right of the spectrum,
where individual peak movement is easier to appreciate. If
one mentally corrects for the magnitude of the conforma-
tional changes induced by Ca(II) alone (spectral overlaps
would not be instructive here), it would appear that the
differences are more dramatic than would be accounted for
by considering the modest effect of Ca(II) binding on enzyme
conformation. A rationale for these differences is considered
below.

DISCUSSION

Conformational BehaVior of Restriction Enzymes.Con-
formational behavior is an important means of mediating the
function of nucleic acid enzymes (36, 37). Because of their
exquisite sequence selectivity and metal ion dependence,
restriction enzymes serve as valuable model systems for
examining this phenomenon. Biochemical data provided the
first evidence that DNA recognition, binding, and cleavage
by restriction enzymes were coupled to conformational
behavior. Conformational differences between specific and
nonspecific DNA binding byEcoRI endonuclease emerged
from footprinting analyses (38-40). Changes in ethylation
interference patterns also suggested that the enzyme adapts
to various DNA structures during binding events (38).
Additional evidence for this behavior stemmed from fluo-
rescence studies of DNA binding and cleavage ofEcoRI and
EcoRV endonucleases (7, 9).

Metal Ion and DNA Binding. The role of metal ions in
DNA sequence recognition and cleavage continues to be an
important focus of restriction enzyme structure-function
studies. One of the first indications that metal ions might be
involved in conformational priming emerged from the
aforementionedEcoRV cleavage assays conducted using
tryptophan fluorescence spectroscopy. The authors attributed
intensity differences toEcoRV conformational changes

FIGURE 4: Specific vs nonspecific complexes.1H-15N HSQC
spectra ofPVuII endonuclease complexed to cognate (red) and
noncognate (blue) self-complementary 13mer duplexes in the
presence of Ca(II) at 600 MHz. Conditions: 0.65 mM enzyme
monomers, 0.65 13mer strands, 10 mM CaCl2, 25 mM Tris, 200
mM KCl, 10% D2O, pH* 7.7, and 25°C. FIDs of 1024 points
from 128 scans were processed with line broadening and a sine-
bell shift. Chemical shifts are relative to DSS.
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associated with the binding of Mg(II) equivalents (9). There
is also evidence that these effects might differ among
restriction enzymes: While soaking ofEcoRI-DNA coc-
rystals with Mg(II) leads to in situ cleavage (41), confor-
mational changes associated with cleavage were not permit-
ted by anEcoRV cocrystal [PDB entry 1RVB (42)]. While
it has long been established that theEcoRI enzyme does not
require metal ions to form high-affinity complexes (27), more
recent studies indicate that metal ions drive substrate affinity
for a number of other restriction enzymes (19, 43, 44). The
data presented here indicate that there is a modest backbone
conformational response upon binding Ca(II), supporting
previous evidence that there is little conformational response
to this event (22, 28).

The functional relevance of these results emerges from
NMR spectra of enzyme-DNA complexes presented here.
Crystallographic studies indicate that regardless of the
presence or identity of divalent cations, enzyme conforma-
tions in DNA complexes are comparable, making DNA the
principal effector of enzyme conformational behavior. CR

rmsds between restriction enzyme-DNA structures with
metals and those without them are generally small. Seven
structures containing either Mg(II), Mn(II), or Ca(II) differ
from metal-independent structures by less than 1 Å (Figure
6) (12, 13, 42, 45-49). If one accepts that phosphoramidates
and native oligonucleotides interact similarly with metals and
enzyme, then the signature peak patterns of a DNA-bound
enzyme in the absence of added metal ions and the high
degree of spectral overlap with that observed in the presence
of Mg(II) would support this view. This would relegate metal
ions as instruments of driving DNAaffinity, rather than large
scale conformational behavior. This is an important insight
into the mechanism of specific protein-DNA interactions.

What remains to be reconciled, however, are the spectral
differences between the spectra of the enzyme-Ca(II)-PN
and enzyme-Mg(II)-PN complexes. One possibility is that
the PN substitution differentially affects Ca(II) and Mg(II)
in the context of an enzyme complex. Strictly speaking, we
cannot rule this out. Since observing native complexes in
the presence of Mg(II) will always be technically difficult,
we may never know if such differential behavior would exist
in unmodified substrate complexes. We attributed the stability
of PN in the presence of the enzyme and Mg(II) to local
conformational effects (35); these could be more obvious in
the presence of Ca(II) than Mg(II), possibly due to the
increased ionic radius of the former ion (0.99 and 0.65 Å,
respectively). However, the extensive nature of the spectral
differences does suggest something more widespread than
an effect at one location. Another consideration is the
exquisite sensitivity of the chemical shift parameter. A series
of small differences in nuclear environments could cause
small chemical shift changes in a significant number of
resonances without dramatic differences in the overall peak
pattern or conformation. This is supported by the obvious
similarities in the peak patterns; it is easy to see many pairs
of red and blue peaks in all sectors of the spectrum that differ
in chemical shift only slightly. This behavior is far more
extensive and obvious in Figure 5C than in any of the other
overlays. In the latter cases, many peaks either do not move
much at all (Figure 2) or move so dramatically (Figure 4)
very few can be confidently correlated. Such observations
are consistent with the remaining data, i.e., that some

