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Aromatic residues in proteins typically are very important in
the NMR structure determination process because they increase
1H resonance dispersion and they provide large numbers of longrange NOE constraints. The orientation of an aromatic group
relative to the polypeptide backbone is defined by the torsion
angles χ1 and χ2. The χ2 angle usually equals +90 or -90°,
where the sign is of no consequence for Phe and Tyr residues.
χ1 is most commonly found in either -60° or 180° rotameric
states.1 Although, in principle, χ1 can be obtained from 3JHRHβ
couplings and intraresidue and sequential NOEs,2 for slowly
tumbling proteins, quantitative measurement of these parameters
tends to be difficult. Here, we demonstrate that in 13C/15Nenriched proteins the χ1 angle can readily be determined from
two simple quantitative J correlation experiments which yield
the intraresidue 3JC′Cγ and 3JNCγ coupling constants.
Measurement of 3JCC and 3JNC couplings in proteins has
largely been restricted to couplings involving methyl groups3-6
which, as a result of their favorable relaxation properties and
3-fold degenerate proton resonance, offer exceptional resolution
and sensitivity. Here, we exploit the long transverse relaxation
times of the backbone 15N and 13C′ to measure 3J couplings to
side-chain Cγ resonances of aromatic residues. These 13Cγ
resonances fall in a relatively narrow region, ranging from ∼110
ppm for Trp to ∼140 ppm for Phe, which permits 3JC′Cγ and
3J
NCγ for these residues to be measured using two simple 2D
spin-echo difference experiments.
The pulse schemes used for measurement of 3JC′Cγ and 3JNCγ
are shown in Figure 1. In the pulse scheme of Figure 1A, HN
magnetization is transferred to its 15N, and after a subsequent
semi-constant-time evolution period,7 it is converted into
antiphase C′yNz magnetization of the preceding carbonyl. At
the midpoint of the subsequent spin-echo delay, 2δ, a selective
180° C′ pulse rephases the effect of JC′N, JC′C, and JC′H couplings
(except for carbonyl-carbonyl/carboxyl couplings, which will
attenuate C′yNz). If the 13Carom selective 180° pulse is applied
at the end of the spin-echo delay (position a), the effect of JC′Cγ
couplings in aromatic residues will also refocus. However,
when the 13Carom 180° pulse is applied at position b, JC′Cγ
dephasing is active for the full period 2δ. Therefore, in this
latter case, the C′yNz magnetization at the end of the 2δ period,
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Figure 1. Pulse schemes for (A) the 13C′-{13Cγ} spin-echo difference
and (B) the 15N-{13Cγ} spin-echo difference 1H-15N HSQC experiments, for measurement of 3JC′Cγ and 3JNCγ in aromatic residues. Narrow
and wide rectangular pulses denote 90° and 180° flip angles (except
for shaded low-power 90°-x 1H pulses), respectively, and unless
indicated the phase is x. The shaped low-power 1H 90°-x pulse, the
13
13CR 180° pulses, and the 180°
C′ pulse in scheme A have an
φ5
envelope profile of the center lobe of a sin(x)/x function and durations
of 2 ms, 150 µs, and 260 µs, respectively (for 151 MHz 13C). Open
pulses are G3-shaped,13 and the reference spectrum is recorded using
the 13Carom pulse in position a, omitting the pulse labeled b, whereas
the attenuated spectrum is recorded using pulse b and omitting pulse
a. Spectra are recorded in an interleaved manner, i.e., data with the G3
pulse in positions a and b are recorded and stored separately, before
incrementing t1. RF power: 1H, γHB1 ) 27 kHz (high-power pulses),
220 Hz (low-power pulses), 3.1 kHz (Waltz-16); 15N, γNB2 ) 5.3 kHz
(pulses), or 1.0 kHz (Waltz-16). All rectangular 13C′ pulses are applied
using RF field strengths of 4.5 kHz at 151 MHz. The duration of the
G3 13Carom 180° pulse is 580 µs, corresponding to an inversion
bandwidth of (18 ppm at 151 MHz 13C. Carrier positions: 1H, H2O
frequency (∼4.65 ppm); 13C′, 176 ppm; 13Carom, 127 ppm; 13CR, 56 ppm;
13Caliph, 43 ppm; 15N, 116.5 ppm. For both schemes, t quadrature is
1
obtained by altering the phase φ1 in the States-TPPI manner. For A,
delay durations are as follows: τ ) 2.25 ms; ∆ ) 5.4 ms; T′ ) 12.5
ms; δ ) 25-50 ms, depending on the rotational correlation time, τc.
