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Abstract: The NMR methods used to characterize molecular interactions through NOEs rely on isotope editing/
filtering strategies designed to select for/against13C(15N)-bound proton spins. The filter efficiency depends
critically on the optimal compensation for variations inJCH scalar coupling constants, which is effectively
obtained by the currently available second- and third-order isotope filters but at the cost of losing all
intramolecular NOEs. Here a new filtering/editing strategy based on quadrature-free constant-timeJ-spectroscopy
is presented that achievesJCH-compensation and the simultaneous measurement of inter- and intramolecular
NOEs between13C-bound1H spins. TheJ-resolved frequency dimension is incorporated in a semiconstant-
time NOESY-HSQC experiment resulting in a 4D spectrum in which signals arising from protons bound to
13C (or 15N) are separated from those originating from protons bound to12C (or 14N) nuclei. The filter
performance does not depend on double tuning of delays or on empirical correlations. In addition, the filter
efficiency is not limited by upper bounds on theJCH values. The largeJ-bandwidth and the substantial time-
saving make the pulse sequence here outlined a valuable tool for investigating noncovalent molecular assemblies
by NMR, especially in the context of fast structural elucidations required for the development of structural
genomics.

Introduction

Biological function is closely related to the noncovalent
assembly of macromolecules in solution and high-resolution
NMR spectroscopy is a valuable tool to investigate such
interactions. Specifically, the NMR methods used to characterize
high-affinity macromolecular complexes rely on the selective
(15N,13C) labeling of one of the interacting partners and on
isotope editing/filtering techniques to select for/against protons
that are one-bond coupled to15N or 13C spins.1,2 While the
editing process is extremely effective, the filtering efficiency
depends critically on the optimal compensation for variations
in JCH scalar coupling constants, which vary over a wide range
(approximately 120-220 Hz). The requiredJ-compensation can
be elegantly obtained by the currently available high-order

isotope filters that allow the passage of proton coherence only
if JCH is lower than a chosen threshold.2-7 In addition, second-
order filters2-4 have been significantly enhanced through the
use of adiabatic13C inversion pulses with a sweep rate tuned
to theJCH vs 13C chemical shift profile.5,6 Furthermore, third-
order filters have been proposed based on the isomorphism
between broadband polarization transfer and composite pulse
rotations resulting in high suppression efficiency forJCH values
in the 115-165 Hz range.7

A drawback of both second- and third-order filters is that
the high filtering performance is obtained at the cost of losing
all intramolecular NOEs of the labeled macromolecule. This is
because the proton magnetization originating from1H-13C (and
1H-15N) pairs is channeled into heteronuclear zero- and double-
quanta which are not transformed into observable coherence.
Here a new filtering/editing strategy based onJ-spectroscopy8

is presented that achievesJCH-compensation and the simulta-
neous measurement of inter- and intramolecular NOEs between
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13C-bound1H spins. The filter performance does not depend
on double tuning of delays3,4 nor on empirical correlations.5,6

In addition, it is not limited by upper bounds on theJCH values.7

The novel filtering/editing principle is verified using a modified
NOESY-(1H,13C) HSQC, which was applied to the complex of
(15N,13C) labeled RIIR(1-44) and unlabeled Ht31(493-515)
illustrating the utility of the proposed method.9

Theory

In a J-resolved spectrum the13C-bound1H spins appear at
(JCH/2 Hz in the indirectly detected dimension, while the12C-
bound protons resonate at zero frequency offset because they
are notJ-modulated in the time domain. This property offers
the rationale for the separation of inter- and intramolecular
NOEs, provided that the spectral width along theJ-dimension
is larger thanJCH and that the signals at(JCH/2 Hz are resolved
from the peaks at 0 Hz. To fulfill the latter requirement
independently of relaxation properties, a constant-time (CT)
version10 of the J-resolved experiment is adopted (Figure 1a).
In the CT experiment the line shape is determined by the
window function used to ensure smooth apodization of the
truncated interferogram, while the resolution depends on the
total length of the CT period (2λ in Figure 1a). In addition, the
resolution of the CT scheme can be significantly enhanced by
mirror image linear prediction11 thus minimizing the CT duration
necessary to resolve peaks at(JCH/2 Hz from those at zero
offset.