FIGURE 5: DNA complexes in the presence of Ca(II) and Mg(II). (A) Overlay
of 1H-15N TROSY HSQC spectra ofPVuII endonuclease complexed to native (O,
red) and phosphoramidate-containing (PN, blue) 14mer cognate duplexes in the
presence of 10 mM Ca(II). (B) Overlay of1H-15N TROSY HSQC spectra ofPVuII
endonuclease complexed to a phosphoramidate-containing 14mer cognate duplex
in the absence (blue) and presence of Mg(II) (red). (C) Overlay of1H-15N TROSY
HSQC spectra ofPVuII endonuclease complexed phosphoramidate-containing 14mer
cognate duplexes in the presence of Ca(II) (blue) and Mg(II) (red) at 600 MHz.
Conditions: 0.65 mM enzyme monomers, 0.65 14mer strands, 25 mM Tris, 200
mM KCl, 10% D2O, pH* 7.7, and 25°C. Where appropriate, the metal chloride
concentration is 10 mM. FIDs of 1024 points from 128 scans were processed with
line broadening and a sine-bell shift. Chemical shifts are relative to DSS.
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differences in nuclear environments between Ca(II)- and Mg-
(II)-supported complexes could exist, but that DNA still
exhibits the most dramatic effects on enzyme conformation.
Whatever the source of the spectral differences, this is an
ideal issue for further exploration via resonance assignments
(see below). This information can be used to quantitatively
correlate chemical shift changes with differences in structure.

Conformation and Sequence Recognition. In addition to
the general phenomenon of DNA binding, we must also
consider the conformational basis of sequence discrimination.
Despite the general interest in understanding the basis of
sequence recognition, there are only two systems for which
structural comparisons between cognate and noncognate
complexes can be made. Structures of the freeBamHI
enzyme (PDB entry 1BAM) (50) and the enzyme in complex
with both cognate (PDB entry 1BHM) (45) and noncognate
DNAs (PDB entry 1ESG) (13) have been published. In this
system, the free enzyme and the nonspecific DNA complex
are remarkably similar, sharing an open configuration about
the DNA binding interface. The rmsd between the CR atoms
of these structures is only 1.21 Å (Figure 6). Binding of
cognate DNA results in perceptible conformational changes
and a more closed configuration. The CR rmsd between
noncognate and cognate complexes is a more substantial 4.79
Å.

The other system for which there are informative reference
structures isEcoRV endonuclease. A CR rmsd of 4.55 Å
separates the structures of the free enzyme (PDB entry
1RVE) from that of the noncognate complex (PDB entry
2RVE) (1, 12). Between noncognate (PDB entry 2RVE) and
cognate complexes (PDB entries 1RVA and 4RVE), the CR

rmsd is smaller (<2.5 Å). This illustrates a greater similarity
between nonspecific and specific complexes than is observed
for BamHI complexes. In thePVuII system, an open
apoenzyme structure [PDB entry 1PVU (21)] also closes
upon binding cognate DNA [PDB entry 1PVI (20)]. Indeed,
the CR rmsd between these structures is 6.18 Å. Since there
is no published structure of a nonspecificPVuII complex,
other structural comparisons cannot be made in this fashion.

The work described here provides an opportunity to
establish correlations between crystal and solution structural
data for thePVuII system. These can in turn be applied to
structures for which there is no crystallographic information.
NMR spectral overlap between thePVuII apoenzyme and
the enzyme-Mg(II) complex is high (80%), and the CR rmsd
is 0.67 Å (Figure 6). Analogously, NMR spectral overlap
between the enzyme-Ca(II) and enzyme-Ca(II)-noncog-
nate complex is fairly high, and the overlap between
enzyme-Ca(II)-cognate and enzyme-Ca(II)-noncognate
complexes is very small. Therefore, a smaller CR rmsd is
anticipated between the apoenzyme and the nonspecific
complex than between the cognate and noncognate com-
plexes. This pattern indicates thatPVuII endonuclease
behavior is more similar to that ofBamHI than that of the
EcoRV system, where the CR rmsd between cognate and
noncognate complexes is more modest. While it is simple
and should be applied conservatively, this kind of analysis
provides important information about restriction enzyme
conformational behavior in solution. Moreover, it demon-
strates the power of NMR spectroscopy in quickly obtaining
valuable conformational information for a fairly large,
complex system.

