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ABSTRACT: Enzymatic sequence-specific DNA modification involves multiple poorly understood intermedia-
tes. DNA methyltransferases like M.Hhal initially bind nonspecific DNA and then selectively bind and
modify a unique sequence. High-resolution NMR was used to map conformational changes occurring in M.
Hhal upon binding nonspecific DNA, a one base pair altered noncognate DNA sequence, and both
hemimethylated and unmethylated cognate DNA sequences. Comparisons with previous NMR studies of the
apoenzyme and enzyme—cofactor complex provide snapshots of the pathway to sequence-specific complex
formation. Dramatic chemical shift perturbations reaching many distal sites within the protein are detected
with cognate DNA, while much smaller changes are observed upon nonspecific and noncognate DNA
binding. A cooperative rather than stepwise transition from a nonspecific to a cognate complex is revealed.
Furthermore, switching from unmethylated to hemimethylated cognate DNA involves detectable protein
conformational changes 20—30 A away from the methyl group, indicating high protein sensitivity and
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plasticity to DNA modification.

Bacterial and eukaryotic DNA methyltransferases (M Tases)!
contribute to diverse and essential biological processes (1, 2).
MTases carry out key epigenetic reactions in which information
transfer between generations occurs in the absence of DNA
sequence variations. Because DNA MTases often play critical
roles in regulating normal or aberrant gene expression, they are
targets for both antibiotic and cancer drug development ef-
forts (3—5). All DNA MTases use the cofactor S-adenosyl-L-
methionine (AdoMet) to deliver a methyl moiety either to a
cytosine or an adenine and do so in a sequence-specific fashion.
Moreover, based on many biophysical and structural studies, all
DNA MTases, as well as many other nucleic acid modifying
enzymes, stabilize their target base in an extrahelical position,
which is essential for catalysis.

A critical aspect of the DNA methyl-transfer reaction is
common to all site-specific DNA and RNA modifying enzymes
and indeed to enzymes which act on polymeric substrates. Well
established early in our understanding is that these enzymes
initially bind nonspecifically, followed by a highly efficient search
mechanism leading to recognition of the target (cognate) se-
quence. However, this poses a dilemma for DNA modifying
enzymes, requiring the recognition of a particular sequence in the
midst of an enormous excess of nonspecific DNA and sites which
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are closely related by single base pair changes (noncognate sites).
Crystallography (6—8), NMR (9—13), and biochemical meth-
ods (14— 18) have been used to probe the structure and dynamics
of protein—nonspecific DNA interactions. Different mechanisms
for the nonspecific to specific binding transition have been
demonstrated for the few proteins that have structural informa-
tion available for complexes with both specific and nonspecific
DNA along with the free protein. In the case of the HoxD9
homeodomain, several NMR techniques were used to demon-
strate that nonspecific and specific DNA share a similar binding
mode (//). However, significant DNA and protein conforma-
tional changes have been observed to accompany the transition
from nonspecific to specific binding in several other proteins.
Crystal structures of the EcoRV endonuclease show that the
recognition loop which wraps around the DNA to make base-
specific contacts in the cognate complex becomes disordered in
both the nonspecific complex and DNA free structure (8).
Similarly, in NMR studies of the /ac repressor binding, an
unstructured hinge region in the free enzyme remains unstruc-
tured upon binding a nonspecific sequence but folds into an a-
helix upon binding the specific operator sequence (9). BamHI
endonuclease structures show two helices that unwind to form
many of the base-specific contacts upon binding cognate DNA;
these regions remain as helices in the noncognate DNA-bound
structure (6). Most studies point toward a prominent role for
electrostatic interactions between protein side chains and the
phosphate backbone in binding nonspecific DNA, though this is
apparently not universal (6). Also, the importance of water-
mediated interactions between the DNA backbone and protein
has been noted (6, 7, 9, 16, 17) and suggested to play an important
role in allowing the protein to slide along nonspecific DNA in its
search for a target site (7).

The bacterial cytosine DNA methyltransferase M.Hhal
modifies the internal cytosine within its cognate recognition site:
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5-GCGC-3'. Many high-resolution crystal structures of M.Hhal
complexed with different DNA molecules are available (19—23).
Reorganization of an essential catalytic loop (residues 80—100) is
regulated by sequence-specific protein—DNA interactions that
occur ~28 A away from the catalytic loop. DNA-dependent
positioning of the catalytic loop was first observed crystallogra-
phically (19, 20); cognate DNA stabilizes the loop-closed con-
former while nonspecific DNA leaves the loop in the open
conformer (23). Correct positioning of this loop is essential for
catalysis since Cys81, the active site nucleophile that attacks the
target cytosine base at the C-6 position, is ~9.6 A away in the
loop-open conformer. The closed loop conformer is also essential
for stabilizing the target cytosine that is flipped out of the DNA
duplex and tight DNA binding. Using stopped-flow fluorescence
spectroscopy to monitor the environment of Trp residues inserted
into the catalytic loop, we observed reorganization of the
catalytic loop upon DNA binding in the absence of cofactor
using several M.Hhal mutants (24). Using this same approach,
we recently showed that the opened — closed transition does not
occur with noncognate DNA and is controlled by a single
hydrogen bond involving Arg240 and the major groove guano-
sine O-6 moiety (GCGC) (R. A. Estabrook, T. T. Nguyen, N.
Fera, and N. O. Reich, submitted). While these studies provide
detailed insights into the DNA sequence dependent positioning
of the critical loop, they leave unanswered how the protein
scaffold responds to the transitions, initiated from the apoen-
zyme, and moving through the binary complex (enzyme—
cofactor), nonspecific DNA complex, and noncognate and
cognate complexes. As part of our interest in understanding if
and how distal residues contribute structurally and dynamically
to the substrate sequence discrimination and catalysis, we have
obtained NMR information about each of these intermediates.