The CT-J resolved (CT-J) pulse sequence element (Figure
1a) was implemented using two adiabatic13C inversions12

characterized by a total sweep range that is large in comparison
with the radio frequency field intensity (see Materials and
Methods). The spin inversion can thus be approximated to occur
when the frequency sweep passes through the chemical shift of
a given spin or group of spins.5 Considering that the two
adiabatic pulses are applied with opposite sweep directions
(Figure 1a),5 it is then simple to prove through product operator
algebra13 (Supporting Information) that at instanta (Figure 1a)
the effective time for the one-bond13C-1H scalar coupling (JCH)
evolution is simplytn (Figure 1a), which is a generic incre-
mented delay of a multidimensional pulse sequence. In addition,
the symmetry of the 90° 1H pulses with respect to the 180° 1H
pulse in Figure 1a ensures that at time pointa the chemical

shift evolution is refocused. The coherence of a generic proton
“I” at time a in Figure 1a is then described by

where the singleT2 decay time constant approximates the
average effect of the relaxation rates for in-phase and anti-phase
single-quantum proton coherences present during the CT-J
block. Other operators different from that described in eq 1 are
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Figure 1. Pulse sequences for the simultaneous editing andJ-
compensated filtering based on the quadrature-free constant-time
J-resolved (CT-J) method. Narrow (wide) rectangles represent hard 90°
(180°) pulses. The rounded trapezoids correspond to adiabatic13C
WURST5,12pulses (see Materials and Methods). No arrows or an arrow
from left to right indicates a sweep from upfield to downfield while
the other arrow denotes an opposed adiabatic sweep. The delay∆ is
set to 0.353 ms. (a) Basic CT-J element where tn represents a generic
incremented delay, whileλ is a constant delay that determines the
maximum resolution along the CT-J dimension (tn,max ) 2λ). (b) 4D
F1 semiconstant time, F2 CT-J, F313C-edited NOESY-HSQC. This
pulse sequence is designed for the simultaneous detection of inter- and
intramolecular NOEs in D2O. The diamonds in the13C channel indicate
changes of13C carrier frequency, which is first set at 67 ppm then
shifted to 40 ppm at the end of the NOE mixing time and restored at
67 ppm before GARP17 decoupling. The delayst2a and t2b implement
the CT-J resolution in F2:t2a ) 3 µs + [n/(2SW2)] and t2b ) 3 µs +
λ - [n/(2SW2)], where SW2 is the spectral width (SW) for the F2
dimension (312.5 Hz) andn ) 0, 1, ...,N - 1 (t2 ) n/SW2). N is the
total number of real (r)t2 points (N ) 4 for λ ) 4.81 ms). No quadrature
scheme is needed for the CT-J dimension (F2). The delayst1a, t1b, and
t1c are related to the semi-CT1H frequency labeling in F1:t1a ) 3 µs
+ [m/(2SW1)], t1b ) 3 µs + [(0.5/SW1) - (λ/M)]m, andt1c ) 6 µs +
λ - (λ/M)m, where SW1 is the SW for the F1 dimension andm ) 0,
1, ..., M - 1 (t1 ) m/SW1). M is the total number of complex (c)t1
points. The delayτmix defines the NOE mixing time, whileτ andε are
set to 6µs and 1.785 ms, respectively. The gradient pulses are shaped
according to the center sine band and are 0.50 ms long except forG2

andG5, which last 0.20 and 0.87 ms, respectively. Every gradient pulse
is followed by a delay of at least 0.15 ms. The relative gradient strengths
are the following:G1 -1.75,G2 1.34,G3 -2.78,G4 -3.81,G5 -2.78,
G6 -1.86,G7 -1.62,G8 1.00,G9 3.40,G10 -2.44, andG11 1.16. Phases
are “x” unless otherwise specified. Phase cycle:φ1 ) x, -x; φ2 ) x,
x, -x, -x; rec) x, -x, -x, x. (c) Scheme showing which Hamiltonian
evolves during which delay.