The work of von Hippel (3) and others recently reviewed
(1, 51) have led to a model of one-dimensional diffusion or
sliding, in which a restriction enzyme first binds large DNAs
nonspecifically and then proceeds along the double helix until
it reaches its cognate sequence. In this model, the enzymes
bind noncognate DNA with an open conformation, which
facilitates movement. Upon reaching the cognate sequence,
the enzyme undergoes a conformational change to a more
closed conformation that is unique to cognate complexes.
Indeed, recent NMR studies of the DNA binding domain of
lac repressor illustrate this elegantly (17). The spectral data
presented here provide further support for this model.

Potential of Applying NMR Spectroscopy to Restriction
Enzymes.Through this and earlier studies, we have estab-
lished that unique and important information about restriction
enzymes can be obtained via NMR spectroscopy. HSQC

FIGURE 6: Comparison of restriction enzyme complex structures. CR rms deviations between the specified structures and PDB entries are
given. PDB entry 4RVE was edited to contain only two subunits arranged as a homodimer.EcoRV-metal-DNA structures were compared
to PDB entry 1RVA, which is of higher resolution and shares a space group with these structures. Where appropriate, rmsd values obtained
with one monomer (mon) were included to facilitate comparison to PDB entries 2BAM, 3BAM, and 1RVB, all of which feature metal ions
in only one subunit. Parenthetical values are those predicted on the basis of overlap analysis of NMR spectra.
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spectra ofPVuII endonuclease are of high quality and provide
significant insights. These data can also be used to assess
the feasibility of more detailed experiments.

A special consideration in planning additional experiments
is the size problem. Nuclei in large particles have short
relaxation times, which are manifested as increased line
widths, which in turn limit the resolution of information in
NMR spectra. While restriction enzymes are small compared
to many nucleic acid enzymes, they are large systems by
NMR standards. ThePVuII endonuclease monomer is only
18 kDa, but the enzyme is homodimeric. With the addition
of an oligonucleotide, experiments are performed on a
particle that is approximately 40 kDa in size, a molecular
mass which is on the high end of proteins for which total
resonance assignments are relatively routine (52, 53). Interest
in the structural behavior of large proteins has led to many
recent advances; the application of ultrahigh field magnets,
specialized labeling techniques, and TROSY have all ex-
tended the size limit (16). There are a number of significantly
larger proteins for which total sequence assignments have
been obtained (54, 55).

The most obvious extension of this work is sequence
specific resonance assignments. This would increase the
interpretability in HSQC spectra, permitting us to describe
what parts of the enzyme structure are perturbed and to what
extent. Assignments are typically accomplished with a series
of triple-resonance experiments in which through-bond
coupling is used to establish sequential connectivities (56).
HNCO spectra ofPVuII endonuclease, which measure
coupling between the carbonyl13C of the ith residue and
the amide15N of the residuei + 1, are of very high quality
with 16 scan acquisitions. However, a preliminary HNCA
experiment, which correlates13CR(i, i - 1)-15N(i)-NH(i)
resonances, indicates that CR relaxation is quite fast forPVuII
endonuclease (data not shown). This complication is common
for larger proteins, and it compromises the quality of
backbone spectra needed for assignments. This issue is
typically addressed with deuteration, which eliminates dipolar
relaxation of this nucleus by nearby protons (57). Another
innovation which targets larger proteins is TROSY (trans-
verse relaxation optimized spectroscopy). This modification
of existing pulse sequences uncouples mechanisms of
relaxation responsible for line broadening in large molecules
(dipole-dipole coupling and chemical shift anisotropy) (30).
In our experience,PVuII spectra respond well to TROSY,
thus increasing spectral interpretability. This bodes well for
the application of higher fields (g600 MHz), for which
TROSY is designed. Thus, while resonance assignments will
be a significant undertaking, the application of these newer
techniques should make this feasible.

In addition to characterizing enzyme conformational
changes associated with metal ion and DNA binding events,
NMR spectroscopy could can be applied to other worthy
issues. For example, restriction enzymes exhibit “star activ-
ity”, a relaxation of sequence specificity which can be
induced with pH, salt, organic solvents, or metal ions (58,
59). While some studies have addressed this issue thermo-
dynamically (60, 61), the structural basis of this phenomenon
is not well understood. We speculate that there is a
conformational basis for this behavior, and it may be possible
to explore this via NMR spectroscopy. Second, mutagenesis
studies suggest that the coupling between conformation and

catalysis is very strong (62, 63). NMR spectroscopy would
be useful in elucidating these relationships. Finally, this
technique is currently the best means of observing molecular
motion on multiple time scales (64). It is becoming increas-
ingly clear that conformational dynamics are important
aspects of macromolecular function, and nucleic acid binding
proteins are proving to be no exception (17). As proteins
which bind a dynamic polymer like DNA with remarkable
specificity and control, restriction enzymes are valuable
model systems in which to explore this relationship.
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