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Application of heteronuclear magnetic resonance pulse methods
to ®*C,"N-labeled nucleic acids is important for the accurate struc-
ture determination of larger RNA and DNA oligonucleotides and
protein—nucleic acid complexes. These methods have been applied
primarily to RNA, due to the availability of labeled samples. The
two major differences between DNA and RNA are at the C2' of
the ribose and deoxyribose and the additional methyl group on
thymine versus uracil. We have enzymatically synthesized a
BC,®N-labeled 32 base DNA oligonucleotide that folds to form an
intramolecular triplex. We present two- and three-dimensional
versions of a new HCCCH-TOCSY experiment that provides
intraresidue correlation between the thymine H6 and methyl res-
onances via the intervening carbons (H6—-C6-C5-Cme-Hme).
© 1999 Academic Press

TOCSY (11, 129 experiments {6 1me ~ 1.3 Hz); however, for
larger DNAs and DNA-—protein complexes, the relaxation
times, especially for’C-labeled DNA, may be too short to
allow sufficient magnetization transfer times§0 ms) for
detection. Since in a regular B-DNA the effective distances
H6—Hme(intra) and H6—Hme(inter-5>3’) calculated by av-
eraging over three methyl protons are close to 2.9 and 3.2 A,
respectively, both intra- and sequential inter-residual connec-
tivities are observed in NOE or ROE spectra. As a result, the
corresponding cross-peaks will have similar intensities. The
resolution of these connectivities and their assignments there-
fore becomes a problem in structures with sev@tal In the
case of the proposed double-resonance HCCCH experiment the
C dimension can be included to allow resolution of overlap-
ping 'H cross-peaks for unambiguous assignment. To demon-

3 15 H
The use o,fl C- and/or”N-labeled DNA for studying larger grate its performance, the HCCCH experiment is applied to a
oligonucleotide structures and protein-DNA complexes prgy nycleotide uniformly™*C,*N-labeled DNA intramolecular

sents obvious advantages over methods that use'dnyMR.

triplex (13) (Fig. 1A).

In addition to the improvement in assignments, for protein—Tne puise sequence is designed to correlate the H6 and Hme
DNA complexes it should be possible to obtain a better struc-

ture for the DNA in the complex. Although a large number of

new NMR experiments that exploit thé&N and **C labels in
uniformly labeled RNA have been published @), to date few

applications to DNA have been reported, due to the relative
unavailability of comparably labeled DNA samples. With the
recent development of methods of synthesizing labeled DNA

enzymatically 8—7) and chemically§, 9), it is now possible to
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begin to apply heteronuclear NMR methods to uniformly

C,”N-labeled DNA and complexed.().

Most of the magnetization transfer pathways for DNA and B o) H
RNA are the same, and therefore previously developed meth- ‘ ) H
ods for obtaining assignments on labeled RNA can be extended H /{Q /,Céd
in a straightforward way to DNA. The two major differences \N 4 SRS
are at the C2of the ribose and deoxyribose and the additional 3 5ﬁ) H
methyl group on thymine versus uracil. Here we present an 2 6C
experiment that provides unambiguous intraresidue correlation o lil/ i\H

between the thymine H6 and methyl resonances via the inter-
vening carbons (H6—C6—-C5-Cme—Hme). In smaller DNA oli- FIG. 1. (A) Sequence and secondary structure of the intramolecular DNA

gonucleotides, these connectivities can usually be obtained Wiglex used in these studies. (B) Coherence transfer pathway in thymine. The
selected pathway is shown with solid arrows. Unwanted coherence transfer

' To whom correspondence should be addressed. which is eliminated by the experiment is shown with a dashed arrow.
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TABLE 1 (<1 ppm) of thymine C5 and thymine Cme resonances, the
Chemical Shifts and Coupling Constants thymine C6 are used for the carbon chemical shift labeling.
of Thymine Carbons and Protons The chemical shifts and spin—spin coupling constants of proton
1 L and carbon nuclei in thymine are summarized in Table 1.
© (ppm)  (ppm) ) The pulse scheme of a three-dimensioH&C6CCH(me)
C6 136-140 H6 7-8 C6-C5 66 experiment is shown in Fig. 2. The sequence starts with a
Hme refocused INEPT 14) transfer from H6 to C6 nuclei. The
€5 110 1-2 C5-Cme 55 chemical shifts of the H6 resonances are encoded durinig the
Cme 12 C6-H6 180 . .
C4 165-170 Cme—Hme 125 €volution. A concatenated versiob5) of an INEPT coherence

