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Abstract

This paper describes NMR measurements of15N–15N and 1H–15N scalar couplings across hydrogen bonds in
Watson–Crick base pairs,h2JNN and h1JHN, in a 17 kDaAntennapediahomeodomain–DNA complex. A new
NMR experiment is introduced which relies on zero-quantum coherence-based transverse relaxation-optimized
spectroscopy (ZQ-TROSY) and enables measurements ofh1JHN couplings in larger molecules. Theh2JNN and
h1JHN couplings open a new avenue for comparative studies of DNA duplexes and other forms of nucleic acids free
in solution and in complexes with proteins, drugs or possibly other classes of compounds.

Abbreviations:2D, two-dimensional; FID, free induction decay; PFG, pulsed field gradient;Antp, Antennapedia;
TROSY, transverse relaxation-optimized spectroscopy; ZQ, zero-quantum.

Introduction

Compared with conventional NMR correlation spec-
troscopy (Cavanagh et al., 1996), transverse relaxation-
optimized15N–1H correlation spectroscopy ([15N,1H]-
TROSY; Pervushin et al., 1997) yields about 70%
and 30% reduction of the15N and1H linewidths, re-
spectively, in the signals of the guanosine15N1–1H
and thymidine15N3–1H imino groups in15N-labeled
DNA (Pervushin et al., 1998c). The reduced TROSY
linewidths then allow observation of scalar couplings
across base pair hydrogen bonds either by direct mea-
surement in resolved multiplet fine structures (Per-
vushin et al., 1998c) or in more complex coherence
transfer experiments (Dingley and Grzesiek, 1998;
Pervushin et al., 1998c). In this paper we report such

∗To whom correspondence should be addressed. Fax: +41-1-
633 11 51 (K.W.); +81-426 77 2525 (M.K.).

measurements for a DNA–protein complex, and we
compare theh2JNN andh1JHN couplings in the free 14-
mer DNA duplex representing theBS2operator site
(Müller et al., 1988) with the corresponding values
measured for the complex of this DNA duplex with
the Antennapediahomeodomain (Otting et al., 1989;
Billeter et al., 1993; Qian et al., 1993; Fernández et al.,
1998).

For measurements ofh2JNN the previously de-
scribed experimental scheme (Pervushin et al., 1998c)
yielded high quality spectra also for the DNA complex
with the Antp homeodomain, thus enabling a direct
comparison of the free DNA and its protein complex
without the need of further method development. In
contrast, for the measurement ofh1JHN couplings the
previously used E.COSY-based approach (Pervushin
et al., 1998c) had to be replaced with a novel tech-
nique, since for the 17 kDaAntphomeodomain–DNA
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Figure 1. The 2Dh1JHN-quantitative [15N,1H]-ZQ TROSY experiment used to measureh1JHN scalar coupling constants across hydrogen
bonds in Watson–Crick base pairs. For the evaluation ofh1JHN, a reference spectrum is recorded with scheme (b), where magnetization
transfer viah1JHN is suppressed. The actual measurement relies on a difference spectrum obtained by subtraction of a data set measured with
scheme (b) from a data set measured with (a) (for details see below). The coupling constants are calculated with Equation 5 from the ratio
of the cross peak amplitudes in the reference and difference spectra (see text). In the experimental schemes, narrow and wide bars indicate
non-selective 90◦ and 180◦ pulses applied at the1H and the ‘15N-upfield’ (15Nu) frequencies, with the carrier offsets placed at 12 ppm and
153 ppm, respectively. After theψ3(15N) pulse the15N carrier is shifted to the ‘15N downfield’ (15Nd) frequency at 210 ppm, where the
band-selective, shaped15N pulses on the line marked15Nd are applied.a, b, c, d ande indicate time points that are referred to in the text.
Water saturation is minimized by keeping the water magnetization along the+z-axis during the entire experiment, which is achieved by the
application of the off-resonance water-selective 90◦ rf-pulses indicated by shaded shapes on the line1H (Piotto et al., 1992). The delays for
the magnetization transfers are1 = 5.4 ms andτ = 40 ms. The line marked PFG indicates the pulsed magnetic field gradients applied along
the z-axis: G1, amplitude 12 G/cm, duration 2 ms; G2, 0.5 G/cm, 0.5t1; G3, −0.5 G/cm, 0.5t1; G4, 20 G/cm, 1 ms; G5, 23 G/cm, 1 ms.
The phases for the rf-pulses are:φ1 = {x}; φ2 = {−x}; φ3 = {x}; φ4 = {x, −x, −y, y}; ψ1 = {−x, x, −y, y}; ψ2 = {y, −y, x, −x};
ψ3 = {y}; ψ4 = {x}; ψ5 = {y}; x on all pulses without phase specification. The pulseψ4 includes a two-band-selective adiabatic inversion
(Mz → −Mz) WURST-2 pulse (Kup̌ce and Wagner, 1995; Kupče and Freeman, 1996) with a duration of 8 ms andγB1(max)= 830 Hz,
which inverts two bands of width 800 Hz each, with the centers separated by 2050 Hz (Figure 2d). The pulseφ3 consists of a refocusing
(My →−My) RE-BURP pulse (Geen and Freeman, 1991), with a duration of 1.4 ms andγB1(max)= 4.4 kHz. The pulseψ5 consists of an
excitation (Mz→ Mx) E-BURP-2 pulse (Geen and Freeman, 1991), with a duration of 1.4 ms andγB1(max)= 3.1 kHz. For each individual
data set recorded with (a) or (b), a complex interferogram is obtained by recording a second FID for eacht1 delay, withφ1 = {−x}, φ2 = {x},
φ4 = {x, −x, y, −y}, and ψ3 = {−y}, which results in a phase-sensitive 2D [1H,15N]-correlation spectrum that contains only the slowly
relaxing component of the 2D15N–1H multiplet. For the difference experiment each step in the phase cycle is performed twice, using the
experimental schemes (a) and (b), respectively, and then the two FIDs are subtracted. The reference experiment is performed only with the
experimental scheme (b). For the data processing we used the procedures of Kay et al. (1992).

