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ABSTRACT DNA methyltransferases modify specific cy-
tosines and adenines within 2-6 bp recognition sequences. We
used scanning force microscopy and gel shift analysis to show
that M.HhaI, a cytosine C5 DNA methyltransferase, causes
only a 20 bend upon binding its recognition site. Our results
are consistent with prior crystallographic analysis showing
that the enzyme stabilizes an extrahelical base while leaving
the DNA duplex otherwise unperturbed. In contrast, similar
analysis of M.EcoRI, an adenine N6 DNA methyltransferase,
shows an average bend angle of approximately 52°. This
distortion of DNA conformation by M.EcoRI is shown to be
important for sequence-specific binding.

Protein-mediated distortions of canonical B-DNA can con-
tribute to DNA recognition, as demonstrated for the bacte-
riophage A integration host factor (1), catabolite activator
protein (2-4), and the TATA binding protein (5-7). For
sequence-specific enzymes, such distortions may further con-
tribute to the correct assembly of active site residues and
provide access to specific DNA moieties. A comparison of
DNA substrates derived from enzyme-DNA cocrystal struc-
tures (Fig. 1) reveals diverse enzyme-induced DNA confor-
mations. An unprecedented example of enzyme-mediated
alteration inDNA conformation was recently described for the
HhaI cytosine C5 DNA methyltransferase (M.HhaI), which
modifies the DNA sequence GCGC at the first cytosine (11).
The cocrystal structure of the covalent enzyme-DNA complex,
obtained by incorporating a mechanism-based inhibitor in
place of the target cytosine, clearly shows the cytosine analog
to be extrahelical while the remaining DNA is in the B-DNA
conformation (Fig. 1D). The resulting orientation of the target
cytosine presumably facilitates access for subsequent chemical
modification by the enzyme (11). The MHhaI provides an
alternative paradigm to the large-scale DNA conformational
changes observed in other protein-DNA complexes; similar
mechanisms have recently been suggested for exonuclease III
(12), uracil-DNA glycosylase (13), and DNA photolyase (14).
How other classes of methyltransferases modify their DNA is
unknown.
We examined the M.HhaI and an adenine N6 methyltrans-

ferase (MEcoRI, GAATTC, modifies the underlined ade-
nine) to determine how different classes ofDNA methyltrans-
ferases affect DNA structure, and in particular, the extent to
which these enzymes bend DNA. The M.HhaI consists of a
327-aa polypeptide folded into two domains; the DNA is
bound into the intervening cleft with the major groove con-
tacted exclusively through one protein domain, while the larger
catalytic domain contains the cofactor binding site and faces
the minor groove (11). The M.HhaI contains 10 conserved
amino acid regions that appear in all cytosine C5 DNA
methyltransferases (15). Adenine N6 DNA methyltransferases
also show regions of conserved amino acid sequences, includ-

ing a region involved in AdoMet binding also found in cytosine
C5 DNA methyltransferases (16). The M.EcoRI is a 326-aa
polypeptide folded into two domains connected by a flexible
hinge segment (17); this hinge forms part of the cofactor
binding site (18). The MHhaI and M.EcoRI both show
significant conformational changes upon binding DNA (9, 17).
These enzymes have similar catalytic turnover constants
[MHhaI, 1.3 min-' (19); M.EcoRI, 8.5 min-' (20)] and KDNA
values (M.HhaI, 2.3 nM; M.EcoRI, 0.35 nM), although the
combined differences result in a significantly larger kcat/KDNA
for the M.EcoRI (MHhaI, 0.094 x 108 M-1 s-1; M.EcoRI,
4.0 x 108 M-1s-1). Both enzymes can bind DNA in the
absence of cofactor, but unlike the M.HhaI, the M.EcoRI
requires the cofactor (or cofactor analog, sinefungin) for
sequence-specific binding (21). Since neither enzyme shows
processive catalysis (22, 23), these enzymes must dissociate
from the DNA as the enzyme-S-adenosylhomocysteine com-
plex subsequent to catalysis.
We used scanning force microscopy (SFM) and gel shift

analysis to determine the extent to which both enzymes bend
DNA. These complementary methods show that only
M.EcoRI bends DNA, and this distortion of DNA conforma-
tion is important for sequence-specific DNA recognition.
Thus, DNA recognition and modification by these enzymes
requires different distortions of DNA.