H6-Hme 1.3  transfer and a proton chemical shift evolution is used in order
to minimize the number of 180° pulses. After the INEPT
transfer, the carbon antiphase magnetization 2186 is al-

ed to refocus during the delay,62into in-phase Cg

resonances, with possible intermediate chemical shift Iabeliwg‘/ 07 . . .
of one of the intervening carbon nuclei, using the coherent herence which is subsequently labeled by its chemical shift

transfer pathway H6—C6—C5-Cme—Hme (Fig. 1B). The relduring t2. In order to decoupLe the relatively large C6-C5
tively large single bondH—-C and®*C—*C scalar interactions Scalar interaction{65 Hz), the“C chemical shift labeling is
ensure fast coherence transfer across the pathway that c8ffomplished using a constant time period matcheddg,dd
prises two H-C and two C—C bonds. The pulse scheme walénhultaneous proton and carbon decoupling is achieved during
designed to take into account the large dispersion*gf thet2 evolution by shifting the proton and carbon 180° pulses
chemical shifts in the pyrimidine base and the network §eparated by the deldyin a synchronous manner and setting
spin—spin scalar interactions amoig, *H, and **N nuclei. T t0 2JcscsaJuece The in-phase Cmagnetization is trans-
The aromatic signals of pyrimidine C6 and C5 resonate arouf@ired to C5 in the next step by a carbon homonuclear TOCSY
137 and 110 ppm, respectively, while the thymine methy}6, 17. The full, in-phase coherence transfer is optimally
carbons resonate upfield at around 12 ppm. Since the pyriritained by matching the TOCSY evolutionstls cs ~ 7.7 ms.
dine C4 resonances are located around 165-170 ppm, thaying this step it is necessary to prevent magnetization trans-
must be manipulated in a way which prevents magnetizatiéer from C5 to C4. Since C4 resonances in pyrimidines are
transfer to C4 via the large, single bond C5-C4 scalar couplingbO ppm downfield from C5 resonances, this can be accom-
(Jcsca ~ 55 Hz). Due to the small chemical shift dispersioplished by application of a DIPSI-3 mixing sequence with an
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FIG. 2. Pulse scheme for the 3D HCCCH experiment . The thin and thick bars represent 90° and 180° pulses, respectively, appliec-akisgitiiess
specified otherwise. Delays afe= 7 ms,d = 1.3 ms,7 = 5 ms,A = 0.4 ms, and\ = 2 ms. The phase cycling is1 = x, —X, ¢2 = X, X, =X, —X, ¢3 =
4y, 4(—vy), and receiver X, —X, —X, X, —X, X, X, —X combined with States—TPPI incrementationsdfande2 for quadrature detection td andt2. Gradients
of 800 us followed by a 10Qus recovery delay are applied along thexis as spoiling and gradient echo pulses. Frequency switching of the proton and carbon
carriers is as indicated, in order to optimize the sweep widthlLinf2, andf3 dimensions.
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FIG. 3. Excitation profiles of the selective G3 180° pulse, whigge = 1.458 ms andv,, = 6173 Hz: (a)z-profile and (b)x (dashed lines) ang (solid
lines) profile.

RF field strength of 6.2 kHz and the carbon carrier set to tiselective pulse sequence using shaped 180° pulses. Before the
center of C5 resonances at 110 ppm. At the end of the sinlst 90, pulse, the carbon carrier is switcheddip = 61 ppm
DIPSI-3 (18) supercycle an extra pulse is applied at the sane center the C5 and Cme regions at 110 and 12 ppm, respec-
power level. This pulse is used to compensate for the inhomorely, and the carbon RF field is reset back to full power.
geneity of the RF field, and temporarily moves the, @%ag- During the first evolution period of2 the C5 magnetization
netization to thez-axis to allow for the carbon frequencyevolves into 2C5Cme, and is transferred by the subsequent
switching in the subsequent step. The length of this pulsed®, pulse into carbon methyl antiphase magnetization
easily optimized experimentally, and on our spectromet2C5Cme. The 180° elements are applied duringa? shaped
(Bruker DRX500) it corresponds to a rotation of 65°. pulses which simultaneously affect the C5 and Cme carbons,
The coherence transfer from C5 to Cme carbons is accout in different ways. The 180° element in the middle of the
plished using a carbon—carbon refocused INEPT. In orderficst 2r evolution delay is used to refocus the C5 carbon
effectively suppress the C5-C4 scalar couplings while retaichemical shifts at 110 ppm while simultaneously inverting the
ing the C5—-Cme interactions, the INEPT is applied as a bargnagnetization of Cme at 12 ppm. The corresponding shaped
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FIG. 4. Two-dimensional NMR spectra (500 MHz) of the H6—Hme correlations of the thymines in the 32 nucleotide unift@giy-labeled DNA
intramolecular triplex d(AGAGAGAACCCCTTCTCTCTTATATCTCTCTT) (underlined bases are the loops) at 298 K obtained by HCCCH (A) and NOESY
(B) experiments. The sample was 1.7 mM in 100 mM NacCl, 5 mM Mg@H 5.3 in 200ul contained in a Shigemi NMR tube. The HCCCH spectrum was
acquired with the following parameters: spectral width of 1.5 ppiiilimndf2, using 64 and 256 complex points, respectively; 16 scanslpecrement; and
a total acquisition time of 30 min. The data were apodized with sine squared window functions shifted to 90° arfd @0fdi2, respectively. The final matrix
size was 128X 512. Parameters of thEC-decoupled NOESY experiment: spectral width of 10 ppnilinandf2, using 635 and 1024 complex points,
respectively; 64 scans ptt increment; and a total acquisition time of 20 h. GARE-decoupling was applied using an RF field strength of 3.85 kHz with the
carrier positioned at 80 ppm. The data were apodized with sine squared window functions shifted to 75° anfd G57df2, respectively. The final matrix
size was 1024x 1024 points.