complex the broad component of the multiplet, which
would be needed as a reference, was beyond detec-
tion. To fully benefit from the use of TROSY, only the
narrowest component of the15N–1H multiplets should
therefore be used for theh1JHN measurements. We
found that this can be achieved by a combination of
TROSY and theJ-quantitative class of experiments
(Blake et al., 1992), which enables studies ofh1JHN
in larger nucleic acid fragments, and in nucleic acid
complexes with proteins and other compounds.

Methods

Measurement ofh2JNN in the Antp
homeodomain–DNA complex
The [15N,1H]-TROSY experiment (Pervushin et al.,
1997, 1998a), when applied to theAntphomeodomain–
DNA complex at 15◦C, yielded sufficiently narrow
15N lines to enable direct extraction of theh2JNN cou-
plings from the in-phase splittings along theω1(15N)

axis. The h2JNN coupling constants were indepen-
dently evaluated also from a 2Dh2JNN-correlation-
[15N,1H]-TROSY experiment, which transfers magne-
tization between the hydrogen-bonded15N spins via
the h2JNN coupling (Figure 1c in Pervushin et al.,
1998c).

Measurements of theh1JHN couplings in the Antp
homeodomain–DNA complex
For studies ofh1JHN couplings we introduce the 2D
h1JHN-quantitative [15N,1H]-Zero-Quantum-TROSY
experiment (Figure 1), which employs the slowly re-
laxing component of the imino1H doublet to relay
magnetization viah1JHN across the hydrogen bond to
the tertiary15N of the second base in the Watson–
Crick base pair. In the following description the den-
sity matrix transformations during the experiment are
represented in terms of the single-transition basis op-
eratorsI13

i = 1
2Ii + IiSi andI24

i = 1
2Ii − IiSi , where

I andSrepresent the1H and15N spins, andi stands for
‘z’, ‘ +’ or ‘−’. The abbreviationsDQ± = I±S± and
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ZQ± = I∓S± are used for double-quantum and zero-
quantum operators, respectively. The relevant magne-
tization transfer pathway is given by Equation 1:

uSz+ vIz→u+ v

2
ZQ− exp[(−RZQ − i�ZQ)t1] →

u+ v

2
I24− exp[(−R24+ i�24)t2] (1)

u and v represent the initial steady-state15N and
1H magnetizations, respectively;�I and�S are the
chemical shifts relative to the carrier frequency of the
spins I and S, J is the I–S scalar coupling constant,
�ZQ =�I −�S ,�24 =�I−π1JHN, RZQ is the re-
laxation rate of the zero-quantum coherence, andR24

is the previously described relaxation rate of the in-
dividual single-quantum transition 2→ 4 (Pervushin
et al., 1997). For an isolated15N–1H spin system in
the slow tumbling limit, with the rotational correlation
timeτc, these rates are given by Equations 2 and 3:

