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ABSTRACT. Base methylation plays an important role in numerous biological functions of DNA, from
inhibition of cleavage by endonucleases to inhibition of transcription factor binding. Studies of nucleic
acid structure have shown little differences in unmethylated DNAs and the identical sequence containing
methylated analogues. We have investigated changes in the local dynamics of DNA upon substitution of
a methylated cytosine analogue for cytosine using solid-state deuterium NMR. In particular, we have
observed changes in the local dynamics at the target site of th¢hil.restriction system. These studies
observe changes in the amplitudes of the local backbone dynamics at the actual target sitdhal the
methyltransferase. This conclusion is another indication that the significant result of base methylation is
to perturb the local dynamics, and therefore the local conformational flexibility, of the DNA helix, inhibiting

or restricting the protein’s ability to manipulate the DNA helix in order to perform its chemical alterations.

Methylation of the heterocyclic bases in DNAas diverse  studies 12) of singly CpG-methylated DNA oligomers
effects on its biological function, depending on the specific indicate minimal structural alteration. However, in a crystal-
system in question. Many transcription factors no longer lography investigation by Vargason et al., the DNA sequence
efficiently bind DNA when their recognition sites are d(GGCGCC) exhibits traditional B-form characteristics,
methylated {—3). Gene silencing in eukaryotes is thought whereas d(GGCGPEC),, where miC is a 5-methylcytosine,
to result from methylation either directly by interfering with  forms a new conformation called E-DNA, which contains
the interaction of a transcription factor with its recognition structural characteristics of both A-DNA and B-DNAS).
site, or indirectly by attracting proteins that have a high Experiments examining sensitivity to DNase | conclude that
affinity for methylated DNA 4, 5). For example, methyla-  methylation has only a small effect on DNA structure in the
tion-induced structural and/or dynamical changes within a Hhal binding site (L6).
triplet of CpG dinucleotides have been shown to directly  pHowever, certain CpG steps have been shown to display
contribute to translational positioning of nucleosomes by ynique dynamic properties that are affected by methyla-
affecting binding of the histone octamé).(Methylated CpG tjon, Hatcher et al. have shown large amplitude dynamics
dinucleotides are also sites for a high percentage of point5¢ the 2 position in the sugar ring and theé Backbone
mutations {), and abnormal methylation patterns in DNA methylene group in the dC (C*) at a CpG step in BRI
have been linked to various cancers and to genetic disorder%inding site (underlined) in the DNA sequence [d-
such as fragile X syndromei(2, 8). In prokaryotic cells,  («(cGCGAATTC*GCG)} (17), henceforth known as the
methylation is typically used in systems of restriction and pjckerson dodecamer for the group who originally crystal-
modification as a defense mechanism against extracellular|j;eq the sequence in B-formi§). A solution NMR study
infection. It now becomes necessary to determine the of 5 similar sequence indicated the C* furanose ring was
relationship between these functional differences and any puckering between two conformationd9. Additional
structural or dynamic changes between methylated andyyork by Hatcher et al. showed large amplitude motion in

unmethylated DNA. o the dC furanose ring immediately adjacent to theoRl
No clear relationship exists between the functional impact binding site in the same DNA sequence (C*), [d-
of base methylation in DNA and any structural alteration. (CGC*GAATTCGCG)],, which is also at a CpG stef().
Although cytosine methylation increas_es the thermal stability Tp¢ dynmmis site, not observed in the solution study
of the DNA and gel electrophoresis assays show CpG py aramini and co-workersl®), have been determined to
methylation alters DNA bending slightlg), X-ray diffrac- also be a repuckering of the cytidine furanose ring between
tion (5, 10, 11), solution NMR (2—14), and solid-state NMR  ¢qntormations, with a puckering amplitude ©0.4 A (22).
_ Large amplitude motions have also been observed by solid-
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G.A.M. acknowledges the support from NIH Training Grant GM32681. state deUt_e”L!m N_MR to be localized to deoxycyt'd_'nes of
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of Chemistry, University of Washington, Box 351700, Seattle, WA are present at CpG steps or within a restriction site. Also,
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L Abbreviations: NMR, nuclear magnetic resonance; DNA, deoxy- dinucleotides are supported by molecular dynamics and
ribonucleic acid; dC, 2deoxycytidine; T, thymidine2H, deuterium. energy minimization studies that indicate that CpG steps are
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FiGURE 1: Comparison of line shape spectra for (d)5-2H]-C9
from the Dickerson sequence [d(CGCGAATTCGCGddapted
from ref 17) and (b) [3/5"-?H]-5-methyl-C9 from the Dickerson
sequence (adapted from r28). The central isotopic component is
due to residual HDO.

more malleable than other stef@8). This notion is sustained
by solution NMR studies, which have observed structural
variations within DNAs containing CpG steps and conclude
that there is an increased malleability at CpG stedab—(
27).