MATERIALS AND METHODS

DNA Preparation and Protein Expression. DNA strands
Hemi'? (5-CATGGCGCAGTG-3), Hemi*™" (5-CACTGMG-
CCATG-3') and NC'P (5-CATGGCGAAGTG-3'), NC™* (5'-
CACTTMGCCATG-3'), where M stands for 5-methyl-2’-deox-
ycytosine, were obtained from Midland Certified Reagent Co.
(Midland, TX) and purified by reverse-phase HPLC as de-
scribed (25). The hemimethylated cognate (Hemi) and noncog-
nate (NC) DNA duplexes (Table 1) were formed by annealing the
complementary strands in 10 mM Tris-HCI, 1 mM ETDA, and
50 mM NaCl, pH 8.0, buffer. The resulting duplexes were
exchanged into the NMR buffers (described below) using Bio-
Gel P2 spin columns (Bio-Rad). The unmethylated cognate and
nonspecific DNA duplexes were formed from the self-comple-
mentary strands ¥-GATAGCGCTATC-3' and 5-GACCAGC-
TGGTC-3, respectively, which were obtained from Bioneer
(Emoryville, CA) with reverse-phase cartridge purification. The
self-complementary duplexes were annealed and buffer ex-
changed as described above.

The DNA sequences used for this work (Table 1) were chosen
balancing previous biochemical studies of similar duplexes with
specific requirements for NMR research. The sequences were
kept short to minimize the molecular weight. The DNA sequence
flanking the M.Hhal GCGC recognition site in the hemimethy-
lated and unmethylated cognate duplexes is necessarily different.
Self-complementarity is required to yield a single binding mode
for the unmethylated (as well as the nonspecific) duplex, while
different flanking sequences are necessary to anneal the hemi-
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Table 1: Oligonucleotide Duplexes Used as M.Hhal Ligands in NMR
Measurements

duplex name DNA sequence” Kp? (nM) ref for Kp

hemimethylated cognate 5-CATGGCGCAGTG-3' 0.02 25
3-GTACCGMGTCAC-5

unmethylated cognate? 5-GATAGCGCTATC-3' 0.2 25
3-CTATCGCGATAG-5

5-CATGGCGAAGTG-3' 12-270 26
3-GTACCGMTTCAC-Y

noncognate

5-GACCAGCTGGTC-3' 780¢ =
3-CTGGTCGACCAG-5

nonspecific’

““M” represents 5-methyl-2’-deoxycytosine; recognition or noncognate
sequence in bold; target base underlined. ®Estimated Ky, in the presence of
AdoHcy; data based on measurements for 30—40mer DNA sequences in the
same sequence class. “R. A. Estabrook, T. T. Nguyen, N. Fera, and N. O.
Reich, submitted. “Self-complementary. ¢Containing CTT repeats as the
central sequence.

methylated (as well as the noncognate) duplex stoichiometrically.
Such configurations have been used in previous structural studies
on M.Hhal (21, 22). The hemimethylated cognate and noncog-
nate sequences were chosen to match the central portions of
oligonucleotide duplexes used in previous binding and kinetic
studies with M.Hhal (25, 26). The sequences of the unmethylated
cognate and nonspecific duplexes were based on those used in
previous crystallographic studies (21, 23).

The previously described (27) Hisg-tagged version of the
solubility-enhanced A324G M.Hhal truncation (28) was used
throughout this study. Uniformly '"N-labeled M.Hhal was
expressed as described (27). For sequential backbone assign-
ments of M.Hahl in complex with S-adenosyl-L-homocysteine
(AdoHcy) and hemimethylated cognate DNA, a uniformly “H-,
13C-, and "*N-labeled sample of M.Hhal was used. This sample
was a mixture of protein expressed by the previously described
method (27) and an updated protocol. This modified protocol
involved expressing M.Hhal in Escherichia coli ER2566 (New
England Biolabs) from the plasmid M.HhalA324-Hisg/
pET28a (27) using the procedures outlined by Gardner and
Kay for producing uniformly deuterated proteins (29), except
that the temperature was lowered to 25 °C just prior to induction
with IPTG. In all cases, M.Hhal was purified and quantified as
described (27).

