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Abstract

A novel pulse sequence is presented for the correlatiort ah8 8’ protons in DNA with phosphorus. Double-
quantum coherence between the methylene protons is used to géitsatéP and'H5"-31P cross peaks in an
HMQC-type experiment. The resolution for these cross peaks is significantly improved over that of conventional
HSQC experiments, as cross peaks betweet and3!P are largely suppressed and a 3D version of the experiment
can be performed with little penalty in sensitivity. In addition, sensitivity is favoured by slower relaxation of the
double-quantum coherence and a more favourable multiplet fine structure in the acquisition dimension.

The resonance assignment of backbdreand 31P In the slow motional regime, the highest order
resonances in DNA can be achieved by a number of the multiple-quantum coherence does not relax
of different 1H-31P correlation experiments (Sklenar by dipolar interaction between the nuclei involved
et al., 1986; Fu et al., 1988; Jones et al., 1988; Chary (Ernst et al., 1987; Griffey and Redfield, 1987). The
et al., 1993; Gorenstein, 1994). In all these experi- remaining relaxation is primarily caused by dipo-
ments, the correlations with thé 8nd 4 protons are lar interactions with nuclei that are not involved in
much more intense than those with tHeafd 3’ pro- the multiple-quantum coherence. Slow heteronuclear
tons. Although cross peaks between thengthylene multiple-quantum relaxation of NH, CH, and GH
protons and phosphorus are usually not required to as-groups has been exploited in many applications in-
sign the3P NMR spectrum, these cross peaks can volving proteins (Bax et al., 1989; Grzesiek and Bax,
be useful to assign the’ Bnethylene protons, pro- 1995; Grzesiek et al., 1995; Shang et al., 1997; Pon-
vided signals from overlapping Hdesonances can be stingl and Otting, 1998; Larsson et al., 1999) and
suppressed. RNA (Marino et al., 1997). Homonuclear applica-
The weak cross-peak intensities betweeryH5’ tions are less straightforward, as the generation of
and 3P are primarily caused by dipolar interaction multiple-quantum coherences Vidl-'H couplings re-
between the methylene protons, which provides an quireslonger delays. Furthermore, zero-quantum (ZQ)
efficient relaxation mechanism and compromises the coherence in a homonuclear two-spin system has no
excitation of antiphase coherence with respect to phos- relaxation advantage over single-quantum (SQ) coher-
phorus via the smaliH-31P couplings. The problems ence, i.e. the benefits of slow relaxation are limited to
of signal overlap with H4resonances and rapid relax- double-quantum (DQ) coherence (Ernst et al., 1987).
ation are both alleviated by the use of double-quantum As an added benefit, however, double-quantum coher-
coherence. ences evolve with the sum Jfcouplings to a third
spin (Sgrensen et al., 1983), which is exploited in
the present application to enhance the rate of coher-
*To whom correspondence should be addressed. E-mail: ence transfer froiH-1H double-quantum coherences
gottfried.otting@mbb.ki.se between the Bmethylene protons of DNA t&'P.
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Figure 1. Pulse sequences fdiH-31P correlations. Narrow and wide bars represerft 80d 180 pulses, respectively. Rounded shapes

indicate sine-shaped field gradients. (a) experiment. Aq
&3 = 8(45,13%,225,315°),8(225,315°,45°,135); ¢4 = X; P55 =
20X, =X X=X, =X, X, = XX, =X, X, = XX X=X, X, = X), 2(= X, X, =X, X, X=X, X, =X, X,

22 ms, Ao 30 ms. &g o, = 45°, 135,225,315,
8(x),8(—x); ®g = 16(x),16(x); ®7 = 4(x),4(—x); receiver=
—X,X,—X,—X,X,—X,X). Quadrature detection in th¢ dimension is

achieved by incrementing 1, ®», and ®3 in steps of 48 according to States-TPPI; quadrature detection intshgimension is achieved
by incrementing the phaseb, and @5 in steps of 90. Maximum gradient amplitudes (durations): GE210(1), 12(0.5) G/cm (ms).

(b) 31P-HSQC experiment (Chary et al., 1993). = 20 ms. &1 = X,—

X; @2 = X,X,—X,—X; ®3 = 4(X),4(—x); P4 = 8(x),8(—x); re-

ceiver = X,—X,X,—X,2(—X,X,—X,X),X,—X,X,—X. ®1 was incremented according to States-TPPIl. Maximum gradient amplitudes (durations):

G1,2= 10(0.5), 17.5(1) Glcm (ms).