There is recent evidence that methylation has an effect
on the internal dynamics of CpG dinucleotides in DNA. In
the EcoRlI binding site, -GAATTC-, it was observed that the
large amplitude librations of the#nethylene group in the
dC were effectively quenched when 5-methylcytosine is
substituted for cytosine2@) (see Figure 1). Methylation at
this position, albeit not the target of the methyltransferase,
inhibited cleavage by thEcaRl endonuclease?@). Overall,

these observations suggest a direct link between suppressio

of the amplitudes of localized, internal motions of the sugar
phosphate backbone of the DNA and inhibition of restriction

enzyme cleavage, and base methylation may play a role in

suppression of these local motions. The purpose of this
current study is to investigate whether methylation has a
similar effect on the internal dynamics in th#hal binding

sequence, in particular at the target site of the methyltrans—0

ferase.

The Hhal restriction endonuclease and associated meth-
yltransferases bind to the sequent&6CGC-3, where the
arrow indicates the cutting site and the underlined dC is the
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solved by Wu and SantB(). The M.Hhal methyltransferase

is a cytosine-5-type methyltransferase, which catalyzes the
transfer of a methyl group frons-adenosyk-methionine
(AdoMet) to the 5 position of cytosine in DNA. There is a
formation of a covalent bond between a cysteine residue in
the catalytic site of the enzyme and the 6 position of the
cytosine. This generates a delocalized carbanion that can
accept the methyl group from the sulfonium center of
AdoMet, forming a methylated dihydrocytosine intermediate.
The loss of the hydrogen from the 5 position and the release
of the enzyme leads to the methylated product.

A crystal structure of a ternary complex containing bound
M. Hhal, an oligonucleotide containing 5-fluorocytosine at
the target position and the end product of the reaction,
Sadenosylhomocysteine, showed that the target cytosine was
flipped out of the DNA helix and into the binding pocket of
the protein 81), but there was no overall bend to the DNA
helix itself. Also, crystal studies of the same complex with
mismatches at the target site in the DNA, including an abasic
site, showed that base flipping still occuf32).

In addition to the crystal structure studies, Higal system
has been investigated using numerous other techniques.
Footprinting studies show extensive prote[DNA contacts
along the sugarphosphate backbon83). This same study
indicated no proteinbase contacts between the methyltrans-
ferase and the target base. Binding studies have shown that
not only does the methyltransferase still bind and perform
the base flipping with a methylated substraid, (35) but it
also preferentially binds mismatche85]. Footprinting
studies indicate little structural deformation of the DNA helix
by 5-methylation of the target cytosin&€). No dramatic
structural differences are seen between sequences containing
the -GCGC- sequence and standard B-form DNA from
crystal or solution NMR structure86, 37). Unfortunately,
there are no crystal or solution structures of the DNA
sequence complexed with the endonuclease to determine if
any structural variations occur in this complex.

As is typical of restriction and modification systems,
methylation of the target base in thdhal binding site
completely inhibits the cleavage by the endonuclease.
Additionally, in work done by Klimasauskas et aB5], it
has been shown that methylation at the 5 position on the
target cytosine reduces by-2-fold the binding affinity of
the methyltransferase.

The current investigation is intended to determine
the effect that methylation has on the internal dynamics

f the DNA backbone at the site of the target dC. The
particular sequence of interest in this study is [d-
(G1A2T3A4§5969798T9A10T11C12)]2, where the underlined
residues constitute the binding site for tHbal restriction
system and the numbering sequence is for convenient referral
to specific residues. This sequence was chosen because it is
the same sequence used in the crystallographic studies of
the methyltransferase/DNA complexes, mentioned previ-
usly.