RZQ = 8/5τc(|δI | − |δS |)2 (2)

R24 = 8/5τc(|p| − |δS |)2 (3)

The dipole–dipole (DD) coupling constant is p2 =
1
8(γIγSh̄/r3

IS)2, and the chemical shift anisotropy
(CSA) interactions areδ2

S = 1
18(ωS1σS)2 and

δ2
I = 1

18(ωI1σI )2. γI andγS are the gyromagnetic
ratios of I andS, h̄ is the Planck constant divided by
2π, rIS is the distance between the nucleiSandI, and
1σ = σzz − 0.5(σxx + σyy). The principal values
of the 15N CSA tensors in nucleic acid bases have
been measured by solid state NMR and their relative
orientations have been derived from quantum chem-
ical calculations (Hu et al., 1998).1σ = 110 ppm
for N1(G) and1σ = 90 ppm for N3(T), with the
principal axes directed along the H–N bond. Since
no experimental data are available for the1H CSA
tensors in nucleic acid bases, the1Hε1 CSA tensor
values of tryptophan, as determined by solid state
NMR (Ramamoorthy et al., 1997), were used, with
1σ = 12.5 ppm and the principal axis directed along
the H–N bond. Based on this information we assume
for simplicity that the angle between the directions of
the principal axes of the chemical shift tensors of the
spinsSandI and the N–H bond is zero (for a treatment
of non-zero angles and non-symmetrical CSA tensors
see Pervushin et al., 1998a).

As indicated in Equation 1 the sensitivity of the
experiment is enhanced by the use of both the1H
and15N steady-state magnetizations (Pervushin et al.,
1998a,b). The 2D [15N,1H]-ZQ-TROSY scheme used

Figure 2. (a) DNA duplex used for this study, with numeration
of the individual nucleotides. Underlined letters identify the nu-
cleotides that contain15N in the partially labeled duplex (see text).
Vertical lines connect the bases between whichh2JNN andh1JHN
were observed. (b)15N chemical shifts of N1(G), N3(T), N3(C) and
N1(A) in the DNA duplex of (a). The spread of the shifts among
the non-terminal bases of the duplex free in solution is shown as a
horizontal bar above the chemical shift scale. (c) Excitation profile
of the E-BURP-2 pulse (Geen and Freeman, 1991) calculated with
the parameters used in the experimental scheme of Figure 1. (d)
Inversion profile of the WURST-2 pulse (Kupče and Wagner, 1995;
Kupče and Freeman, 1996) calculated with the parameters used in
the experimental scheme of Figure 1.

between the time pointsa andd (Figure 1) has recently
also been used in TROSY-NOESY experiments, and
has been described in detail in this context (Pervushin
et al., 1999). Between the time pointsd and e the
TROSY 1H multiplet component represented by the
I24− operator is used to transfer magnetization to the
tertiary nitrogen across the hydrogen bond, using the
h1JHN coupling. Due to the small values of theh1JHN
coupling constants (Pervushin et al., 1998c) long de-
laysτ have to be employed (see caption to Figure 1),
so that the use of TROSY is essential during this po-
larization transfer period. To maintain the TROSY
effect the band-selective inversion and excitation of
the tertiary15N spins should be achieved with mini-
mal perturbation of the15N spins of the imino groups
(see Figure 2). In the experimental scheme of Fig-
ure 1a, a fraction of theI24− magnetization (K in
Equation 4) is transferred to the tertiary15N spin, and
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Figure 3. NMR observation of scalar15N–15N couplings across
hydrogen bonds,h2JNN, in the Antp homeodomain–DNA com-
plex. (a) Contour plot from a [15N,1H]-TROSY spectrum of the
uniformly 13C,15N-labeled DNA duplex of Figure 2a in the com-
plex with the Antp homeodomain, showing the signals of the
A=T base pairs. (b) Cross sections alongω1(15N) through the
individual cross peaks in spectrum (a). 256 complext1 points
were acquired, witht1max = 34 ms andt2max = 51 ms,
resulting in 2.5 h of measuring time. (c) Contour plot from a
h2JNN-correlation-[15N,1H]-TROSY spectrum, showing the re-
layed [15N1(A),1H3(T)] cross peaks of the A=T base pairs.
The spectra were recorded on a Bruker DRX750 spectrometer
equipped with a1H-{ 13C,15N} triple-resonance probehead (Antp
homeodomain–DNA complex concentration= 1 mM, solvent 95%
H2O/5% D2O, pH= 6.0, T= 15◦C). 128 complext1 points were
acquired, witht1max= 14 ms andt2max = 51 ms, resulting in 9 h
of measuring time.