NMR Spectroscopy. All NMR spectra were recorded at
25 °C on a Varian 600 MHz spectrometer equipped with a
four-channel ("H/"*C/""N/*H) cold probe and Z-axis gradient
and analyzed as described previously (27). The NMR sample
used for backbone resonance assignments contained 440 uM
uniformly “H-, *C-, and "°*N-labeled M.Hhal complexed with
the cofactor AdoHcy (obtained from Sigma-Aldrich) and
hemimethylated DNA in a 1:4.4:1.9 ratio. Data were collected
in a buffer containing 50 mM sodium phosphate, 100 mM
NaCl, | mM EDTA, 50 mM r-arginine, 50 mM L-glutamic
acid, and 0.75% glycerol (pH 6.5) with 5 mM dithiothreitol,
0.02% sodium azide, and 8% (v/v) D,O added. The sample for
the ternary complex with unmethlyated cognate DNA con-
tained 400 uM uniformly ’H-, 13C-, and ""N-labeled protein
mixed with AdoHcy and DNA in a ratio of 1:1.5:2.5 in the
same buffer as above. For nonspecific and noncognate DNA
ternary complexes, uniformly '*N-labeled M.Hhal was pre-
mixed with AdoHcy, and DNA was added to a ratio of
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FiGURE 1: Spectral changes of M.Hhal upon binding DNA. A
region of the "H—'°N correlation spectra is superimposed for the
M.Hhal—AdoHcy binary complex alone (black) and the ternary
complex (a) bound with hemimethylated cognate DNA (red) or
(b) nonspecific DNA (red). In the partially labeled spectra, arrows
indicate resonance displacement from the binary to the ternary
complex. Dotted arrows denote a few large perturbations (> 600 Hz)
which have the peaks from the bound states displaced outside the
selected region. Note the similarity in the direction of the displace-
ment between the cognate and nonspecific DNA binding for some
residues, i.e., N129, 1231, and G236.

1:4.5:5.3 and 1:4.0:2.1 with 148 and 115 uM protein, respec-
tively. The samples were in 25 mM sodium phosphate, 50 mM
NaCl, and 1 mM EDTA, pH 6.5, buffer with 5 mM dithio-
threitol, 0.02% sodium azide, and 8% (v/v) D,O.

Using the same set of experiments based on the TROSY
technique (30—35) as we performed for the M.Hhal—AdoHcy
complex (27), we assigned 84% (excluding 12 proline residues
and 6 histidines at the C-terminal tag) of the backbone amides in
the ternary complex with hemimethylated DNA (Supporting
Information Figure 1). This is significantly more than the 76%
assigned for the binary complex with AdoHcy. The close
similarity of the spectra from the ternary complexes with either
hemimethylated or unmethylated DNA allowed us to assign
most of the corresponding resonances in the M.Hhal ternary
complex bound with unmethylated cognate DNA. Three major
segments unassigned in the M.Hhal—cofactor binary complex,
residues 107—119, 140—146, and 160—170, remained unassigned
in the ternary complex although the unassigned segments were
shortened. There are too few cross-peaks remaining in the
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FIGURE 2: Chemical shift perturbations and differences of M.Hhal
with DNA. The chemical shift changes (in Hz) between the M.Hhal—
AdoHcy binary complex and the ternary complex bound with
hemimethylated cognate DNA (a), unmethylated cognate DNA
(b), noncognate DNA (c), and nonspecific DNA (d) are plotted as
a function of residue number. The shift differences were calculated as
the combined differences for the amide "H and '*N nuclei, equivalent
to the displacement magnitudes of the amide peaks as measured at the
"H field of 600 MHz.

"H—"°N correlation spectrum to account for all the unassigned
residues.

Chemical shift perturbation experiments for interactions with
nonspecific and noncognate DNA were done with '*N-labeled M.
Hhal samples. Nearly all of the amide resonances assigned for a
perdeuterated '°N/"*C-labeled M.Hhal—AdoHcy binary complex
could be transferred to a ""N-labeled, fully protonated binary
complex. Assignments of the resonances from M.Hhal bound
with nonspecific DNA were made with a titration experiment.
Most of the resonances could be assigned by superimposing the
spectra from the ternary and binary complexes. Some were
assigned by tracking the movements of the resonances during
the titration. Due to the line broadening that occurred as DNA
was added, some assignments could not be reliably transferred and
were not used in further analysis. Line broadening is particularly
severe in the early titration points of M.Hhal with noncognate
DNA. Nevertheless, a great majority of the resonances from M.
Hhal bound with nonspecific DNA and noncognate DNA were
nearly identical, allowing transfer of assignments based on those
made for M.Hhal bound with nonspecific DNA.

RESULTS

Cognate DNA Causes Drastic Chemical Shift Changes
in M.Hhal. To assign the spectrum of M.Hhal bound with the
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cofactor AdoHcy and cognate DNA (recognition sequence
GCGC, where the central cytosine is the methylation site), we
chose to use hemimethylated cognate DNA (Table 1) because
M.Hhal gave slightly sharper resonances and more uniform peak
intensities when bound with this DNA than with unmethylated
cognate DNA. Compared with the cofactor bound binary
complex, more resonances are observable in this 45 kDa ternary
complex. We attributed the missing resonances in the binary
complex mostly to exchange dynamics leading to line broad-
ening (27); it appears that such dynamics are reduced upon
cognate DNA binding but are not entirely removed.

