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Continuing efforts to study ever larger biologically relevant
proteins by NMR spectroscopy have resulted in many
advances over the past 10 years; one notable development is
the introduction of multidimensional heteronuclear techni-
ques for proteins labeled with 13C and 15N. These techniques
have greatly facilitated NMR studies of the structure and
function of proteins with molecular weights up to 30 kD.
However, their application to larger proteins is hampered by
the decrease in the molecular tumbling rate.[1] This shortens
the transverse relaxation time of the protein, which in turn
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leads to larger spectral line widths and lower sensitivity. In a
high magnetic field, dipole ± dipole interactions and chemical
shift anisotropy are the dominant factors in the relaxation of
1H, 13C, and 15N. These two relaxation mechanisms can
significantly interfere with one another,[2] a fact that must be
taken into account in more precise measurements of protein
dynamics[3] by NMR spectroscopy. Recently, a major advance
in the study of large proteins (>30 kD) was made with the
discovery that the interference between dipole ± dipole inter-
action and chemical shift anisotropy can greatly reduce the
transverse relaxation rates of 1H and 15N, and thus make the
study of very large biomolecules possible.[4] This line-narrow-
ing effect is utilized in transverse relaxation optimized
spectroscopy (TROSY), in which only one component
(wN�p1JNH, wHÿp1JNH) of the four multiplets (wN�p1JNH,
wH�p1JNH) of a 15N ± 1H moiety is observed. Theoretical
calculations indicate that almost complete cancellation of the
transverse relaxation of this component can be realized at a
1H frequency near 1 GHz. The experimental results demon-
strated a dramatic reduction in spectral line widths in a
TROSY 15N ± 1H spectrum compared to those of an HSQC
spectrum at 750 MHz.[4] Since only one component of the four
multiplets is observed in the 2D 15N ± 1H TROSY experiment,
the total intensity of the signal is reduced by 75 %. However,
the much narrower line widths in both dimensions make this
experiment especially attractive compared to the traditional
HSQC experiment for NMR studies of larger biomolecules.

We observed that the sensitivity of the TROSY experiment
could be improved by a factor of

���
2
p

by simply changing the
original phase cycles and the data-processing procedure. This
method is similar to that applied in the sensitivity-enhanced
HSQC, HMQC, and TOCSY experiments.[5] The pulse
sequence of the sensitivity-enhanced TROSY experiment is
shown in Figure 1. For each t1 value, two transients are

Figure 1. Pulse scheme of the sensitivity-enhanced 15N ± 1H TROSY
correlation experiment. The narrow and wide bars represent nonselective
908 and 1808 pulses, respectively. Pulses are applied along the x direction
unless indicated otherwise. Because the water signal cannot be suppressed
by presaturation owing to strong radiation damping at high magnetic field,
solvent suppression was performed by the watergate scheme with an rf
pulse of 2.1 ms at 110 Hz. The delay t1 corresponds to 1/(4 1JNH)� 2.7 ms.
All gradients are applied along the z axis. The magnitudes of G1, G2, G3
and G4 are 12, 19, 14 and 21 G/cm with durations of 0.4, 1.0, 0.4, and 0.5 ms,
respectively. Two transients were acquired and stored separately for each
increment of t1. The final absorption spectrum is obtained by the method
described in the text. The first transient is obtained by using of the phase
cycle y1� y, x, ÿy, ÿx ; f1� y ; y2� x ; recf2� x, ÿy, ÿx, y. For the
second transient, the phase cycle y1� y, x, ÿy, ÿx ; f1�ÿy ; y2�ÿx ;
recf2� x, y, ÿx, ÿy is used. Note that the sign convention for the receiver
phase may differ among the spectrometer manufacturers.[8]

recorded with different radio frequency (rf) pulses and
receiver phase cycles and are stored separately. The coher-
ence transfer and evolution in the pulse sequence can be
evaluated on the basis of the product operator formalism and
the single-transition base operators[6] S�12� 1�2S�� IzS� and
S�34� 1�2S�ÿ IzS�. The relaxation formalism is given in refer-
ence [4].

For the first transient in the first step of the phase cycle
(where y1� y, f1� y, y2� x, and recf2� x) the magnet-
ization s1 before acquisition can be expressed by Equa-
tion (a).

s1� 1�2Iÿ[i cos(w12
s t1)ÿ sin(w12

s t1)]exp(ÿR12t1)

�1�2Iÿ[i cos(w34
s t1)�sin(w34

s t1)]exp(ÿR34t1)

�IÿSz[ÿ i cos(w12
s t1)�sin(w12

s t1)]exp(ÿR12t1)

�IÿSz[i cos(w34
s t1)�sin(w34

s t1)]exp(ÿR34t1)

(a)

Here R12 and R34 are the relaxation rates of the individual
components of the S spin,[4] and w12

s and w34
s are wN�p1JNH and

wNÿp1JNH, respectively. In the second step of the phase cycle
(where y1� x, f1� y, y2� x, and recf2�ÿy) the magnet-
ization s2 before detection is given by Equation (b).

s2� 1�2Iÿ[ÿcos(w12
s t1)ÿ i sin(w12

s t1)]exp(ÿR12t1)

�1�2Iÿ[cos(w34
s t1)ÿ i sin(w34

s t1)]exp(ÿR34t1)

�IÿSz[cos(w12
s t1)�i sin(w12

s t1)]exp(ÿR12t1)

�IÿSz[cos(w34
s t1)ÿ i sin(w34

s t1)]exp(ÿR34t1)

(b)

The magnetization of the first transient in a four-step phase
cycle is given by Equation (c). Similarly, the magnetization of
the second transient can be expressed by Equation (d).