MATERIALS AND METHODS
Chemical Synthesis of Selely Deuterated DNAsTo

target for the methyltransferase. This sequence has beerinvestigate the sequence specificity of furanose ring dynam-
investigated in great detail but primarily to elucidate the ics, selectively deuterated nucleosides were synthesized
methylation mechanism, whose reaction mechanism was first(Figure 2) and incorporated into the DNA dodecamer using



12438 Biochemistry, Vol. 40, No. 41, 2001

NH,

CHs

NF

CHs

FIGURE 2: Deuterated nucleosides used in this study: (4yF2]-
2'-deoxycytidine, (b) [2-2H]-5-methyl-2-deoxycytidine, (c) [5
5""-2H]-2'-deoxycytidine, and (d) [%''-?H]-5-methyl-2-deoxycy-
tidine.

phosphoramidite chemistry. Deuterated DNA oligonucle-
otides were synthesized as follows”{ZH]-dC and [2'-?H]-

T was prepared by the method of Robins et al. with some
minor modifications to the solvent systen®8). [5'/5"-?H]-

dC and T were synthesized with a method similar to that
for T, as described by Orban and Re®9), The deuteration

is nonstereospecific, which will not affect the NMR spec-
trum. Deuterated dC nucleosides were converted 't®-5
(DMT)-2'-dC-3-CED phosphoramidites as described previ-
ously @0). Deuterated thymidine nucleosides were converted
to 5-O-(DMT)-2'-T-3'-CED-phosphoramidites as described
previously and converted to N4-triazole derivatives using the
procedure of Cowart et a4l). N4-triazole phosphoramidites
were incorporated at the 6 position of the growing DNA
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FicUrRe 3: Comparison of line shapes for (a)'2H]-C6 from the

DNA sequence [d(GATAGCGCTATC)]with W = 9.8 and (b)

W = 11.5 and (c) [2-2H]-5-methyl-C6 from the DNA sequence

[d(GATAGSMeCGCTATC)L with W = 11. Note that the change

in signal-to-noise ratio for (a), (b), and (c) is due to the different

number of experimental scans and sample size. The central isotopic

component is due to residual HDO. Dashed lines indicate constant

frequency and that there is no change in spectral width upon

methylation.

-200

broadening prior to Fourier transformation. Splattice
relaxation times were determined using an inversion recovery
pulse sequence, which incorporated a’18@mposite pulse

to ensure broad-band excitatiod3]. To obtain powder-
averaged Zeeman spifattice relaxation times[T,z[J] the
integrated intensity of the powder spectrum was monitored
as a function of recovery time and analyzed using a nonlinear
least-squares fitting routind4). All experimental line shape
and Zeeman spinlattice relaxation data were collected at
room temperature. Dynamically averaged deuterium line
shapes were calculated utilizing the MXET1 computer code
written by the Vold research grough, 46).

RESULTS

Deuterium Line Shape and Relaxation Data for the 2

oligonucleotide sequence using an ABI Model 394 automated Deuteron in C6The quadrupolar echo line shapes for C6 at

DNA/RNA synthesizer. Deprotection of the DNA in con-
centrated ammonia (2 days, 5%) converted the N4-
protected thymidine derivative to the 5-methyldC nucle-
otide. The presence of 5-methy-@C was determined using
both solution NMR and digestion followed by HPLC analysis

76.775 MHz with W= 9.8 and W= 11.5 are shown in
Figure 3a and b, respectively, for a hydration study of the
line shape. There is significant motional averaging at the
intermediate time scale{10°—10’ Hz) seen in these spectra,
as is evidenced by deviation from the Pake doublet form.

(data not shown). Oligonucleotides were purified as described Table 1 shows the spifiattice relaxation times for [2

previously, salted (10% NaCl by weight), packed into a 5
mm solid-state NMR Kel-F sample chamber, and hydrated
by vapor diffusion in a humidity chamber containing
saturated salts itH-depleted water (75% relative humidity
at 20°C) (42). Water content was quantified gravimetrically
by the parameter W (number of water molecules per
nucleotide) and is accurate b1 waters per nucleotide.
Solid-State NMR Spectroscopyl 2H NMR experiments

were performed on a home-built NMR spectrometer (11.75
T, deuterium Larmor frequency of 76.776 MHz). A quadru-