Binding of either unmethylated or hemimethylated cognate
DNA to the cofactor-bound binary complex led to dramatic
changes in the "H—""N correlation spectrum (Figures 1 and 2).
Plotting these changes onto the M.Hhal structure highlights the
area of M.Hhal contacting the DNA (Figure 3), as a majority of
these large perturbations take place proximal to the DNA duplex.
The biggest changes are seen in the catalytic loop (residues 80—
99) which moves up to 25 A when comparing the crystal structure
of the M.Hhal—cofactor binary complex with those of M.Hhal—
cofactor—cognate DNA ternary complexes and in the DNA
recognition loops (residues 234—240 and 249—258) which make
base-specific contacts in the major groove (20). The combined 'H
and "N perturbations reach up to 1800 Hz with a median peak
displacement of 62 Hz. It appears that the entire region from
Ala77 to Leul36, incorporating a strand—loop—strand—loop—
helix structure, is significantly perturbed with many residues
exhibiting shift changes over 400 Hz, although residues 107—119
have not been assigned. One cluster of residues in this highly
perturbed region, including Phel124, His127, and Thr132, makes
more extensive contacts with the catalytic loop in its closed
conformation than in its open conformation. Through site-
directed mutagenesis and crystallography, these residues were
previously shown to be critical in modulating M.Hhal’s ability to
discriminate between cognate and noncognate substrates by
maintaining the stability of the closed catalytic loop conforma-
tion (36). Changes in secondary structure in the loop region upon
closure are reflected in the Cot chemical shift changes (37, 38).
Positive Ca shift changes of 1—3 ppm are observed for residues
79—86, reflecting a change from extended structure in the binary
complex to a loose helical structure in the ternary com-
plex. Residues 93—97 form a short helix in the binary complex,
but this region is pulled to an extended structure to accommodate
the insertion of the loop tip into DNA. This structural change
results in a negative 2—3 ppm change in Ca chemical shifts.

Perturbations to remote sites are clearly visible upon DNA
binding to the enzyme—cofactor binary complex (Figure 3). This
is similar to the protein’s response to cofactor binding to the free
enzyme (27) but with different residues perturbed in this case.
Examples of such distal sites include Asnl89 and Aspl74,
approximately 26 and 36 A away from the DNA duplex, with
changes of 73 and 37 Hz, respectively. Glu66 and Thr68 are
perturbed with 176 and 151 Hz shift changes but are 22 and 25 A
away from the DNA, respectively. These four residues are found
on the protein surface and are also distant from the catalytic loop
in crystal structures of both its open and closed forms, suggesting
that these changes are not a direct result of interaction with either
the DNA or catalytic loop. The presence of these distal perturba-
tions indicates that structural rearrangement has occurred way
beyond the immediate DNA binding area. Whether these distal
changes result from secondary structural adjustments at the local
level or concerted, global structural changes remains unclear.

Zhou et al.
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F1GURreE 3: Color-coded schematic representation of chemical shift per-
turbations of M.Hhal upon DNA binding. Perturbation data are shown
for binding of the cofactor-bound binary complex with hemimethylated
cognate DNA (a) or nonspecific DNA (b). In the left panels, the M.
Hhal—cofactor—DNA ternary complex (PDB ID 2HR1 (52)) is or-
iented so that the bound DNA (in green) is viewed down its helical axis.
The right panels result from a 90° rotation of the structures in the left
panels around the vertical axis. The chemical shift changes are coded in a
linear fashion into a color scheme ranging from dark blue to yellow,
representing perturbations ranging from 0 Hz (blue) to >200 Hz
(yellow) in (a) and from 0 Hz to > 50 Hz in (b). The perturbations lar-
ger than the higher threshold of 200 or 50 Hz are displayed as yellow, and
unassigned residues are also displayed as blue. In (c), a backbone Ca
trace is drawn with some residues highlighted and labeled. Two regions
with extensive chemical shift perturbations upon binding cognate DNA
are colored, with the recognition loops (residues 234—240 and 249—258)
in red and a region (residues 77—136) encompassing the active site loop
in green. The cofactor, not shown in the top two panels for better clarity
of the figures, is shown in gold near the middle of the figures in (c). The
active site residue C81 is labeled in red. The arginine and lysine residues
that form a strong positively charged surface near the DNA binding site
are labeled with bold letters with side chains shown in blue. Residues 93—
97 switch to a more extended structure in the ternary complex and are
colored in yellow. Four residues distal from the active site having
chemical shift perturbations larger than 35 Hz upon binding hemime-
thylated cognate DNA are shown with purple balls at the Ca. positions.
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FIGURE 4: Chemical shift differences between M.Hhal binding to
unmethylated and hemimethylated cognate DNA. (a) The chemical
shift (CS) differences are calculated between the assigned resonances
in the "H—'N correlation spectra from M.Hhal bound with either
unmethylated cognate or hemimethylated cognate DNA. (b) The
chemical shift difference is plotted as a function of the distance
measured from the C-5 methyl carbon of the central cytosine to the
backbone amide nitrogen. The distance is based on the crystal
structure of M.Hhal bound with the cofactor AdoHcy and a hemi-
methylated cognate DNA (PDB ID SMHT (22)). Residues with shift
differences larger than 40 Hz are labeled. (c) The residues that show
chemical shift differences larger than 40 Hz are depicted as blue dots
at the backbone Ca positions. Only a few residues are labeled for
clarity. The right figure results from a 90° rotation of the left figure
around the vertical axis.

Comparison of Hemimethylated and Unmethylated Cog-
nate DNA Binding. We observe sharper resonances and more
uniform intensities in M.Hhal spectra with hemimethylated
cognate DNA in comparison to unmethylated cognate DNA.
Hemimethylated DNA is bound more tightly than unmethylated
DNA (25), which we speculate results in less conformational
exchange and intermolecular association between different M.
Hhal-DNA complexes than with unmethylated DNA. Alter-
natively, alteration of the DNA sequence flanking the GCGC
recognition site to accommodate the formation of a hemimethy-
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lated duplex (see Materials and Methods) may have allowed a
more unique binding mode to be established in the ternary
complex. Both properties favor better NMR quality.