pulse must therefore perform satisfactorily both as a phaserformance of a cosine modulated G3 Gaussian cascade, the
reversal andz-inversion pulse. This is achieved using a GB8esults of computer simulations foy, = 1.458 ms ando,, =
Gaussian cascade waveforf®) for amplitude modulation of 6173 Hz, corresponding to 49 ppm at 125.76 MHz, are shown in
the 180° pulses with a cosinusoidal modulati@f,(2) o,, = Fig. 3. As demonstrated, highly selective inversion and refocusing
49 ppm superimposed on the shaping envelope. The cosiimuebtained across the frequency bandwidthegf+ 3t,4, which
soidal modulation splits the excitation spectrum of the shapedrresponds to approximatedy,, = 8 ppm from the carrier. A
pulse into two sidebands ab. = w, with the excitation gradient echo is applied during the Bvolution to discard the
maxima at 110 and 12 ppm, respectively, in order to manipuawanted transverse components which are inevitably generated
late the C5 and Cme spins at their two distinct frequencies Bg non-selective 90° pulses. As a result, only the transverse
ppm apart. The bandwidth of the G3 pulse was chosen to coveagnetization refocused by the band selective G3 pulse forms an
a range of 15-20 ppm, which is sufficiently narrow to avoidcho before the non-selective 90° mixing element. During the
excitation at the frequency of C4 carbons. subsequent intervak2the antiphase magnetization 2Cte, is

The application of a cosine-modulated, phase reversal pulseilowed to refocus into the in-phase component Criike func-
the center of the INEPT step requires some additional commeidn of the cosine modulated G3 pulse is now reversed. The
In effect, the cosinusoidal modulation generates two ‘“virtuat-component of the C5 magnetization is inverted while the chem-
carriers atw, = w,,. As a result, the transverse magnetizations @fal shift evolution of Cme is refocused. At the same time, the
the C5 and Cme carbons are perfectly refocused in the coragtiphase magnetization with respect to the coupled protons of the
sponding rotating frames of referencevgt+ w,, andw. — w,. methyl group 2Cmgime, is generated by applying a 1868
However, during the application of the shaped pulse, the trapsdse at the interval before the CH INEPT transfer. This delay
verse components acquire an overall phase shiftAgf = is matched to 2 = 1/10J¢pe 1met0 maximize the transfer function
+ wthe2m with respect to actual carrier,. In order to match the 3 SiN(2mJome Hme)COS (27 Icmeimd) Of the reverse INEPT from
phase evolution of the 2QBme, magnetization to the phase ofcarbon to the protons of the methyl group. After the antiphase
the 90 mixing pulse atv,, the lengtht,,, of the 180° pulse has to magnetization refocusing, the methyl proton signal is detected
be carefully adjusted to fulfill the conditidiy, = k*1/w,,, where with simultaneous’C broadband decoupling. States—TPPI phase
k is an integer. In this case, the overall phase ahiftbecomes a cycling (22) is applied both fotl andt2 evolution, resulting in the
multiple of 27 and can be safely neglected. To illustrate thinal chemical shift modulation of Hme signals of the form
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exp—iwustl)*exp(—imct2)*exp(—imymd3). In the two-dimen-
sional version of the experiment thi€ chemical shift labeling is
removed, resulting in H6—Hme correlations analogous to those fh
the homonuclear TOCSY.

The 2D and 3D versions of the experiment were applied {8
the 32 nucleotide intramolecular triplex. The DNA was enzy-
matically synthesized on a DNA template using Taqg polymer-
ase with uniformly**C,®N labeled dNTPsZ3) as described
elsewhere ). The methyl-aromatic cross-peak regions of 2D1.
HCCCH and™C-decoupled NOESY spectra of the labeled
triplex are shown in Fig. 4. The HCCCH spectrum was ac-
quired in only 29 min while the NOESY spectrum require&
almost 20 h. Comparison of the two spectra allows the unam-
biguous distinction between intranucleotide and sequential
NOE cross-peaks in the NOESY spectrum. The high sensitivity
of the experiment should make it especially useful when agy.
plied to protein—-DNA complexes, where it will make it possi-
ble to unambiguously identify the thymine methyl-H6 cross-
peaks and distinguish them from other cross-peaks in the
spectra.
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