MATERIALS AND METHODS
Materials. M.EcoRI was purified from Escherichia coli

strain MM294 containing plasmid pDRCW (24). MHhaI was
generously provided by Sanjay Kumar (New England Biolabs).
BamHI and NheI endonucleases, Deep Vent DNA polymer-
ase, T4 polynucleotide kinase, and 100 mM dNTP solutions
were purchased from New England Biolabs, and calf intestinal
alkaline phosphatase from Boehringer Mannheim. Plasmid
pGEM-3 was purchased from Promega. DNA synthesis re-
agents were obtained from MilliGen/Biosearch. PCR primers
were prepared on a Cyclone Plus DNA Synthesizer (Milligen/
Biosearch) by solid phase B3-cyanoethyl phosphoramidite
chemistry and purified on Oligo-Pak (Waters) purification
columns. [,y-32P]ATP (6000 Ci/mmol; 1 Ci = 37 GBq) was
purchased from Amersham. Sinefungin was obtained from
Sigma.
DNA Substrates. DNA substrates were constructed by PCR

amplification of pGEM-3 by using an MJ Research (Cam-
bridge, MA) PCR Cycler (25). For circular permutation
analysis of M.EcoRI, primers were designed to yield a set of
DNA fragments 110 bp long containing a single EcoRI site
located at varying distances from an end. The locations of the
binding sites are shown in Fig. 2. In addition, two 300-bp DNA
substrates with binding sites at the center or 12 bp from one
end were constructed for bend angle measurements by the
method of Thompson and Landy (26). Two DNA fragments
for site-specific M.HhaI-DNA complexes were also con-

Abbreviation: SFM, scanning force microscopy.
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FIG. 1. DNA conformations within enzyme-DNA complexes. (A)
Dickerson dodecamer (8). (B-D) Views of cocrystal DNAs of EcoRI
endonuclease (9) (B), EcoRV endonuclease (10) (C), and HhaI
cytosine C5 DNA methyltransferase (11) (D).

structed by PCR amplification of plasmid pGEM-3 (HhaI site
at position 1733). The 300-bp fragments contained a binding
site located in the center or 12 bp from an end. PCR conditions
consisted of 100 ng pGEM-3 as template, 1 ,tg of each specific
primer, 200 ,uM of each dNTP, 10 mM KCl, 20 mM Tris-HCl
(pH 8.8), 10 mM (NH4)2SO4, 2 mM MgSO4, 0.1% Triton
X-100, and 2 units of Deep Vent DNA polymerase in a 100 ,ul
reaction volume. The reactions were overlaid with 50 pl of
mineral oil and subjected to 35 amplification cycles with the
following profile: 1 min denaturation at 95°C, 1 min annealing
at 58°C, and 1 min extension at 720C. PCR products were

purified from 1.5-2% agarose gels by gel excision and elution
by rapid centrifugation, followed by extractions with phenol,
phenol/chloroform, and chloroform. DNA samples were eth-
anol precipitated and redissolved in 10 mM Tris HCl (pH 7.4)
and 1 mM EDTA. DNA concentrations were determined
spectrophotometrically. The DNA used in the SFM analysis of
the M.HhaI was amplified by PCR from plasmid pDE13 (27)
to generate a 350-bp fragment with the HhaI site 204 bp from
one end.
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FIG. 2. DNA substrates used for circular permutation analysis of
EcoRI DNA methyltransferase. Schematic shows the location of the
EcoRI DNA methyltransferase binding site on each of the DNA
fragments. The binding site (represented by the box) was moved from
one end of the DNA to the other by annealing specific PCR primers
onto plasmid pGem-3 to generate a set of fragments 110 bp long (see
Materials and Methods).

Gel Mobility Shift Assays and Bend Angle Determination.
Gel mobility shift experiments were performed with MEcoRI
and M.HhaI. The PCR fragments were radiolabeled with T4
polynucleotide kinase and [y-32P]ATP. Excess radiolabel was
removed by gel filtration (25) using Bio-gel P-6 resin (Bio-
Rad). Incubation reactions contained 1 nM DNA, 100 mM
TrisHCl (pH 8.0), 10 mM. EDTA, 1 mM DTT, 10 ,uM
sinefungin, and 5 nM M.EcoRI or 30 nM M.HhaI in a total
volume of 40 ,ul. Binding reactions were incubated at 20°C for
1-5 min, loaded onto a 6% nondenaturing polyacrylamide gel,
and run at 280 V for 2.5 h at 4°C. Following electrophoresis,
the gels were dried and exposed to Fuji Medical x-ray film for
8-12 h.
Bend angle determination of gel shift experiments was done