Comparing hemimethylated and unmethylated cognate DNA
binding, we observe similar patterns and magnitudes of pertur-
bations, and the maximum difference (~170 Hz) is substantially
smaller than the perturbation seen for either DNA binding to the
enzyme—cofactor complex (Figure 4 and Supporting Informa-
tion Figure 2). A majority of the differences between these two
cognate complexes are within the line widths of the resonances.
Plotting the largest differences (>40 Hz) onto the M.Hhal
structure shows that almost all of the significantly affected
residues are located in or near the two DNA binding loops,
residues 234—240 and 249-258, in the recognition domain
(Figure 4c). Among them Arg240 contacts the O-6 of the guanine
5" to the flipped cytosine, and this interaction is critical for the
stabilization of the catalytic loop in the closed conformation
(R. A. Estabrook, T. T. Nguyen, N. Fera, and N. O. Reich,
submitted). Glu239 is in close contact with the cytosine C-5
methyl group of the nontarget DNA strand and was suggested to
confer M.Hhal’s preference for binding hemimethylated over
unmethylated DNA (22, 25, 39, 40). Moreover, these differences
radiate far from the methylation site and are visible from a 20—30
A distance (Figure 4b).

We observe a clear correlation between a residue’s distance
from the cytosine C-5 methyl carbon and its chemical shift
difference between the hemimethylated and unmethylated
DNA complexes (Figure 4b). This indicates that most of the
peak perturbations are caused directly by the single methyl group
change. The perturbation differences between hemimethylated
and unmethylated DNA cluster around the central GCGC target
region, suggesting that the observed differences are truly due to
the presence of the methyl group and not the changes in the
flanking DNA sequence. The active site loop region exhibits
small, mostly <20 Hz differences, indicating the structure of this
area in the two DNA-bound states is essentially the same. This is
consistent with the small difference in methylation rates between
hemimethylated and unmethylated cognate DNA (25). In sum-
mary, the recognition domain clearly is able to distinguish the
difference of a single methyl group in the DNA and is mainly
responsible for M.Hhal’s preference for binding hemimethylated
DNA (22, 25).

Binding to Nonspecific and Noncognate DN A. Instead of
the cognate sequence GCGC, the nonspecific DNA chosen for this
work contains the central sequence CAGCTG while the noncog-
nate DNA contains GCGA, one base modified from the cognate
sequence (Table 1). In contrast to the large perturbations seen with
either hemimethylated or unmethylated cognate DNA, the re-
sponse of M.Hhal to nonspecific and noncognate DNA is more
muted (Figures 1b and 2c,d). Chemical shift perturbations with the
cofactor or nonspecific DNA are down by a factor of 10 or more
from those seen with cognate DNA for 33% of the residues. The
overall patterns of the perturbations, but not the magnitudes
across the sequence, are somewhat similar to those observed for
cognate DNA binding (Figures | and 2). However, the perturba-
tions upon binding nonspecific and noncognate DNA are more
focused around the DNA binding site and skew more toward the
recognition domain (residues 191—275), especially residues 209—
215 near the surface (Figures 2 and 3). In addition, a few residues
more than 12 A away from the DNA binding site are among the
25% of residues most impacted by nonspecific DNA binding.
These include Leul97 and Thr244 and Leu266 on or near the



~J
o]
—
[\

Biochemistry, Vol. 48, No. 33, 2009

1

(a)

Dot Product (normalized)
o

0 50 100 150 200 250 300 350

— ol |\l|| “L
| Ty ] |u||

Dot Product (X 103)

0 50 100 150 200 250 300 350
Residue

FIGURE 5: Directional similarity between amide chemical shift per-
turbations with nonspecific and hemimethylated cognate DNA. The
similarities of chemical shift perturbations upon binding these two
types of DNA are examined in terms of the direction and magnitude
of the resonance movement from the binary state to the ternary state.
A displacement vector is defined as the vector starting from a peak in
the "H—"°N correlation spectrum from the binary complex and
ending at the shifted peak after the addition of DNA. For each
residue two displacement vectors are extracted from binding to
cognate and nonspecific DNA, and their mathematical dot product
is calculated. The dot product between two vectors A and B is
a-b-cos(0), where a and b are the length of the vectors forming an
angle 6. (a) The normalized dot product or cos(8) of the two amide
displacement vectors with the two types of DNA for each residue
ranges from +1 (parallel displacements) to —1 (antiparallel dis-
placements); zero indicates the two displacements are perpendicular
to each other. Residues with perturbations less than 15 Hz are
excluded from the figure to account for uncertainty in peak position
measurement. (b) The unnormalized dot product (a-b-cos(6)) is
effectively weighted by the magnitudes of the displacements, thus
revealing similarity in both direction and magnitude of the two
displacements.

surface of the small domain, Phel86 in the connector between the
two domains, Asn309 near the surface of the large domain, and
Aspl05 near the catalytic loop in its open form.