2H]-C6 at the hydration levels discussed above and compares

them to C9 from the Dickerson dodecamer. The,[for

C6 with W= 9.8 at 76.775 MHz is 2& 5 ms and with W

= 11.5 at 76.775 MHz is 30t 8 ms. The[T,,[5 are

comparable to thél,z[observed for the mobile C9 position

in the Dickerson sequence, which haF gl bf 30+ 7 (17).
Deuterium Line Shape and Relaxation Data for the 2

Deuteron in 5-Methyl-C6The quadrupolar echo line shape

for [2"-?H]-5-methyl-C6 EMeC6) with hydration W= 11 is

shown in Figure 3c, in comparison to that of unmethylated

polar echo pulse sequence with an eight-step phase cyclingC6 with W = 9.8 and 11.5. There is some perturbation on

scheme was implemented with a delay of 49 between
90° pulses (typically, 2.42.8 us in duration) and a dwell
time of 200 ns during acquisition. Data acquisition was
initiated prior to the echo maximum. The time domain data
were left-shifted and apodized with 3000 Hz Lorentzian line

the line shape in the methylated sequence as compared to
the unmethylated sequence, but it is not significant, and the
difference may be only a result of differential hydration. As
shown in Table 1, the spirlattice relaxation times at
comparable hydrations are comparable within the experi-
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Table 1: Spin-Lattice Relaxation Times for Furanose-Labeled
Site$

Table 2: Spin-Lattice Relaxation Times for Backbone-Labeled
Site$

hydration hydration
sample (waters/nucleotide)  [T1z00(ms) sample (waters/nucleotide)  [T100ms)
[2"-2H]-C6 W=98+1 28+ 5 [5'/5"-2H]-C6 W=118+1 47+5
(from Hhal sequence) (from Hhal sequence)
[2"-2H]-C6 W=115+1 30+ 8 [5'/5"-2H]-5-methyl-C6 W=113+1 68+ 8
(from Hhal sequence) (from Hhal sequence)
[2""-2H]-5-methyl-C6 W=11.0+1 21+ 4 [5'/5"-2H]-C9 W =10.5+2 30+ 1¢°
(from Hhal sequence) (from EcoRlI sequence)
[2"-2H]-C9 W=123+1 30+ 7P [5'/5"-2H]-5-methyl-C9 W=131+1 55
(from EcoRlI sequence) (from EcoRlI sequence)
[5'/5"-2H]-T7/T8 W=10.5+2 59+ 1¢¢

a Spin—lattice relaxation times for C6 from the DNA sequence
containing theHhal restriction site, [d(GATAGCGCTATC}] for
several hydration levels and field strengths and compared to values
from C9 from the Dickerson dodecamer mentioned in the text,
[d(CGCGAATTCGCG)}, which contains théecoRl restriction site.

b Data modified from refl7.

200 -200

kHz

FIGURE 4: Comparison of line shapes for (a)/B'-2H]-C6 from

the DNA sequence [d(GATAGCGCTATG)vith W = 11.8 and

(b) [5'/5"-2H]-5-methyl-C6 from the DNA sequence [d(GATA®-
CGCTATC)L with W = 11.2, both at 76.775 MHz. Note that the
dashed lines are of constant frequency, indicating the widening of
the spectrum upon methylation.

mental error. The [2-?H]-5-methyl-C6 sample has @z

of 21 + 4 ms, whereas its unmethylated counterpart has a
[T,z00of 30 + 8 ms, at a similar hydration level. Therefore,
methylation has little effect on the relaxation time of the
furanose ring for M.Hhal methyltransferase target dC, a
result also observed in the Dickerson dodecamer.

Deuterium Line Shape and Relaxation Data for th&'5
Deuterons in C6The quadrupolar echo line shape for C6
with hydration W= 11.8 at 76.775 MHz is shown in Figure
4a. The line shape deviates from the Pake doublet that would
be seen in a sample with minimal motional averaging. There
is a bending of the horns toward the center of the spectrum,
and two shoulders that appear to be above the experimenta
noise are also present. But the most interesting feature is
the narrowing of the spectrum.