The relaxation advantage of DQ over SQ coher-
ence for 5 methylene protons of DNA can be esti-
mated by calculating the dipolar relaxation between
the methylene protonk; andl 2, and all other protons,
K. In the slow motional regime and disregarding cross-
correlation effects, the dipolar relaxation rate of DQ
coherence betwedn andl is

RPS, =210 (5D§1) x +5D%, K), (1a)
K

11,12 = 20
and the relaxation rate of SQ coherence oflthepin
is

RSC = L

1 =370 (5D?1,12+ Z5D?1,1<) ., (1b)

K
with a similar equationfoszQ. Djj = hy,-yj/(anf;),
whereh is Planck’s constant; andy; the gyromag-
netic ratios of sping andj respectively, and;; is the
distance between spinsandj. J(0) is the predom-
inant spectral density contribution, and equal to the
rotational correlation time,..

Since the distance between thensethylene pro-
tons of DNA is much shorter than the distance between
the methylene protons and any of the other protons, the
combined effect of the other protons can be approxi-
mated by a single hypothetical pseudospliacated at
a distance g from the spind 1 andl, so that

(pt) = (p)

K K
With this approximation, the relative relaxation rates

are
2= 3+3 () @

For the Dickerson-Drew dodecamer (Drew et al.,
1981),rs is about 2.15 A, while the distanag; ;2
between H5and HY is about 1.75 A. With these pa-
rameters, the relaxation of DQ coherence between H5
and HY is predicted to be 2.2 times slower than the
relaxation of the SQ coherence of either' ldbH5".
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The pulse sequence of the new &R experiment L Ayl

is shown in Figure 1a. Following the DQ excitation pe- i 4. 3 il Fy
riod A1, DQ coherence between Hand H5', (I 1l 2« :.:I - L

— l1,12y), evolves during the delag; into antiphase el

coherence with respect to phosphorusl ¢, + oo

l1y12:)P.. The subsequent 9¢'P) pulse generates  zs
transversélP coherence for frequency labelling of the -

31p chemical shifts during the evolution tinte The 5
final 90°(*H) and 90(31P) pulses generate doubly an- -y - o
tiphase magnetization, (12, + 11,12,)P;, which is H Hz
detected during the acquisition timge
Itis instructive to compare the D&M experiment @8] ¥ td
with the previously publishe@'P-HSQC experiment  ©3{
(Figure 1b), where the magnetization observed dur- =
ing the acquisition time, 13,P, + 2I2,P,, is singly 0N
antiphase with respect to phosphorus (Chary et al., |
1993). The typical combination of coupling constants &4
for H5'/H5"/31P spin systems in DNA leads to the i P P L

same peak heights of singly and doubly antiphase co- i i

herences when t_he SIQnals are_ narrow. For broaderFigure 2. Multiplet fine structures of singly and doubly antiphase
lines, however, signal cancellation effects reduce the 1 NMR signals, simulated for a system of three spiisl», and
maximum peak height of the singly antiphase multi- P, usingd(l1.12) = =12 Hz andJ(I1,P) = J(12,P) = 5 Hz. (a and

plet more than that of the doubly antiphase multiplet b) Multiplet corresponding to12,P;. (c and d) Multiplet corre-
(Figure 2) sponding to 41, 12,P;. The multiplets in the top and bottom panel

. 31 were simulated using line widths of 1 Hz and 10 Hz, respectively.
For comparison between the D®P and 31p- Further linebroadening would enhance the sensitivity advantage of

HSQC experiments, optimum delay settings were nu- the 41,12, P; term even further.
merically simulated for both experiments using the
GAMMA C++ library (Smith et al., 1994) with the
following coupling constants?Jys psr = —12 Hz,
s s = 3Inamsr = 3 Hz, 3p s = 3Jphs =

5 Hz, and3Jp,H4/ = 4 Hz. Dipolar relaxation was
taken into account by mutual relaxation between the
H5' and HY' spins, which were separated by 1.75 A,
and a pseudo spin placed at a distance of 2.15 A from
the H3 and H%' spins. In addition, CSA relaxation of
the 3P spin was included, assuming a chemical shift
anisotropy value of 225 ppm. An isotropic rotational
correlation time of 3.6 ns was assumed for the DNA.
The optimum delay settings found wefg = 22 ms
and A = 30 ms for the DQP experiment, and

A = 20 ms for the3lP-HSQC experiment. With
these delays and for ze?éP-evolution times, 19% of
the equilibrium magnetization in the D3P exper-
iment was transformed into observable signal, while
the yield of the31P-HSQC experiment was only 13%.
The yields were not sensitive to small changes in the
delays. For a rotational correlation time of 10 ns, the
respective values were 5 and 6% for optimum delays
(A1 = 22 ms,A2 = 20 ms, andA = 18 ms). In
this situation, the DG!P experiment becomes more
sensitive only due to the favourable doubly antiphase

multiplet fine structure (Figure 2), which becomes
significantly more advantageous for larger linewidths.