The residue-specific perturbations for the nonspecific and
noncognate DNA very much resemble each other. The small
spectral differences seen between binding these two types of DNA
are almost entirely located in the recognition domain, primarily
involving residues in the two DNA-binding loops, Leu251—
Gly263 and Gly233—Arg240 (Figure 2c,d and Supporting Infor-
mation Figure 3). Binding noncognate and nonspecific DNA also
causes significant line broadening to all residues when the ratio of
DNA to protein concentration is less than 1, suggesting multiple
M.Hhal molecules may likely bind to one DNA molecule when
the DNA concentration is low as previously indicated by electro-
phoretic mobility shift assays (23). This process increases the
average molecular size and chemical exchange, leading to line
broadening in the "H—"N correlation spectrum. We observe that
resonances move toward the bound positions before broadening
takes place and sharpen as more DNA is added to exceed | equiv
of protein. Line broadening is more severe with noncognate DNA
under the same condition as for nonspecific DNA binding, in line
with M.Hhal’s higher affinity for noncognate sequences than
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nonspecific sequences (26) (R. A. Estabrook, T. T. Nguyen, N.
Fera, and N. O. Reich, submitted).

Differences and Similarities between Nonspecific and
Cognate DNA Binding. The rarely observed, dramatic chemi-
cal shift perturbations with cognate DNA are consistent with the
25 A movement of the active site loop and insertion of the
recognition loops deep into the DNA major groove. The 10-fold
reduction in shift perturbation with nonspecific and noncognate
DNA indicates no such coordinated structural changes occur and
the active site loop remains essentially in an open state. However,
the residual similarity observed between the chemical shift
perturbation patterns caused by cognate and nonspecific DNA
binding prompted us to ask whether the presence of fast to
intermediate time scale exchange observed in nonspecific DNA
binding would involve a component resembling the bound state
with cognate DNA. Although we do not expect the patterns of
perturbations to be the same for different types of substrates even
with the same underlining kinetics, we speculate that those
residual perturbations due to mostly structural changes resem-
bling active site loop closure and recognition loop contact seen
with cognate DNA may be present in binding to nonspecific and
noncognate DNA sequences. Even with a small population, the
presence of this specific, bound state with its large chemical shift
changes could be reflected in the correlation of the magnitude
and/or direction of resonance displacements in the cognate and
nonspecific DNA binding.

We analyzed this correlation by calculating the dot products
between the amide resonance displacement vectors from its
position in the binary complex in the "H—"°N correlation spectra
with the addition of either cognate or nonspecific DNA
(Figure 5). The normalized dot product is simply the cosine of
the angle between the two displacement vectors and is a direct
measure of the directional similarity. We found that roughly 70%
of the resonances are perturbed with cognate and nonspecific
DNA in almost the same direction away from the binary
complex, with the normalized displacement vector dot product
close to +1. The unnormalized dot products of the vectors reflect
the overall similarity in both the direction and magnitude of the
displacements. This analysis shows that the overall perturbations,
particularly those associated with the biggest shift changes, are
similar in the displacement direction and somewhat correlated in
magnitude of movement. These correlations suggest that M.Hhal
interactions with nonspecific and noncognate DNA mimic those
with cognate DNA to some extent, suggesting the bound state
specific to the cognate DNA is being sampled by nonspecific
DNA. It is also possible, although less likely, that the residual
similarity we observed is a coincidental effect of multiple
independent, mostly nonspecific binding events. Overall, the
much weaker affinity of M.Hhal for the nonspecific and non-
cognate DNA and the much smaller, overall disproportional
perturbations indicate that the nonspecific DNA do not have a
unique binding mode and lack the characteristics that allow a
cooperative, simultaneous closure of the active site loop and close
contacts with the recognition loops. Thus, these complexes may
sample among a variety of sites and orientations, including the
specific conformation, and the active site loop is mostly in the
open state as observed for the binary complex.

DISCUSSION

Drastic Differences between Cognate and Nonspecific
DNA Binding. Our NMR data of M.Hhal in complex with
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F1GURE 6: Correlations between chemical shift perturbations of M.
Hhal upon binding to different DNA sequences. Each dot represents
combined chemical shift perturbations (ACS, in Hz) for one amide
due to binding to (a) noncognate and nonspecific DNA or
(b) hemimethylated cognate DNA and nonspecific DNA. The data
from nonspecific DNA are plotted along the Y-axis. The larger data
scattering for smaller perturbations is most likely due to the larger
relative uncertainties contained in small perturbations measured.