with the last15N pulse this magnetization is converted
to unobservable multiple-quantum coherence:

I24− → {I24− Ky sin[πh1JHN(2τ+ (λW − 1)W

+(λB − 1)B)]
+I24− cos[πh1JHN(2τ+ (λW − 1)W

+(λB − 1)B)]} exp[−R242τ], (4)

W and B stand for the duration of the WURST-2 and
E-BURP-2 pulses, respectively,λW and λB are the
effectiveJ coupling scaling factors (Jeff = λJ; Levitt
et al., 1983; Kup̌ce et al., 1998) for the WURST-2 and
E-BURP-2 pulses, respectively, which relate the effec-
tive coupling constant to the unperturbedJ coupling.
The values of the scaling factors for theψ4 andψ5
pulse shapes and durations of Figure 1,λW = 0.37
andλB = 0.52, have been calculated by numerical
integration of the Liouville-von-Neuman equation for
the density operator (Sørensen et al., 1983). In the
experimental scheme of Figure 1b the magnetization
transfer viah1JHN is suppressed by application of two
ψ4 pulses in the middle of each of the two transfer
delaysτ. To obtain the desired difference spectrum
the experimental schemes of Figure 1, a and b, are
used in an interleaved manner, and the two spectra thus
obtained are then subtracted (see also the caption to
Figure 1).

To properly account for transverse relaxation, a
reference experiment without magnetization transfer
via theh1JHN scalar couplings was recorded with the
use of the scheme of Figure 1b. The coupling con-
stants were then calculated from the ratios of the
signal amplitudes, A, in the aforementioned differ-
ence spectrum, Adif , and this reference spectrum, Aref,
according to Equation 5:

Adif/Aref = (1− cos{πh1JHN[2τ+ (λW − 1)W

+(λB − 1)B]})
√

NSdif

NSref
(5)

NSdif and NSref are the numbers of scans used to
record the difference spectrum and the reference spec-
trum, respectively. The standard deviations of the
resulting scalar coupling constants were calculated by
the error propagation method, where the rmsd of the
noise in the spectrum was used as the uncertainty of
the experimental peak amplitude.

Two features of the experimental schemes of
Figure 1 deserve special comments. First, cross-
correlated relaxation due to interference between the
imino proton CSA and15N–1HN DD coupling across
the hydrogen bond could in principle affect the peak
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Table 1. Values and standard deviations
of the 15N–1H scalar spin–spin couplings
across hydrogen bonds,h2JHN, in Wat-
son–Crick base pairs of a 14-mer DNA du-
plex free in solution and in a complex with
theAntphomeodomain

Nucleotide h2JHN (Hz)

(see Figure 2) Free DNA Complex

T9 6.7± 0.1 6.6± 0.2

T10 7.0± 0.1 7.2± 0.2

T16 6.5± 0.1 6.7± 0.2

T18 6.8± 0.1 7.2± 0.2

T21 6.5± 0.1 6.5± 0.2

T25 7.0± 0.1 7.1± 0.2

T26 6.9± 0.1 6.4± 0.2

T27 7.0± 0.1 6.9± 0.2

G5 6.0± 0.1 6.5± 0.2

G12 6.3± 0.1 6.2± 0.2

G22 6.5± 0.1 6.4± 0.2

G23 6.4± 0.1 6.2± 0.2

aData from Pervushin et al. (1998c).

amplitudes from which theh1JHN values are derived
with Equation 5. Therefore, care was taken in the
schemes of Figure 1 to suppress possible effects from
cross-correlated relaxation in both experiments (a) and
(b) by proper positioning of the adiabatic inversion
pulsesψ4. Second, the evolution of the magnetization
due to the homonuclear scalar couplings5JH3H7 and
5JH3H6 in thymine, and4JH1H2 and possibly6JH1H8
in guanine (approximately 1 Hz) during the long de-
lay 2τ, which is needed for the magnetization transfer
via h1JHN, is refocused by the application of the
1HN-selective RE-BURP pulse. A comparison with
an otherwise identical scheme in which the selective
φ3-pulse of Figure 1 was replaced by a non-selective
180◦(1H) pulse showed that a sensitivity gain of about
30% was achieved by selective refocusing of these
couplings (data not shown).