Alam et al. 47) determined that the static quadrupolar
coupling constant (QC&uie “/z multiplied by the horn-to-
horn splitting in a line shape with no dynamic averaging)
for the B/5" methylene deuterons in the thymidine samples
from the Dickerson sequence is 1251 kHz. Dynamic
amplitudes of motion can be extrapolated from Qg @3
multiplied by the horn-to-horn splitting in a dynamically
averaged line shape. Measuring the QEfor the [5/5"-
2H]-C6 sample gives a value of 128 2 kHz. For

(from EcdRl sequence)

aSpin-lattice relaxation time for [#5"-°H]-C6 from the
DNA sequence [d(GATAGCGCTATC)] and the sequence [d-
(GATAGSMeCGCTATC)). These values are compared to relaxation
times from previous solid-state deuterium NMR studieRata taken
from ref 17. ¢ Data taken from ref8. ¢ Data taken from refi7.

Table 3: Values for the QC& and Reduction Factor for
Backbone-Labeled Sampfes

hydration QCGCs reduction
sample (waters/nucleotide) (kHz) factor,A

[5'/5"-?H]-C6 W=118+1 120+ 2 0.69
(from Hhal sequence)

[5'/5"-?H]-5-methyl-C6 W =11.3+1 150+ 2 0.86
(from Hhal sequence)

[5'/5"-?H]-C9 W =105+2 60+2° 0.34
(from EcaRI sequence)

[5'/5"-?H]-5-methyl-C9 W = (10-12)+2 150+2¢ 0.86
(from EcaRl sequence)

[5'/5"-?H]-T7/T8 W =105+2 150+ 2¢  0.86

(from EcaRI sequence)

aValues for the effective quadrupolar coupling constants
(QCCGC) and reduction factor (defined in eq 1) for [§5"-?H]-C6
from the DNA sequence [d(GATAGCGCTATG)and the sequence
[d(GATAG®MeCGCTATC)L. These values are compared to relaxation
times from previous studie8Data taken from ret7. ¢ Data taken from
ref 28. ¢ Data taken from refi7.

comparison, the QCg& of the [3/5"-?H]-C9 sample from
the Dickerson dodecamer (shown in Figure 1a) hydrated to
W = 10.1 has a QCg& of 60 kHz, and the QCg& for the
thymidine sites in the same sequence hydrated te \M..9

is 150+ 2 kHz. These data are summarized in Table 3.

From the inversion recovery experiments, tig,[lwas
found to be 47+ 5 ms. This value is comparable to the
values from the thymidines in tHecoRI binding site, which
havelT,z[s of 59 &+ 10 ms with W= 10.5 and 44 10 ms
at W= 11.9 @47). The value of 47 ms for the {/&"'-°H]-C6
sample is longer than C9 from Dickerson, which hasall
of 30 & 10 ms with a hydration of W= 10.5 (L7). Table 2
pummarizes these data.

Deuterium Line Shape and Relaxation Data for th&'5
Deuterons in 5-Methyl-C6lhe quadrupolar echo line shape
for 5MeC6 at hydrations W= 11.2 is shown in Figures 4b.
The form of the line shape is still relatively close to that of
the Pake powder pattern. Additionally, the measured QCC
is 150+ 2 kHz. This is comparable to the QGCof the
[5'/5"-?H]-5-methyl-C9 from the Dickerson dodecamer (shown
in Figure 1b) with a hydration of W 13.1 that has a QC&
of 148 kHz @8).

The spin-lattice relaxation time obtained from these
experiments is 6& 8 ms, and this is even longer than the
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values for the thymidines from the Dickerson dodecamer, As stated previously, it has been showf)(that QCGiaic
which havelT,;[k of 59 4+ 10 ms with W= 10.5 and 41 for a backbone methylene deuteron in 1#51 kHz. The
10 ms at W= 11.9. Additionally, the [55"-?H]-5-methyl- amplitude reduction factor (ARF), used to assess motional
C9 sample from the Dickerson dodecamer with a2/ 3.1 averaging of the QCCA4Q), is defined as

has alT,z0of 55 ms @8). These data are again summarized

in Table 2. (equ)
DISCUSSION A= QCCCEﬁ S L (1)
Effects of Base Methylation on Motion of the Furanose QCGsaic (%)
static