by the method of Thompson and Landy (26) using (i) intrin-
sically bent DNA standards of known bend angle and (ii) the
empirical equation ,uM/,E = cos(a/2), which relates the
mobility of complexes formed with two DNA fragments having
a binding site located at the center (AM) or near an end (,uE).
Plasmid constructs harboring between two and six phased A
tracts were generously provided by Arthur Landy (Brown
University). The plasmids were digested with NheI or BamHI
endonucleases to obtain fragments with A tracts located in the
middle or at an end, respectively. The DNA standards were
further treated with alkaline phosphatase and radiolabeled
with T4 polynucleotide kinase and [,y-32P]ATP.
SFM. DNA-protein complexes were observed in air by SFM

with a Nanoscope III (Digital Instruments, Santa Barbara,
CA) in tapping mode using Digital Instruments n+ silicon
tapping mode probes with a force constant of C = 40-100 N/m
and a resonance frequency of no = 300-400 kHz (28). Binding
reactions consisted of 3 nM DNA, 20 mM Hepes (pH 7.6), 1
mM DTT, and 30-50 nM M.EcoRI or 50-100 nM M.HhaI in
a total volume of 10 Al. These concentrations were required to
obtain significant numbers of protein-DNA complexes and do
not lead to detectable enzyme binding to noncognate DNA
(21, 22). Samples were incubated for 1-5 min at 20°C. The
DNA was adhered to the mica surface by treatment with 1 IlI
of 100 mM MgCl2 followed by gentle mixing. Samples were
immediately deposited on freshly cleaved ruby mica (New
York Mica, New York), washed with 15-20 drops of nanopure
H20 (Barnstead, Dubuque, IA), and excess liquid was blotted
with filter paper and blown off with dry N2 (g).
SFM Image Analysis. All samples were imaged at a scan rate

of 1.8-2.2 lines/sec (512 x 512 points per image). The force
exerted on the sample was minimized by retracting the tip just
below the lift-off point. Images were taken without on-line
filtering, and captured images were flattened to remove the
background slope. Complexes for bend angle measurements all
contained high features >4 nm in height at the center of the
DNA fragment. For image analysis, images were enlarged, two
tangential lines were drawn along the center of the protruding
DNA arms on both sides of the protein, and the bend angle was
measured. Bend angle measurements of DNA in the absence
of protein was done as described (29). Statistical analysis and
the generation of histograms was done using MATLAB (Math-
works, Natick, MA).

RESULTS AND DISCUSSION
Two assessments of DNA bending were used. The first ap-
proach utilized conventional gel retardation assays to detect
and quantitate induced bending (26, 30). In the second ap-
proach, SFM provides direct visualization of protein-DNA
complexes, allowing the assignment of bend angles and their
distribution within a population (29, 31). DNA fragments of
equivalent length containing a single EcoRI site located at
varying distances from one end (Fig. 2) were used in a gel
retardation-based circular permutation analysis (26, 30). Un-
der the conditions of the experiments shown in Fig. 3, the DNA
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FIG. 3. Autoradiogram of circular permutation analysis of EcoRI
DNA methyltransferase-DNA complexes. Binding reactions were
done as described by using the DNA substrates shown in Fig. 2. The
position-dependent effects on the migration of complexes are evident;
the mobility decreases as the binding site is permuted from the end to
the middle, as shown in lanes 1-5. Lane 6 represents a "duplicate"
substrate of the DNA in lane 2; in this case the binding site is located
the same distance from the opposite end.

is distributed between free and protein-bound forms and the
protein-DNA complex involves a single enzyme bound per
DNA molecule (21). The key feature of this assay is the
variance in mobility of equi-length DNA fragments arising
from alterations in their end-to-end distance (26, 30). An
intrinsic or protein-induced bend at the center of a DNA
fragment results in a decreased mobility relative to a fragment
with a bend near an end. Circular permutation analysis of
MEcoRI demonstrated that the placement of the EcoRI site
within each DNA fragment results in mobility differences of
the protein-DNA complexes, which is a characteristic of bent
DNA (Fig. 3, lanes 1-5) (26, 30).
To determine the magnitude of the bend angle, we followed

the method described by Thompson and Landy (26). We
constructed two DNA substrates of suitable length containing
specifically placed EcoRI sites for comparison with a set of
intrinsically bent DNA standards (26). Gel retardation exper-
iments with M.EcoRI were performed (Fig. 4) and the bending
angle (a) was determined by using (i) the bent DNA standards
of known bend angle, and (ii) the empirical equation AM/
,uE = cos (a/2), which relates the ratios of the mobilities of
complexes formed with DNA fragments having a binding site
located in the middle (AM) and near an end (,E). Measure-
ments of DNA bending by these procedures were used to
calculate bend angles of 540 ± 40 and 50° + 20, respectively.