Results and discussion

The structure of the DNA duplex used for this study
(Figure 2a) corresponds to a minimal fragment of
the BS2operator site that is recognized by theAntp
andfushi tarazuhomeodomains (Müller et al., 1988).
The synthesis of the uniformly13C,15N-labeled du-
plex, which yields15N1–1H-correlation cross peaks
for all but the terminal base pairs, and the partially

labeled duplex with isotope labels only on the under-
lined nucleotides (Figure 2a), which yields15N–1H-
correlation peaks for G5, G12 and T21, was described
elsewhere (Fernández et al., 1998). In the protein
complex the uniformly labeled DNA was bound to
a uniformly 15N-labeled 69-residue polypeptide con-
struct containing theAntp homeodomain in positions
1–60 (Müller et al., 1988). For the DNA duplex of
Figure 2a free in solution theh2JNN couplings were
previously obtained (Pervushin et al., 1998c) from
the resolved fine structures in 2D [15N,1H]-TROSY
spectra using inverse Fourier transformation of the in-
phase doublets, where the standard deviations given
in Table 1 were estimated from the quality of the
time-domain fitting (Szyperski et al., 1992). Indepen-
dently, the values of theh2JNN coupling constants were
verified from the magnetization transfer efficiencies
in a 2D h2JNN-correlation-[15N, 1H]-TROSY exper-
iment. Using the same experiments with theAntp
homeodomain–DNA complex (Figure 3) yielded the
corresponding data for the complex (Table 1). The
h2JNN couplings observed for the DNA free in solution
and in theAntphomeodomain complex are very simi-
lar, which can be rationalized by the overall very small
conformational changes observed in this DNA duplex
upon binding to theAntphomeodomain (Billeter et al.,
1993; Fraenkel and Pabo, 1998; Fernández et al.,
1999). It also appears that theh2JNN couplings are not
very sensitive to certain variations in the DNA con-
formation that are, for example, implicated by small
chemical shift differences (Fernández et al., 1998) and
appear to be manifested also in variations of theh1JHN
values (see below). The principal result of the present
study of h2JNN couplings is the demonstration that
this parameter can readily be measured in structures
with high molecular weights. This will be of special
interest for studies of supramolecular assemblies con-
taining distorted DNA structures, for example, with
individual bases flipped out of a double-helical DNA,
or with unwinding of a DNA duplex due to protein–
DNA contacts. It remains to be seen, from studies of
systems where complexation induces more important
changes of the DNA conformation than in theAntp
homeodomain complex, whetherh2JNN values can fur-
ther be related to more subtle DNA conformational
changes than fraying of the base pairs (Pervushin et al.,
1998c) or complete breakage of base pairing.

For the measurements ofh1JHN the experimental
scheme of Figure 1, with the adjustments of the shaped
pulsesψ4 andψ5 based on the data in Figure 2b and
the calculations in Figure 2, c and d, was first applied
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Figure 4. Reference spectrum recorded with the scheme of Figure 1b and difference 2D [1H,15N]-correlation spectrum recorded using both
experimental schemes of Figure 1 (see text) for the partially15N-labeled DNA duplex of Figure 2a. In the contour plot of the reference spectrum
the signals of the three labeled G and T nucleotides (Figure 2a) are seen, of which only G12 is hydrogen-bonded to a labeled base. The 1D slices
alongω2(1H) taken at the position of the broken line, which were used to calculate theh1JHN coupling constants, are shown as insets (DNA
duplex concentration= 2.5 mM, solvent 95% H2O/5% D2O, pH= 6.0, T= 15◦C, 1H frequency= 750 MHz). For both spectra 32 complex
t1 points were acquired, witht1max = 3.84 ms andt2max = 51 ms. For the reference spectrum, 192 scans pert1 increment were accumulated,
resulting in 4.1 h of measuring time. The number of scans for the difference spectrum was 1216, with a total measuring time of 25.9 h.

with the DNA duplex of Figure 2a free in solution.
To unambiguously identify the origin of the signals
in the difference spectrum, an experiment was also
recorded for the partially15N-labeled duplex, where
either none, one or both nucleotides in the individual
Watson–Crick base pairs are15N-labeled (Figure 2a).
As expected, only the15N1–1H-correlation peak of
G12 was observed in the difference spectrum, while the
cross peaks of G5 and T21 are only seen in [15N,1H]-
TROSY, since the base-paired nucleotides C24 and A8

are not15N-labeled. These control experiments thus
provide direct evidence that the cross peaks in the
difference spectra of the experiment of Figure 1 are
indeed due to theh1JHN couplings.