Ring. Three principal methods are used in this study to
determine a perturbation of molecular dynamics using solid- )
state deuterium NMR. The primary method is direct simula- ~ For the current work, we assume that Q& will be
tion of deuterium line shapes using a well-conceived model identical to that determined previously for tHés8 deuterons
for the molecular motion in question. When direct simulation N DNA, i.e., 175+ 1 kHz (47). For [5/5"-?H]-C6, the value
is impossible, comparison of the fully relaxed line shapes of 120+ 2 kHz for QCGy gives a value of\ of 0.69. For
and a measurement of their respective Q@Ccan give an  [5'/5"-°H]-5-methyl-C6, QCGy is 150+ 2 kHz, andA is
idea of the relative rate and amplitude of molecular motion 0-86. This numerical indication of spectral broadening
for two sites. Both [2-2H]-C6 and [2'-2H]-5-methyl-C6 implies differential motional averaging in the methylated
display significant motional averaging on the intermediate Versus unmethylated DNAs. These data, as well as those of
time scale ¢ 10°—10’ Hz), and therefore direct measurement Other samples for comparison, are summarized in Table 3.
of QCCy is impossible. Although these line shapes have  The nextstep is to look at the spifattice relaxation times,
not been directly simulated, significant work has been done Summarized in Table 2. [&'"-?H]-C6 has aT.,[lof 47+ 5
in the past to simulate dynamically averaged furanose ring ms and [55"-?H]-5-methyl-C6 has &T,,[Jof 68 + 8 ms at
line shapes using a two-site jump mod&¥rY and a model comparable hydration levels. As can be seen, there is an
of single axis Brownian diffusion through a potentiaBy. increase in the relaxation time of the backbone methylene
Additionally, we have developed a new model of Brownian deuterons upon base methylation. As previously stated, there
diffusion through an angular potential for describing deute- is a little dependence of the spitattice relaxation time on
rium motion assuming a puckering amplitude and associatedthe sample hydration, so the changes therein are due to
angular trajectory and a potential energy surfdée) (21). changes in the local motions and not the hydration.
If we assume that the motions present in this sample are Finally, we have attempted to simulate the line shapes
similar in nature to other dynamic furanose rings, we can directly. In our simulations, we have considered two types
predict that their amplitude of motion will be on the order of motion helical rotation and local motion of the backbone
of 38°, or they have a puckering amplitude of about 0.4 A. methylene subunits. The physical basis for this model has
Upon inspection it appears there is minimal change in the been established in a number of publications on the dynamics
overall form of the line shapes in the methylated versus of hydrated, amorphous DNA. These studies and analyses
unmethylated samples, as can be seen in Figure 3, indicatingare summarized in ref8. In summary, the whole molecule
that neither the amplitude nor the rate of the furanose ring dynamics of short DNA oligomers may be described as a
motion changes appreciably upon base methylation. rigid rod motion, where the rotational rates are dependent
Comparison of the relaxation times is another good upon the length-to-width ratio of the oligomer. Line shape
measure of change in the molecular motions. Alam and studies of base-deuterated, furanose ring-deuterated, and
Drobny showed that for 12 base pair DNAs, € spin— backbone-deuterated DNA dodecamers at low levels of
lattice relaxation time is near a minimum and does not change hydration (W< 16—18) indicate that the rigid body motion
markedly in the hydration range W 10—16 (47). Table 1 is dominated by rotation about the helix axis with an
indicates that there is negligible change in the sibéttice amplitude and rate that increase with the hydration level. At
relaxation times between'[ZH]-C6 and [2'-2H]-5-methyl- higher hydration levels (W~ 18) rotation around an axis
C6, within the experimental error. From these two pieces of perpendicular to the helix axis must also be considered.
information, it can be concluded that base methylation of The exact nature of the rigid body motion, as discussed
the target dC in théihal binding site has a minimal effect in ref 48 and in papers cited therein, has been identified in
on the furanose ring motion. A similar result was obtained the presence of localized motions of various amplitudes and
for the methylation of th&cadRl DNA binding site dC 28). rates, by applying the same model of whole molecule motion
Effects of Base Methylation on Motion of the Backbone at a given hydration level and temperature to a large number
Methylene Group The criteria discussed in the previous of deuterated sites on the same dodecamer. Although the
section can now be applied to the experimental data for the DNA oligomers studied in re8 did not contain theHhal
backbone-labeled samples. First, a comparison of the linebinding site, like the DNA in the present study these prior
shapes and QC& is necessary. Figure 4 shows the line studies dealt with dodecamers. The assumption that the whole
shapes for [35"-?H]-C6 (a) and [5¥5"'-?H]-5-methyl-C6 (b) molecule motion depends on the length-to-width ratio allows
in order to show the change in the horn-to-horn splitting of us to take models of helix motion from prior dodecamer
the backbone line shapes upon base methylation. The dashedtudies and apply it to the present case. A1 helical
lines are lines of constant frequency, and as can be seenyotation is simulated using a nearest neighbor six-site jump
there is a noticeable widening of the line shape and a with an azimuthal angle ap = 0°, 6(°, 12C°, 18C, 24C,
straightening of the edge of the horns in the methylated and 300, a half angle amplitudé = 40°, which is the angle
versus the unmethylated samples. of the C5—D bond with respect to the longitudinal DNA
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D