-Iy exp[-2(∆ + τAd+ λ)/T2] cos(πJCHtn) (1)
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dephased by the gradients present during the NOE mixing period
(Figure 1a). No quadrature detection is employed fortn in the
CT-J element and therefore the spectrum obtained after complex
Fourier transform is symmetrical with respect to the line Fn )
0 Hz, where Fn denotes the frequency dimension related totn.
Both symmetric halves are characterized by an absorptive line
shape because the two adiabatic pulses with opposite sweep
directions5 ensure that no netJCH evolution occurs for the first
acquiredtn point thus avoiding phase corrections. If proton I is
bound to a13C nucleus, it will appear at Fn ) (JCH/2 Hz. If
proton I is bound to a12C nucleus,JCH is formally zero and it
will appear at Fn ) 0 Hz, as desired for the purpose of
separating inter- and intramolecular NOEs.

The CT-J strategy was then combined with semi-CT chemical
shift evolution14 (Figure 1b) that results in enhanced resolution
for the indirect1H frequency labeling dimension. In the boxed
region of Figure 1b the delayst2a and t2b implement the CT
J-resolution along F2 (vide supra), while the delayst1a, t1b, and
t1c are related to the semi-CT1H chemical shift evolution in
F1. Specifically, simple product operator formalism13 computa-
tions (Supporting Information) show that at instanta in Figure
1b the effective times for the evolution ofΩH, JCH, and for
transverse relaxation (τTr) are respectively equal tot1, t2, and
(R + ât1), whereR andâ are constants given byR ) 2(∆ +
τAd + λ + 12 µs) andâ ) [1 - (2λSW1/M)] (Figure 1b); SW1

is the spectral width for the F1 dimension andM is the total
number of complext1 points. At time pointa of Figure 1b the
coherence of a generic proton “I” is therefore described by

Again the other operators are dephased by the gradients present
during the NOE mixing period. In eq 2, the terms int1 encode
for the semi-CT frequency labeling along F1, while the
amplitude modulation int2 is the basis for the CT-J resolved
separation of intra- and intermolecular NOEs, as discussed
above. The remaining part of the pulse sequence after pointa
includes an NOE mixing period and an HSQC block6,7 with
evolution of the13C and13CH chemical shifts duringt3 and t4,
respectively (Figure 1b). The pulse sequence of Figure 1b results
therefore in a 4D spectrum whereJCH is resolved in F2 while
the 12C+13CH, 13C, and13CH spins are frequency labeled in F1,
F3, and F4, respectively (Figure 1c). The 4D scheme thus
incorporates the CT-J dimension in the semiconstant time 3D
NOESY-HSQC experiment and signals arising from protons
bound to13C nuclei can be resolved from those originating from
protons bound to12C nuclei. The CT-J approach is also
applicable to the separation of15N-bound and14N-bound 1H
spins, as described in the Supporting Information.

Materials and Methods

Data Acquisition. All experiments were run on a Bruker DMX500
NMR spectrometer using as sample the complex of15N,13C-labeled
RIIR(1-44) and unlabeled Ht31(493-515) at 25 °C and in D2O
prepared as previously described.9 The 1H pulses are centered on the
HDO resonance. The adiabatic13C WURST5,12 pulses were character-
ized by aB1,max ) 8.4 kHz, a duration ofτAd. ) 500 µs, and a sweep
range of 60 kHz centered at 67 ppm. A trim spin-lock can be used in
the HSQC block of Figure 1c to improve water suppression.15 The
SEDUCE carbonyl decoupling16 was implemented as indicated in ref