Comparison of theh1JHN values measured with the
experiment of Figure 1 (Table 2) with the correspond-
ing data obtained using an E.COSY-based approach
(Pervushin et al., 1998c) shows quite good agreement
for the G≡C base pairs, whereas the results obtained
for the A=T base pairs are more widely different, with
T9 and T21 showing differences extending slightly be-
yond the standard deviations. These differences are
apparently due primarily to the fact that the resonances
of some A=T base pairs in the free DNA duplex
are somewhat broadened, which also caused the large
standard deviations for some of the measurements in
Table 2.

Table 2 further compares theh1JHN coupling con-
stants measured for the DNA duplex in free form and
in the homeodomain complex. Significant differences
between correspondingh1JHN couplings are observed

Table 2. Values and standard deviations
of the 15N–1H scalar spin–spin couplings
across hydrogen bonds,h1JHN, in Wat-
son–Crick base pairs of a 14-mer DNA du-
plex free in solution and in a complex with
theAntphomeodomain

Nucleotide h1JHN (Hz)

(see Figure 2) Free DNA Complex

T9 2.2± 0.4 3.0± 0.2

T10 2.7± 0.7 2.7± 0.3

T16 2.4± 0.8 3.0± 0.4

T18 3.1± 0.9 3.1± 0.3

T21 2.4± 0.4 3.1± 0.2

T25 2.3± 0.2 3.2± 0.2

T26 2.4± 0.3 3.0± 0.3

T27 2.7± 0.8 3.0± 0.8

G5 3.1± 0.1 3.3± 0.6

G12 3.0± 0.2 3.9± 0.4

G22 2.7± 0.3 3.9± 0.6

G23 3.0± 0.2 4.1± 0.6

for T9, T21, T25, T26, G12, G22 and G23. For these
residues, larger values of theh1JHN couplings are ob-
served for the homeodomain complex, which might
imply subtle changes in the DNA duplex structure
upon complex formation, with the tendency to de-
crease the hydrogen bond distances from N to HN
for some nucleotides involved in protein binding in
the complex. A more precise structural interpretation
of the h1JHN data, which should then also include an
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Figure 5. 1D cross sections alongω1(15N) taken at the chemical
shifts of N1(G12) and N3(T21), which were used to calculate the
h1JHN coupling constants for the base pairs containing these nu-
cleotides in the uniformly15N-labeled DNA duplex of Figure 2a
free in solution (a and c) or in the complex with theAntp homeo-
domain (b and d). The acquisition parameters and the experimental
conditions are identical to those described in Figure 4, except that
2368 scans pert1 increment were accumulated for the difference
spectrum of theAntp homeodomain–DNA complex, resulting in
50.5 h of measuring time. The average values and standard devi-
ations of the calculatedh1JHN coupling constants are shown in the
inset. Both NMR samples contained a 1 mM solute concentration
(solvent 95% H2O/5% D2O, pH= 6.0, T= 15◦C).

explanation of the apparent insensitivity of theh2JNN
values to the same structure variations (Table 1), has
to await the establishment of rational criteria relat-
ing scalar couplings across hydrogen bonds with dis-
tinct conformational features of nucleic acids (Dingley
et al., 1999).

This paper demonstrates that with the use of the
experiment of Figure 1,h1JHN couplings in DNA can
be measured in structures of molecular weights up to
at least 20 to 30 kDa. However, the present results also
show that the precision of theh1JHN measurements
is critically dependent on the signal-to-noise ratio in
the difference spectrum of the 2Dh1JHN-quantitative
[15N,1H]-ZQ-TROSY experiment (Figures 4 and 5).
Equation 4 shows that the transverse relaxation dur-
ing the long polarization transfer delaysτ is the major
factor that limits the application of theJ-quantitative
approach for measurements of small coupling con-
stants in large molecules (Blake et al., 1992a, b). The
use of TROSY enables to expand the size of the struc-
tures for which such couplings can be measured and
analyzed, but even slight line broadening by mech-
anisms that are not affected by TROSY can greatly
reduce the precision of the measurements, as observed
for some A=T base pairs in the free form of the DNA
duplex of Figure 2a (Table 2). Although there are indi-
cations that theh1JHN values might be quite sensitive
to subtle changes in DNA conformation (see Table 2),
the ease with whichh2JNN can be obtained for larger
structures (Figure 3) might make this latter parameter
particularly valuable for studies of systems includ-
ing DNA molecules with major distortions relative to
canonical duplex structures.
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