b z 200 0 -200
0 kHz
o ™ FIGURE 6: Series of simulations of backbone motion. It is a three-
z v site jump model for the backbone motion, replicating trans-gauche

isomerization with differential site populations for the three

respective sites. For each simulation, the arghas values of Q

120, and 240, 8 = 60°, and rate constalt= 5 x 10° Hz. The

site populations for the three sites in question are as follows: (a)

equal, (b) 0.40, 0.30, and 0.30, (c) 0.50, 0.25, and 0.25, (d) 0.60,
4 0.20, and 0.20, (e) 0.70, 0.15, and 0.15, (f) 0.80, 0.10, and 0.10,

FiIGURE 5: (a) Pictorial representation of the trans-gauche isomer- (9) 0.90, 0.05, and 0.05, and (h) 0.95, 0.025, and 0.025. Their

ization model of backbone motion used in simulations. (b) Pictorial respective values for QGgare listed in Table 4.

representation of the axis of symmetry for the trans-gauche

isomerization model described in the text. The arfglis the tip

Table 4: Values for the QC& and Reduction Factor for Backbone

angle from the C5-C4 axis of symmetry to the actual C5D Simulationg
bond.
: reduction
. . . . site population distribution kHz factor, A
helix axis, determined previousIyT), and a rate constant Pop Q& (kHz)
between each site & = 10* Hz. The rate parameter was g%alo 30 030 1b4i 1 8'08
determined from previous work with base-deuterated DNAs 0.50. 0.25. 0.25 b b
of identical overall sequencd9). Therefore, any difference 0.60, 0.20, 0.20 731 0.42
in the line shape between the dodecamer CGCGAATTCGCG 8-;81 8-% 8-%(5) 1523& i g-gg
studied in re_f49 and the dodecamer studied here is attributed 0,90’ 0.05. 0.05 142 1 0.82
to local motions. 0.95,0.025, 0.025 153 1 0.88

For the local motion of the backbone methylene group, —ayaues for the effective quadrupolar coupling constants (QEC
we have used a three-site gauche-trans isomerization modehnd reduction facton (defined in eq 1) for the simulations described
to attempt to replicate our experimental data (see Figure 5a).in the text. It is a three-site jump model for the backbone motion,
T model a3 el a5 & o e and il o SIS e oneriston it s ot
site jump, has been used previously(47) to describe the - 0°, 120, andp240, 0 = 60°, and rate cl:)nstanlt — gﬁm Huz'
motion of backbone methylene groups. Neither the two-site byvajue could not be determined.
or biaxial four-site jump could effectively model line shapes
whose QCG was less than 140 kHz. For the three individual shown. We have shown one set to indicate the trend for
sites, where the axis of symmetry is the’€64 bond, they  adjusting the site populations, and effect which is the same
have an azimuthal angle op = 0°, 120°, and 240 for adjusting other parameters, as in the rate constant. For
(representing the gaucherans, and gaucheconformations) || of the simulations, the angles in question as well as the
and a half-angle amplitudé = 60° (see Figure 5b), taken  rate constantk, between the individual sites are kept
from the tetrahedral symmetry of an®dpybridized C5  constant. The effect of changikgs most significant on the
carbon. We chose this model for the local motion for several gpin—|attice relaxation time[T:2L) with little change seen
reasons. First, it is a good representation of the local jn the form of the line shape, except over a wide range of
symmetry of the 5methylene group. Second, it has been yajyes fork. The adjustable parameter is the population of
suggested previously that trans-gauche isomerization motionsach site. The relative site populations range from equal for
are occurring at these positions in the DNA backbd®.(  each site (top), to a population distribution of 0.95, 0.025,
In addition to this simple model, we are currently working  and 0.025 (bottom) for the three sites. As can be seen, there
on developing a model of diffusion through a potential energy is a tremendous sensitivity to the distribution of populations
surface for the motions of the backbone, which could better for the three sites. The spectra widen as the distribution

simulate the motion if it is not truly activated exchange pecomes increasingly unequal. The Qg€for each simula-
between conformations. tion are given in Table 4.