6. The GARP17 13C decoupling had a strength of 3.7 kHz. The15N
pulses in Figure 1b are not necessary ift3,maxandt4,maxare short enough
to avoid resolution of the scalar couplings to15N spins. A relaxation
delay of 1 s was used for all experiments. Quadrature in F1 and F3
was obtained via States-TPPI18 on φ1 andφ2 (Figure 1b), respectively,
while the implementation of the quadrature-free CT-J block requires
only a single loop used to increment and decrement the delayst2a and
t2b, respectively (Figure 1b). As compared to the nested loops
corresponding to the other indirectly detected dimensions in the 4D
experiment, the CT-J loop is the fastest (most internal). In the 3D
experiments of Figures 2 and 3a,c, 512(c)× 4(r) × 256(c) t4, t2, and
t1 points were recorded for spectral widths (SWs) of 8012.8× 312.5
× 6000.0 Hz, respectively. In the 2D experiment of Figure 3b,d, 512-
(c) × 256(c)t3 andt1 points were acquired for SWs of 8012.8× 6000.0
Hz, respectively. In the 4D experiment of Figure 3e,f, 256(c)× 32(c)
× 4(r) × 100(c)t4-1 points were recorded for SWs of 4845.0× 3750.1
× 312.5× 4808.2 Hz, respectively. The total acquisition time for the
4D experiment was 89 h. The other experimental details are as described
in the figure captions.

Data Processing.In the processing of the 4D data matrix acquired
using the pulse sequence of Figure 1b linear prediction with respect to
t2 typically occurs after the other dimensions (t1, t3, t4) are Fourier
transformed. The processing of thet1, t3, t4 dimensions is as for typical
NOESY-HSQC data matrices.6 As to the t2 J-dimension, when four
real t2 points are acquired a third-order mirror-image linear prediction
is employed to enhance resolution. Linear prediction is followed by
multiplication by a squared cosine window function to ensure a smooth
ending of theJ-interferogram to a zero value. The firstt2 point is
multiplied by a 0.5 correction factor. Zero filling and complex Fourier
transform follow. No phase corrections are necessary either in F2 or
in F1, while 90°, -180° zero- and first-order phase corrections,
respectively, are applied in the aliased13C F3 dimension. All spectra
were processed using NMRPipe19 and analyzed using Felix97 (Mo-
lecular Simulation, Inc.).
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Figure 2. Spectra from a 3D data matrix acquired using the pulse
sequence of Figure 1b withτmix ) 4.4 ms. Thet3 period was not
incremented and a 180°y(13C) refocusing pulse was inserted in the
middle of t3 thus avoiding13C frequency labeling. Fourt2 real points
were acquired withλ ) 4.81 ms. (a) First CT-J 2D (F2,F4) plane. (b)
Plot of the intensity atJ/2 Hz (top) and at 0 Hz (bottom) offsets in
spectrum a. (c) Horizontal traces corresponding to the boxed high-
field region in panel b. These traces were extracted from the (F1,F4)
NOE planes atJ/2 ) 70 Hz (top) and atJ ) 0 Hz (bottom). All
compared spectra are scaled to the same noise level.
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Results and Discussion

The proposed experiment (Figure 1b) was validated using
the complex of15N,13C-labeled RIIR(1-44) and unlabeled Ht31-
(493-515). Ht31(493-515) is an A-kinase-anchoring peptide
that binds with nanomolar affinity the RIIR(1-44) fragment of
the 3′,5′-cyclic monophosphate (cAMP)-dependent protein ki-
nase (PKA).9 This interaction is crucial for PKA localization
and occurs through an extended hydrophobic surface formed
by the antiparallel I and I′ helices of dimeric RIIR(1-44).9,20