In order to obtain sufficient resolution in the 2D spectrum, a t1
acquisition time (AT) longer than (2JNC′)-1 is needed, and this evolution
period is therefore implemented as semi-constant-time7 rather than
constant-time. Thus, for the first t1 duration, t1a(0) ) t1b(0) ) t1d(0) )
7 ms; t1c(0) ) 0; ∆t1a ) (AT - 14 ms)/2N, ∆t1b ) 7/N ms, ∆t1c ) (AT
- 28 ms)/2N, and ∆t1d ) -7/N ms, where N is the number of t1
increments and the spectral width, SW, equals (∆t1a + ∆t1b + ∆t1a 2∆t1d)-1 ) AT/N. Phase cycling: φ1 ) x; φ2 ) x, y, -x, -y; φ3 )
2(x), 2(-x); φ4 ) 4(x), 4(-x); φ5 ) 61° to compensate for the BlochSiegert shift induced by the 180°φ4 pulse (most easily adjusted by
finding the φ5 value which yields zero signal and incrementing that
value by 45°); receiver ) x, -x, -x, x. All gradients are sine-bell
shaped, 25 G/cm at their center, with durations G1,2,3,4,5,6 ) 3.75, 1.5,
0.5, 1.65, 1.35, and 0.5 ms. For part B, τ ) 2.25 ms, ∆ ) 5.4 ms, and
δ ) 30-65 ms, depending on τc. All pulse widths and shapes are the
same as for scheme A, except for the 13C′ and 13Caliph pulses, which
are G3-shaped and have durations of 1.25 ms and 430 µs, respectively.
Phase cycling: φ1) x; φ2 ) x, y, -x, -y; φ3 ) 4(x), 4(-x); receiver
) x, -x. Gradients durations: G1,2,3 ) 3.75, 2.0, and 0.5 ms.

and thereby the intensity in the 2D 15N-1HN correlation
spectrum, is attenuated by cos(2πJC′Cγδ). As δ is known, JC′Cγ
can be calculated from JC′Cγ ) cos-1(Ib/Ia)/2πδ, where Ia and
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Ib are the intensities of the HN-15N correlations in the two
experiments with the 13Carom 180° pulse applied at positions a
and b, respectively. The C′yNz magnetization at the end of the
2δ period of residues other than Phe, Tyr, His, and Trp will be
independent of whether the 13Carom 180° pulse is applied at time
a or b and will yield identical intensities (except for the random
noise contribution) in the two spectra. As magnetization is
transferred from the HN of residue i + 1 to the 13C′ of residue
i, the JC′Cγ coupling of an aromatic residue i is reflected in the
intensity ratio of the amide of residue i + 1. For convenience,
the pulse scheme is implemented as a 2D 1H-15N correlation,
but it can also be recorded as a 1HN-13C′ spectrum or as a 3D
1HN-15N-13C′ correlation.
The pulse scheme for measurement of 3JNCγ (Figure 1B) is
analogous to that of Figure 1A, the principal difference being
that no transfer to 13C′ is needed because this experiment
measures the 3JNCγ dephasing. If T2 is the transverse relaxation
time of 15N in the 13C′/CR-coupled mode, it can be shown that,
in the limit where 3JNCγ , 1/T2, optimal sensitivity in the
difference spectrum is obtained when δ ≈ T2. Again, 3JNCγ is
obtained from JNCγ ) cos-1(Ib/Ia)/2πδ.
In both pulse schemes, water-flip-back procedures8 are used
to avoid saturation of the H2O signal. This can increase the
sensitivity of the experiment, particularly at high pH. For small
proteins at low pH, the advantage of the water-flip-back is
smaller and the absence of 1H decoupling during the 2δ period
in the scheme of Figure 1A can even decrease the sensitivity
of the experiment. Therefore, for the C′-Cγ experiments on
ubiquitin and calmodulin, 1H decoupling was not interrupted
during the 2δ period, whereas for Nef at pH 8.0, the flip-back
procedure as shown in Figure 1A was advantageous.