Figure 6 shows a series of simulations using the trans- The simulations give an idea of the amplitude of motion,
gauche isomerization model described above. A library of as well as site populations. The narrowing trend seen gives
simulations has been developed for our model, with our besta comparable value for the QG as compared to the line
fits for the line shapes and spifattice relaxation times  shape for the [35"-2H]-C6 sample in Figure 4a (QGE=
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FiIGure 7: Pictorial definition of some DNA backbone torsion
angles g, v, ) and the glycosidic torsion angje

120 kHz), for a population distribution of 0.8, 0.1, and 0.1
for the three sites (QC& = 120 kHz) shown in Figure 6f.
Additionally, the model with these populations and a rate
constant ok = 5 x 10° Hz has aT;,[0= 50 ms, which is
comparable to [35"-?H]-C6, which has a value diT;;[0=

47 £ 5 ms. Then, upon methylation, the population distribu-
tion becomes approximately 0.95, 0.025, and 0.025 (QCC
= 153 kHz), which compares to '[5"-?H]-5-methyl-C6
(QCGC = 150 kHz), indicating that one particular confor-

Meints and Drobny

Hhal methyltransferase shows the well-known target site
flipped out of the DNA helix and into the binding pocket of
the enzyme 31). However, there is no evidence of any
further deformation of the DNA helix, which emphasizes
the importance of the interactions at this particular subunit.
Interactions of the protein with the suggshosphate back-
bone may be the dominant interaction for the base-flipping
mechanism. Perhaps the dynamics that we observe in the
backbone and furanose ring subunits of the target dC play a
role in the base-flipping process by again lowering the local
rigidity and allowing the methyltransferase to perform its
localized distortion of the DNA helix.

The concept of DNA exhibiting local, sequence-dependent
flexibility has support in recent literatur&1, 52), but the
picture is not completely cleab8). The results of Hodges-
Garcia and Hagerman showed no change in flexibility for
multiply methylated sequences, as measured by cyclization
by T4 DNA ligase 64). They determined that there was little

mation of the backbone becomes ingrea}singIy’enezrgeticallyChange in such quantities as persistence length, helix repeats,
favorable. Last, this model has ramifications for$8-°H]- and torsion elastic constants between sequences with me-
C9 from the Dickerson dodecamer, seen in Figure 1a. Frompyateq and unmethylated cytosines. So although methyla-

our simulations we can extrapolate that this site, which has tion has a somewhat modest effect on long-range properties

a QCGs = 60 kHz, has site populations between with values
between equal for each (QGC= 14 kHz) to 0.60, 0.20,
and 0.20 (QCGs = 73 kHz).

The results from this study indicate that base methylation
of the target dC in thédhal binding site has an effect on

the dynamics of the backbone methylene group. The reduc-

tion factor A is increased upon methylation from a value
indicating large motional averaging\(= 0.69) to a value
observed for all rigid sites\ = 0.86). There is an increase
in the spin-lattice relaxation time in the backbone upon
methylation, which is another indication of a decrease in local
motion.

Conclusions The results from the present study indicate
a significant perturbation of the dC backbone motions upon
base methylation, similar to those previously observed in the
EcadRl recognition site Z8). It remains to explain how a
functional group substitution on the cytosine base influences
the motions of the sugaiphosphate backbone. A possible
explanation, supported by data in the literature, is that a

such as the persistence length, the effects are clearly much
more dramatic for properties such as amplitudes and rates
of local motions. This is almost certainly a consequence of
the fact that if a very small number of base pairs or subunits
exhibit greater flexibility in a 500 bp sequence, for example,
it will not contribute measurably to the persistence length.

Although the exact nature of the local flexibility of DNA
continues to be a subject of discussion, the work presented
in this report continues to support the hypothesis that local
conformational flexibility of the DNA helix is correlated with
aspects of its biological function.
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