1 2 3 4 5 6 7

FIG. 4. Determination of bending angle induced by the EcoRI
DNA methyltransferase by comparison to intrinsically bent A-tract
DNA standards (26). EcoRI DNA methyltransferase-DNA binding
conditions are the same as in Fig. 3. Lanes 1-5 contain the intrinsically
bent DNA standards with the bent sequence located in the middle for
the higher set of bands and at an end for the lower set of bands. Ratios
of the migration positions of middle-to-end bent fragments were
determined for each lane and used to generate a bend angle calibration
plot (26). Complexes of the enzyme with 300-bp DNA fragments
having a binding site either in the middle or at an end are shown in
lanes 6 and 7, respectively. The ratio of the migration position of
middle-bound to end-bound complexes in lanes 6 and 7 was deter-
mined and compared with the calibration plot obtained from the
bending standards.
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Anomalous electrophoretic behavior of protein-DNA com-
plexes can be induced by changes in protein conformation
rather than protein-induced DNA bending (32). Thus, to
further characterize the apparent bending effects observed
with the M.EcoRI, we used SFM to obtain images of M.Eco-
RI-DNA complexes. Enzyme-DNA complexes were pre-
pared for SFM as described utilizing the same 300-bp DNA
with the central EcoRI site used earlier (Fig. 4). The sample
was prepared and deposited onto freshly cleaved ruby mica
(33), and complexes were observed in air by SFM (29, 31). The
resolution obtained in tapping mode provides facile discrim-
ination between the DNA and the enzyme. Enzyme-DNA
complexes are identified as high features at the expected
location on the DNA (Fig. 5A). Many enzyme-DNA com-

A

B 45r

35 r

0)cn 35i

D25230 1-02

0

E 15.10

20 40 60
Bend Angle (Degrees)

80 100

FIG. 5. (A) Enlarged SFM images of EcoRI DNA methyltrans-
ferase-DNA complexes showing the average measured bend angle of
510. (B) Histogram of the measured bend angles for 144 complexes.
Complexes for analysis were obtained from at least 10 separate
depositions and were visualized at 1000-2000 nm scan sizes. Optimal
binding and image quality observed by SFM yielded between 10-15%
complexes with <1% bound nonspecifically.
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A plexes were analyzed to provide a statistically significant
distribution of bend angles. Bend angle assignment of com-
plexes was done according to the method described by Rees et
al. (29), and Fig. 5B shows the histogram obtained from 144
individual measurements. The distribution is Gaussian with a
mean bend angle (angle ± SD) of 510 ± 170, in close agreement
with that obtained by gel retardation (Fig. 4).

Inspection of other protein-DNA complexes (e.g., Fig. 1)
shows that similarly bent DNA structures result in increased
solvent exposure of base pairs within the DNA bend. Thus, the
bent DNA conformation within the M.EcoRI-DNA complex
may be important for sequence recognition and/or catalysis.
The M.EcoRI reaction involves general acid-base catalysis
(34), and methylation occurs directly at the poorly nucleophilic
exocyclic amino group (35). Activation of the amino group may
therefore be mediated by critical enzyme side chains which are
only correctly assembled within the enzyme-bent DNA com-
plex. Evidence that the bent DNA complex is functionally
important comes from our analysis of a mutant M.EcoRI in
which His-235 is replaced with an asparagine (R.A.G., M.
Wyrsta, K. A. Maegley, and N.O.R., unpublished data). This
enzyme does not bend DNA as revealed by the gel shift and
SFM methods described for the wild-type enzyme. Interest-
ingly, while the mutant's affinity for the specific site is de-
creased 40-fold, its affinity for nonspecific DNA is essentially
unaffected. The decreased binding discrimination shown by
this mutated methyltransferase is therefore correlated to an

B 30 1 inability to bend DNA upon binding the cognate site. Further
,. support for the functional requirement for DNA deformation

by adenine methyltransferases comes from the recently solved
25 M.Hhal:DNA I crystal structure for the M.TaqI complexed with AdoMet (36).