various DNA molecules agrees with and extends prior crystal-
lographic studies by providing information about additional
complexes. Comparison of the M.Hhal—cofactor binary com-
plex crystal structure with that of M.Hhal—cofactor—DNA
ternary complexes shows a large conformational change of the
catalytic loop (residues 80—99) with some residues moving up to
25 A (19, 20). Upon binding cognate DNA, the largest chemical
shift changes (reaching up to almost 2000 Hz) were found in the
catalytic loop and in recognition domain residues that contact the
DNA. In contrast, little difference in the loop conformation was
observed in comparing structures of the M.Hhal—cofactor
binary complex with that of the same complex crystallized in
the presence of nonspecific DNA (19, 23). Though no DNA
appeared in the crystal, a templating effect of the nonspecific
DNA was inferred from the observed cofactor reorientation in its
binding site. Here, using the same nonspecific DNA sequence
(except one base pair shorter), we directly observed its effect
through chemical shift perturbations on M.Hhal in solution
state. Our data show that M.Hhal binds to the nonspecific DNA
with a low micromolar affinity, consistent with that previously
observed (23) (R. A. Estabrook, T. T. Nguyen, N. Fera, and N.
O. Reich, submitted). The patterns of chemical shift perturba-
tions share some similarities with cognate DNA binding, but the
magnitudes are on the order of 10 times smaller for the most
perturbed residues. The data indicate that the binding mode is
likely very different between nonspecific and specific DNA.
Drastic Binding Change from One-Base Modification. In
addition to comparing chemical shift perturbations with cognate
(recognition sequence GCGC) and nonspecific DNA complexes
(containing the central sequence CAGCTG), we have also
collected binding data for a one base modified sequence deemed
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a noncognate sequence (containing GCGA). The progression
from cognate to noncognate to nonspecific then removes one
base pair from the recognition sequence at each step of the way.
Our data show that the noncognate DNA complex has chemical
shifts very similar to those of the nonspecific complex rather than
a state halfway between cognate and nonspecific. Further
evidence for this is shown in Figure 6 where the chemical shift
perturbations for each residue are plotted for the two types of
DNA. A nearly linear correlation is observed between perturba-
tions by nonspecific and noncogate DNA. In contrast, only a
weak correlation is seen between the perturbations by cognate
and nonspecific DNA binding. Plotting these data separately for
the small and large domains does not lead to obvious improve-
ment in the correlation curves. A similar conclusion was derived
from fluorescence measurements with a tryptophan reporter
incorporated into the catalytic loop (24) (R. A. Estabrook, T.
T. Nguyen, N. Fera, and N. O. Reich, submitted). Here the loop
conformation of M.Hhal with either nonspecific or noncognate
DNA molecules resembled that of the M.Hhal—cofactor binary
complex, while a large change in loop reporter fluorescence
accompanied cognate DNA binding. This also mimics the trend
measured for DNA binding affinities where M.Hhal had an
affinity for a one base altered noncognate DNA sequence only
slightly better than that for a nonspecific sequence (R. A.
Estabrook, T. T. Nguyen, N. Fera, and N. O. Reich, submitted).
These data indicate that the interaction of M.Hhal with cognate
DNA is highly selective and cooperative, and similar nonspecific
interactions are responsible for binding with both nonspecific
and noncognate DNA.

Electrostatics are known to make a significant contribution
toward nonspecific binding, and the surfaces of nucleic acid
binding proteins are highly enriched in positive charges from
arginine and lysine side chains. Indeed, in many cases a simple
electrostatic potential map reveals the nucleic acid binding
site (41, 42). Electrostatic forces can enhance the diffusion-
controlled association rate (43, 44) through “electrostatic steer-
ing” (45, 46). Electrostatic interactions appear to be largely
responsible for the nonspecific binding of the /ac repressor (9).
For M.Hhal, we observed a strong salt effect on the strength of
nonspecific and noncognate DNA binding. With the addition of
200 mM NaCl, M.Hhal binding to nonspecific DNA was almost
weakened to beyond detection in our titration experiment at the
>100 uM protein and DNA concentrations reported here.
Further examination of the M.Hhal structure and construction
of an electrostatic potential map (results not shown) revealed a
unique clustering of positive charges near the cognate DNA
binding site contributed by Lys162, Argl65, Arg209, Arg228,
Lys234, Arg240, Lys261, Lys273, and Lys300 from the recogni-
tion domain and Lys89, Lys91, and Arg97 from the active site
loop (Figure 3c). The skewing of these charges toward the
recognition domain side of M.Hhal’s DNA binding site, com-
bined with a major contribution of electrostatics to nonspecific
DNA binding, may help to explain why the largest chemical shift
perturbations upon binding nonspecific DNA are distributed
more into the small domain than was observed upon binding
cognate DNA (Figures 2 and 3).

Together, these data cover a broad range of possible interac-
tions involving M.Hhal in solution and confirm that the transi-
tion from nonspecific to specific DNA binding requires a large
protein conformational change involving simultaneous, coopera-
tive interactions with the active site loop and recognition domain;
importantly, this conformational change does not predominate if
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F1GURE 7: M.Hhal chemical shift perturbations by cofactor and DNA. Relatively small shift changes were seen with the cofactor (maximum
~150 Hz) and nonspecific and noncognate DNA (maximum ~150 Hz). As the central base sequence changes incrementally toward the cognate
sequence (methylated or unmethylated), sudden and drastic perturbations up to 2000 Hz were observed. All perturbations were relative to the
cofactor-bound binary complex and measured as the combined 'H and "N resonance displacement (in Hz) at the 'H frequency of 600 MHz.
Chemical shift perturbations were coded linearly into a color scheme where blue corresponds to no perturbation (or an unassigned residue) and
yellow corresponds to the largest perturbation (> 250 Hz). The color mapping is done for shift perturbations within the range of 0—250 Hz.
Residues showing combined shifts larger than 250 Hz appear in yellow.