Experiments were applied to samples of 1.5 mM U-13C/15N
ubiquitin, pH 4.3, 30 °C; 1.5 mM of a complex between U-13C/
15N calmodulin and a 26-residue unlabeled peptide fragment
of skeletal muscle myosin light chain kinase, pH 6.8, 100 mM
KCl, 35 °C; and a 0.6 mM sample of HIV-1 U-13C/15N Nef,
with deletion of the membrane anchoring 39-residue N-terminal
tail and residues 159-173, pH 8.0, 35 °C.
Figure 2A shows the reference spectrum for the calmodulinpeptide complex, obtained with the scheme of Figure 1B and
the 180° 13Carom pulse in position a, together with the 15N13Cγ difference spectrum (Figure 2B). Intense correlations for
Phe16, Phe65, Phe68, Phe89, His107, Tyr138, and Phe141
correspond to large (∼2.5 Hz) 3JNCγ couplings, indicative of χ1
) 180°. Figure 2C shows the analogous difference spectrum
for the 13C′-13Cγ experiment, where the four observed correlations correspond to large (∼4.1 Hz) 3JC′Cγ couplings for Phe12,
Phe19, Phe92, and Phe99, indicative of χ1 ) -60°. The
difference spectra are free of spurious signals that would have
resulted if the selective 180° 13Carom pulse had affected either
the backbone 13C′ or 13CR spins. Even for ubiquitin (Supporting
Information), for which the signal-to-noise is much higher, no
artifacts are observed. Results for calmodulin and ubiquitin
agree with their respective X-ray structures,9,10 but disagree with
the rather ill-determined χ1 angles of Phe16, Phe19, and Phe65
in the original NMR structure of the calmodulin-peptide
complex.11
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Figure 2. Sections of the 600-MHz 1H-15N correlation spectra of
calmodulin complexed with a 26-residue peptide:11 (A) reference
spectrum obtained with the scheme of Figure 1B and the 13Carom pulse
in position a; (B) 15N-{13Cγ} difference spectrum, showing correlations
for the calmodulin amide 15N nuclei with a significant coupling (>1.5
Hz) to an aromatic 13Cγ spin (total recording time, 2.3 h; 2 × 195* ×
512* acquired matrix size); (C) 13C′-{13Cγ} difference spectrum,
obtained with the scheme of Figure 1A, showing correlations for the
calmodulin amide 15N nuclei for which the preceding 13C′ has a
significant coupling (>2 Hz) to an aromatic 13Cγ spin (total recording
time, 7 h; 2 × 70* × 512* matrix size). The dephasing duration, 2δ,
was 128 ms for the 15N-{13Cγ} difference spectrum and 100 ms for
the 13C′-{13Cγ} difference spectrum.

The experiments are applicable to proteins with less-thanideal NMR properties. As shown in the Supporting Information,
the experiments were also applied to a 0.6 mM sample of HIV-1
Nef, a protein which exhibits relatively large line widths,
corresponding to an effective rotational correlation time of ca.
12 ns. The resulting spectra yielded χ1 information for 18 of
the 23 assigned aromatic residues. For five of these, the χ1
angle was undetermined in the set of structures calculated
without information from the 15N-13Cγ and 13C′-13Cγ difference experiments, despite extensive analysis of NOE, ROE, and
J couplings other than 3JC′Cγ and 3JNCγ.
In summary, we have demonstrated that 3JC′Cγ and 3JNCγ
couplings for aromatic residues can readily be measured using
simple and sensitive 2D NMR experiments. Except for residues
with low backbone order parameters, the 3JC′Cγ and 3JNCγ
couplings cluster in relatively narrow ranges: 2.4 ( 0.2 Hz for
trans 3JNCγ and e0.5 Hz for gauche; 4.0 ( 0.3 Hz for trans
3J
C′Cγ and e1.1 Hz for gauche. This suggests that for aromatic
residues χ1 rotamer averaging is rare. Moreover, the small
ranges of the trans couplings indicate that the amplitude of χ1
angle fluctuations for aromatic residues must be quite uniform.12
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