Data were first recorded with a short NOE mixing time (4.4
ms) so no significant incoherent transfer of magnetization occurs
and the filtering quality of the CT-J element can be directly

assessed by measuring the residual signal at F2) 0 Hz. The
delayλ was set to 4.81 ms resulting in a CT-J block not longer
than the previously reported third-order filter.7 Four realt2 points
were acquired for a spectral width of 312.5 Hz leading to a
mirror-image linear predictedJ-spectrum with good resolution
(Figure 2a). The signal at F2) 0 Hz is reduced by an average
factor of 97.6% relative to that at F2) JCH/2 Hz (Figure 2b).
Clean filtering is obtained even for the high-field methyl
characterized by shortJCH values (Figure 2c). Furthermore the
J-bandwidth of the filter is extended to all aromatic residues,
including the largeJCH values (∼200-220 Hz) of the histidine
imidazole group (Figure 2a,b).

To further corroborate the pulse sequence of Figure 1b a
reference spectrum was measured using the previously published
third-orderJ-compensated isotope filter7 with τmix ) 149 ms
and with no13C evolution. The observed cross-peak patterns in
this control experiment (Figure 3b,d) are very similar to those
detected in the matrix acquired using the CT-J based scheme
of Figure 1b (Figure 3a,c) in exactly the same recording time.
In addition, the CT-J pulse sequence (Figure 1b) allows the
simultaneous measurement of the intramolecular NOEs between
13C-bound1H spins, as demonstrated by Figure 3e,f. This figure
shows (F1,F4)1H-1H NOE planes extracted from a 4D
spectrum at the same13C (F3) frequency but at different values
in the J dimension (F2). In Figure 3e,J/2 ) 70 Hz and
intramolecular NOEs are observed between protons of labeled
RIIR(1-44), while in Figure 3f,J ) 0 Hz and intermolecular
NOEs are detected from unlabeled Ht31(493-515) to labeled
RIIR(1-44).

Conclusion

A novel isotope filtering method has been developed based
on the CT-J principle resulting in a largeJ-bandwidth and in
substantial time saving by allowing the simultaneous measure-
ment of intra- and intermolecular NOEs. These features make
the 4D pulse sequence here outlined a valuable tool for the
investigation of noncovalent molecular assemblies by NMR,
especially in the context of fast structural elucidations required
for the development of structural genomics.
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Figure 3. (a, c) Representative expansions from the (F1,F4) NOE plane
at J ) 0 Hz extracted from a 3D spectrum recorded as the matrix of
Figure 2 but withτmix ) 149 ms. The number of scans is 16. (b, d)
Same expansions as panels a and c but for the control F113C-filtered,
F2 13C-edited NOESY-HSQC acquired using the pulse sequence of
ref 7 with 64 scans andτmix ) 149 ms. The13C chemical shift evolution
is refocused as described in the caption of Figure 2. Panels a-d are
plotted with the same threshold and contouring parameters. (e) Spectral
region from the (F1,F4) NOE plane atJ/2 ) 70 Hz (F2) and atδ(13C)
) 59.7 ppm (F3) extracted from a 4D spectrum acquired using the
pulse sequence of Figure 1b withτmix ) 149 ms. (f) As panel e but
extracted atJ/2 ) 0 Hz. The dashed lines in panel f indicate the F1
and F4δ(1H) values corresponding to intermolecular NOEs. The same
lines are reported in panel e to facilitate comparisons. Assignments
are provided for cross-peaks devoid of overlap-related ambiguities in
the 4D spectrum. The assignments9 for the dimeric RIIR(1-44) are
indicated using the one-letter codes for the amino acids, followed by
the residue number, the monomer specification (A or B), and the atom
name. The assignments for the Ht31(493-515) peptide are denoted
with the same nomenclature but without the monomer specification.
For isoleucine residues (“I”) the atom name “γ” indicates the methyl
γ protons. The assignments in panels a and c are the same as those in
panels b and d. See also Supporting Information (Figure 3.supp) for
further details on the assignment in panels a-d.
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