even a single base pair is altered within the recognition sequence.
This stands in contrast to previous findings where residual
dipolar coupling and paramagnetic relaxation studies implicated
that the HoxD9 homeodomain uses the same protein interface to
bind both specific and nonspecific DNA (/7). M.Hhal’s transi-
tion from nonspecific to cognate DNA binding may more
resemble that seen in NMR studies of /ac repressor binding
where rearrangement of a helical protein segment and a tilt in the
DNA with respect to the protein interface were observed when
comparing specific to nonspecific DNA binding (9). Further
dynamical, residual dipolar coupling, and paramagnetic relaxa-
tion measurements are needed to identify the binding mode of
nonspecific and noncognate DNA to M.Hhal.
Implications for Cytosine Base Flipping. Comparison of
the affinities of M.Hhal for various DNA sequences shows about
a 1000-fold increase in apparent equilibrium binding affinity for
cognate sites as compared to noncognate sites (26) (R. A.
Estabrook, T. T. Nguyen, N. Fera, and N. O. Reich, submitted).
Nonspecific site complexes with M.Hhal are at least 4-fold
weaker than noncognate sites and about 4000-fold weaker than
cognate sites (R. A. Estabrook, T. T. Nguyen, N. Fera, and N. O.
Reich, submitted). These approximations are based on a com-
parison to the unmethylated cognate substrate (Table 1). How-
ever, the similarity in the chemical shifts we observe for M.Hhal

with the noncognate and nonspecific DNA suggests that they
share a similar structure where the bulk of the DNA has the target
cytosine base in a normal Watson—Crick base-paired configura-
tion and the loop repositioning that accompanies and stabilizes
the flipped out cytosine is not favored. This conclusion is
supported by recent observations using a fluorescent reporter
sensitive to motion of loop residues when the flipped out base is
stabilized (R. A. Estabrook, T. T. Nguyen, N. Fera, and N. O.
Reich, submitted).

Spontaneous base flipping is a relatively rare event, being some
10—20 kcal/mol less stable than the normal DNA duplex config-
uration (47—49). However, M.Hhal will methylate noncognate
sequences with rates for the methylation step (kepem) only 10—
~500-fold lower than the values for the cognate sequence
depending on which noncognate sequence is under investiga-
tion (26). This strongly supports the notion that the enzyme can
flip out the cytosine base in noncognate sequences as well as
cognate sequences. However, it appears that the enzyme cannot
stabilize the flipped out configuration sufficiently to make it the
predominant form in noncognate DNA complexes at equilibri-
um. Comparison of the rate constants for methylation of cognate
and noncognate sites suggests that between 0.2% and 10% of
M.Hhal noncognate DNA complexes (depending on the
sequence) may exist in the flipped out configuration assuming
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that the rate constant for methylation is the same for cognate and
noncognate sequences once in the flipped out configuration.

How Does M.Hhal Find Its Target Site? A summary of
the chemical shift changes we have observed in different complexes
is shown in Figure 7 where the observed combined shifts are color-
coded on the M.Hhal—AdoHcy binary or M.Hhal—AdoHcy—
cognate DNA ternary complex crystal structures. These chemical
shift changes suggest a “pathway” from the apo state to the ternary
complex of M.Hhal, AdoHcy, and hemimethylated DNA. This
“pathway” is a reasonable representation of the energy landscape
M.Hhal experiences as various ligands bind but may not represent
the true kinetic path between the free and bound states.

Our NMR data, along with fluorescence (24) (R. A. Estab-
rook, T. T. Nguyen, N. Fera, and N. O. Reich, submitted) and
crystallographic data (19, 20, 23), support a mechanism for site-
specific DNA recognition where the enzyme searches along DNA
for its GCGC recognition site predominantly in a loop open
position, only closing the loop around the active site either very
rarely during the search process or only once the target sequence
is found. In related systems, endonuclease pausing at sites
resembling their recognition sequence has been proposed (50,
51). In the case of M.Hhal, the similarity of the loop conforma-
tion in binding nonspecific and noncognate sequences by both
the previous loop reporter fluorescence (24) (R. A. Estabrook, T.
T. Nguyen, N. Fera, and N. O. Reich, submitted) and current
NMR data suggests that as the enzyme searches DNA for its
cognate site, it may not dwell on noncognate sites, where one of
the four bases is altered from its target sequence, preferentially
over nonspecific sites.

The NMR data appear to be consistent with the view that M.
Hhal could scan the DNA sequence for suitable methylation sites
by binding and potentially flipping out bases in nontarget
sequences and then using the complementarity of interactions
between the DNA bases and the protein to establish the correct
site for methylation. We do not observe a great deal of selective
broadening of residues that undergo large chemical shift changes
in either the nonspecific, noncognate, or cognate complexes. This
argues that if the protein is transiently flipping out bases in
noncognate or nonspecific complexes, this process is either fast
enough to minimize exchange broadening or so slow that the
residues of the minority flipped out forms are too weak to be
observed as distinct resonances.

ACKNOWLEDGMENT

The authors thank Whitney Shatz for preparation of the
?H/"*N/"C-labeled protein for the unmethylated cognate DNA
complex.

SUPPORTING INFORMATION AVAILABLE

Three figures showing "H—'>N TROSY-HSQC spectra, one
with assignments for the M.Hhal—AdoHcy—hemimethylated
cognate DNA complex, one showing differences between M.
Hhal bound with hemimethylated cognate and unmethylated
cognate DNA, and one showing differences between M.Hhal
bound with nonspecific and noncognate DNA. This material is
available free of charge via the Internet at http://pubs.acs.org.
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