M1� 2[s1(d)ÿ is2(d)]

�ÿ2 Iÿ[ÿ icos(w12
s t1)�sin(w12

s t1)]exp(ÿR12t1)

�4 IÿSz[ÿ icos(w12
s t1)�sin(w12

s t1)]exp(ÿR12t1)

(c)

M2�ÿ2 Iÿ[icos(w12
s t1)�sin(w12

s t1)]exp(ÿR12t1)

�4 IÿSz[icos(w12
s t1)�sin(w12

s t1)]exp(ÿR12t1)
(d)

During the acquisition period, no decoupling is applied, and
the detectable magnetization relaxes in a manner similar to
that of 15N in the t1 domain. The detectable magnetization can
be expressed by Equations (e) and (f).[4] Here R13 and R24 are
the relaxation rates of the individual components of the I
spin,[4] and w13

I and w24
I are wH�p1JNH and wHÿp1JNH,

respectively. The signal intensities of the detectable magnet-
ization of the two transients are given by Equations (g) and (h).

Iÿ!A(exp[iw13
I ÿR13]t2�exp[iw24

I ÿR24]t2) (e)-

2 IÿSz!A(exp[iw13
I ÿR13]t2ÿ exp[iw24

I ÿR24]t2) (f)

M1�ÿ4[ÿ icos(w12
s t1)�sin(w12

s t1)]exp(ÿR12t1)exp(iw24
I t2ÿR24t2) (g)

M2�ÿ4[icos(w12
s t1)�sin(w12

s t1)]exp(ÿR12t1)exp(iw24
I t2ÿR24t2) (h)

After data acquisition, the two transients for each t1 value
are added and subtracted, respectively, to form corresponding
real and imaginary FIDs with a 908 shift added to one of the
two resulting FIDs. The final pure absorption spectrum can be
obtained by data processing according to the method of States
et al.[7]

The effectiveness of the sensitivity-enhanced TROSY (en-
TROSY) experiment is demonstrated by 15N ± 1H correlation
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Directed Positioning of Organometallic
Fragments Inside a Calix[4]arene Cavity
Catherine Wieser-Jeunesse, Dominique Matt,*
and AndreÂ De Cian

A major attraction of cone-shaped calix[4]arenes concerns
the presence of a macrocyclic cavity defined by four sym-
metrically sited phenoxy rings.[1] To date, exploitation of such
organized structures has mostly relied on converging p

systems on the inner side that facilitate weak binding of
various substrates,[2] including certain metal cations.[3] Sur-
prisingly, despite increasing interest in the application of
calixarenes as ligands in transition metal chemistry,[4] the

spectroscopy of 15N-labeled calmodulin. Measurements were
made at 15 8C on a Varian Inova 500 MHz NMR spectrom-
eter, and the protein concentration was 1 mm in H2O/D2O
(9/1) at pH 6.8. Figure 2 displays a small region of 15N ± 1H
correlation spectra of calmodulin. Figure 2a shows the con-
ventional HSQC spectrum obtained without the use of

Figure 2. Contour plots of 15N ± 1H correlation spectra of 15N-labeled
calmodulin. a) Conventional HSQC spectrum, obtained without decou-
pling during the t1 and t2 periods. b) Spectrum recorded in a conventional
TROSY experiment.[4] c) Spectrum recorded in a sensitivity-enhanced
TROSY experiment (see text). d) One-dimensional cross sections from the
spectra a ± c at d(15N)� 123.6 (from top to bottom). The peaks between 6
and 8 ppm in the HSQC cross section correspond to the cross-peak
multiplets at the 15N frequency (wNÿp1JNH), which is not observed by
TROSY experiments. Spectra b and c, which were recorded and processed
with the same parameters, have been scaled to the same noise level. The
spacing factor between two consecutive contour lines is 1.2.

decoupling during the t1 and t2 periods. It is notable that even
at 500 MHz there are significant differences in line width
between the four individual multiplets. Figures 2b and 2c are
taken from spectra recorded in conventional and sensitivity-
enhanced TROSY experiments, respectively. Comparison of
Figures 2b and 2c, as well as all other correlation peaks (not
shown here), shows that a uniform enhancement in sensitivity
of all peaks by a factor of

���
2
p

was achieved without
introducing any artifacts.

The introduction of the TROSY experiment makes NMR
spectroscopy a promising technique for studying the structure
and function of larger biomolecules. We have improved the
sensitivity of the original 2D TROSY experiment by a factor
of

���
2
p

by using different phase cycling and data-processing
schemes. This improvement will doubtless have widespread
practical application in high-field NMR studies of large
proteins.
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