The sensitivity advantage of the DBP experi-
ment is reduced by relaxation of the DQ coherence
during the31P evolution time, which is probably faster
than the relaxation during the corresponding evolution
time of the*1P-HSQC experiment. Furthermore, water
magnetization cannot be suppressed as elegantly in the
DQ-3!P experiment as in the'P-HSQC experiment
(Figure 1). Yet, it is remarkable that the basic sensitiv-
ity of the longer DQ21P pulse sequence is competitive
with that of the3P-HSQC experiment. As an addi-
tional benefit, the long delay, lends itself to the
design of a three-dimensional experiment, where the
DQ coherences are frequency labelled in a constant-
time manner (Figure 1a) without much penalty in
sensitivity.

For experimental verification, spectra were
recorded of the Dickerson—-Drew dodecamer (Drew
et al., 1981). Thé'P-HSQC spectrum shows strong
1H-31p cross peaks for the H4Figure 3a) and H3
protons (not shown), while the cross peaks with the
H5 and HB protons are much weaker. In contrast,
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Figure 3. Two-dimensionaPlP-1H correlation spectra recorded of

a 5 mM solution of d-(GCGCAATTGCGG)in 90% H,O/10%
D,0 at 25°C and pH= 6.9. The spectral region shown contains
the cross peaks betweddP and the protons H4H5, and HS.

All spectra were recorded at® NMR frequency of 500 MHz

on a Bruker DRX-500 NMR spectrometer. The contour levels were
plotted on an exponential scale, where each level is 1.4-fold higher
than the preceding one. (é}P-HSQC spectrum recorded with the
pulse sequence of Figure 1b, usiig= 22 ms tmax(31P) = 37 ms,
tmax(lH) = 205 ms and a total recording time of about 9 h. The
31p_H4 cross peaks are labeled. For improved visual presentation,
three times higher contour levels were plotted than in (b). (b) 2D
DQ-31p spectrum recorded with the pulse sequence of Figure 1a,
except thatA; = 25 ms andAo = 31 ms. All other parameters
were the same as in (a).

the DQ31P spectrum shows good intensities for the
H5'-31p and H3-31P cross peaks, but only weak cross
peaks with H4(Figure 3b).

The overlap between the cross peaks in the two-

dimensional spectrum of Figure 3b is alleviated in
the three-dimensional D&% spectrum, where the
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Figure  4.3D DQ31P  spectrum recorded of
d-(CGCGAATTCGCG). The sample and conditions were
identical to those of Figure 3. The cross sections shown were
taken at the3lP chemical shifts (Skidi et al., 1986) indicated.
The spectrum was recorded with the pulse sequence of Figure 1a,
usingA1 = 25 ms,Ap = 23 ms,tymax = 20 ms,tomax = 46 ms,
tamax= 205 ms, and a total acquisition time of 32 h. TH®-H5

and 31P-H8’ cross peaks are labeled; is the double-gquantum
dimension.

tons of C12 can be explained by the degeneracy of
these protons (Nerdal et al., 1989), which prohibits
the generation of DQ coherence. Notably, degenerate
chemical shifts were also reported for tHerfethylene
protons of A5 and A6. The presence of cross peaks
for those protons in Figure 4 indicates incomplete
degeneracy.

The apparent sign of the cross peaks of A5 and A6

cross peaks are further separated by the DQ frequen-ig opposite to that of all other Snethylene31P cor-

ciesQuy + Qusr (Figure 4). Ten out of 11 possible

5 methylene-phosphorus correlations were observed.

The absence of cross peaks with thengthylene pro-

relations. This effect was also observed in a conven-
tional homonuclear DQ experiment, where the direct
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Figure 5. Simulations of in-phase and antiphase line shapes in the
14 NMR spectrum of an AB-spin system withyg = 12 Hz and

a line width of 5 Hz. (a and bpp — g = 80 Hz. (c and d)

3a — 88 = 15 Hz. The top and bottom panels display the in-phase
and antiphase multiplets, respectively. Note that the intensities of
the two most intense lines in (d) assume an appafént pattern,
although the real multiplet patternis/+ as in (b).

peaks between thé Bethylene protons of A5 and A6
overlap with the double-quantum diagonal (data not
shown). It is simply explained by the strong coupling
effect in an AB spin system, which can reduce the
signal intensity of the outer multiplet components to
a level below the white noise (Figure 5).

Weak H4-31P cross peaks were observed in the
DQ-31P spectrum for G2, G4 and G10 (Figure 4).
They occurred at the same double-quantum frequen-
cies as the direct cross peaks of therethylene3'P
correlations and had the opposite apparent sign, which
are the hallmarks of remote cross peaks (Otting and
Withrich, 1986). Their weak intensities illustrate the
selective power of the DBP experiment for cross
peaks with 5methylene groups.

In conclusion, the new DG!P experiment pro-
vides a remarkably straightforward route for singling
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out the resonances from H&nd HE in unlabelled
DNA. The concept may be useful for any experiment,
where methylene protons are correlated with a third
spin and the proton density is low.
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