Complex This complex shows that the bound AdoMet is significantly
removed from the cleft suggested to bind DNA. The M.TaqI-

cJ20 ] AdoMet structure was recently used to predict that adenine
OIISI > DNA DNA methyltransferases, like the cytosine C5 DNA methyl-215 s jtransferases, are required to stabilize the target base in an

O \ E M extrahelical position (37, 38). We suggest that if the DNA
(D \ bending detected for the MEcoRI is generally true for ade-
E nine DNA methyltransferases, then the formation of a com-
:3 \ petent enzyme-DNA complex may require some combination
Z of DNA bending, extrahelical base stabilization, or other,

5 unidentified mechanisms. The recently described structure of
the T4 endonuclease V-DNA complex clearly shows how a

ci__ L _ .. . 1v- L-AfX............ __protein can significantly bend DNA while stabilizing an extra-
0 20 40 60 80 100 helical base (39).

Bend Angle (Degrees) The cocrystal structure of the MHhaI-DNA complex shows
no significant DNA perturbation beyond the target cytosine

C 50 (Fig. 1D; ref. 9). DNA bending by the MHhaI was analyzed by
SFM with 300-bp DNA fragments containing a centrally

45[] positioned recognition site. Mean representative SFM images
are shown in Fig. 6A, and the histogram in Fig. 6B summarizes

40c the analysis of measured complexes. The distribution is Gaus-
- 35 sian, with a mean bend angle of 20 ± 280. These values are

similar to those observed with free DNA (Fig. 6C; 40 + 230),
30 \ are consistent with the crystal structure (Fig. iD; ref. 9), and

E il \ are verified by the lack of any bending as shown by gel
025 1 retardation analysis (Fig. 6B inset). Although the protein-
0_201 DNA complexes with the M.HhaI all involved the expected,

=150
l o 2 X showing the measured bend angles for 100 complexes. Thipercentage

of complexes visualized at 1000-2000 nm scan sizes was similar to that
5 \ | ~~~~~~~~~~~~~~describedfor EcoRI DNA methyltransferase. (Inset) Gel shift with the

HhaI DNA methyltransferase and DNA fragments containing a
01.__-I recognition site placed in the middle (M) and end (E). The similar
o 20 40 60 80 100 mobilities suggest minimal bending is induced by the enzyme upon

Bend Angle (Degrees) binding DNA. (C) Histogram showing 136 measurements of bend
angles from depositions of DNA in the absence of protein. Free DNA

FIG. 6. (A) Enlarged SFM images of MHhaI-DNA complexes bend angle assignment done as described (29) showed an average bend
showing the average measured bend angle of only 2°. (B) Histogram angle of 4° ± 23°.
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FIG. 7. SFM image showing another site-specific MHhaI-DNA
complex obtained with a 350-bp DNA fragment with the binding site
located 204 bp from one end. The appearance of the enzyme "bump"
clearly occurs at the expected location.

centrally located complex (Fig. 6A), we sought additional
evidence that the lack of DNA bending was not due to
nonspecific protein-DNA complexes. The formation of spe-
cific M.HhaI-DNA complexes was thus demonstrated with a
350-bp DNA fragment in which the recognition site was placed
approximately three-fifths from one end; the enzyme is shown
in Fig. 7 to bind in the predicted location along the DNA
fragment.
The data provided here show that the M.EcoRI and M.HhaI

clearly cause different distortions of DNA. Enhancing access
to essential DNA moieties through localized DNA distortion
may be a common feature among sequence-specific DNA
modifying enzymes (40). As a subclass, AdoMet-dependent
DNA methyltransferases have- an additional requirement for
such distortions. DNA methyltransferases are all required to
position the methyl moiety of AdoMet proximal to a nucleo-
phile within the target cytosine or adenine. Such a juxtaposi-
tion of DNA and AdoMet, in the absence of significant
distortion of the DNA, would position the AdoMet molecule
close to adjacent portions of the DNA or protein residues that
determine sequence specificity. This presents a problem in that
hundreds of methyltransferases that modify a large number of
DNA sequences all use AdoMet in this fashion. The MHhaI
circumvents this dilemma by stabilization of the extrahelical
cytosine, effectively reducing the reaction to the AdoMet-
dependent methylation of a pyrimidine. While our results
support the importance of DNA bending to sequence recog-
nition with the M.EcoRI, the contribution of DNA bending
toward increasing access to the target adenine remains uncer-
tain.
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