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Abstract: A high-resolution triple-resonance NMR method is presented for the measurement of the protein backbone
dihedral angleψ based on cross-correlated relaxation between1HR-13CR dipolar and13C′ (carbonyl) chemical shift
anisotropy relaxation mechanisms. The method relies on measurement of peak intensities of multiplet components
in spectra recording zero- and double-quantum13CR-13C′ coherences. Results based on two proteins, ubiquitin and
CheY, demonstrate a well-defined relation between cross-correlation rate andψ.

Introduction

Structure determination by NMR spectroscopy is largely
predicated on the establishment of distance restraints, provided
by the nuclear Overhauser effect between proximal proton pairs,
and dihedral angle restraints, provided by scalar coupling
constants between atoms separated by three bonds.1 In the past
several years, largely through the development of triple reso-
nance multidimensional NMR spectroscopy, powerful new
experiments have been designed for measurement of both
distances and scalar couplings with high sensitivity and ac-
curacy.2 Very recently, Griesinger and co-workers have de-
scribed an extremely elegant general strategy for the measure-
ment of angles between interatomic bond vectors which does
not require a predefined Karplus-type relation.3 The approach
is based on the use of cross-correlated relaxation between two
separate relaxation interactions and has been demonstrated for
the specific case of cross-correlation between inter-residue
dipolar fields of15N-NH (residue i) and13CR-1HR (residue i-1)
bond vectors to measure the protein backbone dihedral angle,
ψ. Here we describe a second experiment for establishing the
angleψ which is based on measurement of cross-correlated
relaxation between the13CR-1HR dipolar interaction and the
13C′ (carbonyl) chemical shift anisotropy relaxation mechanism.
The present experiment offers significant sensitivity advantages
over the dipole-dipole cross-correlation version and is dem-
onstrated on the proteins ubiquitin (76 amino acids) and CheY
(129 amino acids).

Materials and Methods
Uniformly 15N,13C-labeled ubiquitin and CheY samples were kindly

provided by Professors J. Wand, SUNY Buffalo, and R. Dahlquist,
University of Oregon, respectively. Sample conditions were 2 mM
protein, 50 mM potassium phosphate, pH 5.0, 90% H2O/10% D2O, 30
°C for ubiquitin and 1.8 mM protein, 5 mM MgCl2, pH 6.8, 90% H2O/
10% D2O, 30 °C for CheY. All spectra were recorded on a Varian
UNITY+ 500 MHz spectrometer equipped with a pulsed field gradient

unit and a triple resonance probe with an actively shieldedz gradient.
Data sets consisting of 60× 24× 512 and 50× 22× 512 complex
points were recorded for ubiquitin and CheY corresponding to
acquisition times of (25.9 ms, 23.7 ms, 64 ms) and (23.9 ms, 21.7 ms,
64 ms) in each of (t1, t2, t3). A relaxation delay of 1 s was employed
for both data sets resulting in net acquisition times of 13 h (ubiquitin;
4 scans/FID with an abridged phase cycle,TC ) 14 ms) and 44 h (CheY;
16 scans/FID,TC ) 13 ms). Spectra with (φ1, φ2) and (φ1 + π/2, φ2
+ π/2) are recorded in an interleaved manner, and the data sets are
added (subtracted) using in-house written software to generate13CR-
13C′ zero- (double-) quantum spectra. All spectra were processed on
SUN SparcStations using NMRPipe/NMRDraw4 software and analyzed
using CAPP/PIPP.5 Mirror image linear prediciton6 was employed to
double the size of thet1 andt2 time domains according to the procedure
outlined in Kay et al.7 After processing the digital resolution (Hz/
point) was 4.5, 4.0, 7.8 and 4.1, 4.0, 7.8 for spectra of ubiquitin and
CheY.

Results and Discussion
Figure 1 illustrates the pulse sequence that has been developed

to measure relaxation interference between intraresidue13CR-
1HR dipolar and13C′ (carbonyl) chemical shift anisotropy (CSA)
relaxation mechanisms. The experiment is analogous to the HN-
(CO)CA scheme that has been published previously8 in terms
of the magnetization transfer steps, with the exception that
13CR-13C′ zero- and double-quantum coherences evolve during
the duration extending from points a to b in the figure. Note
that this period is set to 1/JCC, where JCC is the one-bond
aliphatic carbon-carbon coupling, thereby minimizing the
effects of one-bond carbon couplings on the sensitivity and
resolution of the resultant spectrum.9,10 However, use of this
long delay presupposes that losses arising from13CR transverse
relaxation can be tolerated. Note that in cases where13CR

transverse relaxation times are prohibitively short it is possible
to decrease the constant-time delay and refocus many of the
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13CR-13Câ couplings through the use of13Câ selective (Iburp211)
inversion pulses applied concurrently with the15N inversion
pulses between points a and b. It is important to recognize that
during the constant time carbon evolution period the one-bond
heteronuclear13C-1H coupling is operative, giving rise to
spectra consisting of doublet and triplet multiplet components
in the case of non-glycine and glycine residues, respectively.
This is in contrast to the experiment which measures cross-
correlation of15N-NH and 13CR-1HR dipolar fields in which
two sets of doublets are observed for each correlation. In
addition, the dipole/dipole cross-correlation experiment is af-
fected by passive one-bond15N-13CR couplings involving both
15N and13CR spins of either double- or zero-quantum coherences
that are present during the carbon constant time period. This
attenuates the signal by a factor of approximately 2.
Focusing for the moment only on13CR-1HR dipolar,13C′ CSA

and 13CR CSA relaxation mechanisms and considering non-
glycine residues it can be shown that the cross-correlation rate
between13CR-1HR dipolar and13C′ CSA interactions,ΓHRCR,C′,
is given by12

where

In eq 1,I j,kQ is the intensity of the upfield (j) U) or downfield

(j ) D) component of the multiplet in the spectrum recording
k ) (0,2) quantum coherences,γi is the gyromagnetic ratio of
spin i, rHC is the distance between1HR and 13CR nuclei, τc is
the correlation time describing overall tumbling of the assumed
rigid and isotropically tumbling molecule,ωC is the carbon
Larmor frequency,σi is the ith principal component of the
chemical shift tensor, and cosθi is the direction cosine defining
the orientation of the13CR-1HR bond with respect to thei axis
of the carbonyl shift tensor. Note that theF1 frequencies of
the D and U components are (D,U)) (ωC′ + ωCR + πJCH,ωC′
+ ωCR - πJCH), (-ωC′ + ωCR + πJCH,-ωC′ + ωCR - πJCH)
for the double- and zero-quantum coherences, respectively. The
ratio of I j,kQ values indicated in eq 1.1 ensures that contributions
from auto-correlation relaxation, cross-correlation between
13CR-1HR dipole and13CR CSA, and cross-correlation between
13CR and 13C′ CSA interactions are eliminated. Assuming
standard bond lengths and angles, planar peptide bond geometry,
and that the CR-C′ and C′-N bond vectors make angles of
22° and 38°, respectively, with respect to the X-axis of the
principal C′ chemical shift tensor frame,13 the direction cosines
can be recast in terms of the dihedral angleψ according to

In the case of glycine,ΓHRCR,C′ can be obtained by using the
intensities of only the most upfield (IU) and most downfield
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Figure 1. HN(CO)CA pulse scheme used to measure multiplet component intensities. All narrow (wide) pulses are applied with a flip angle of 90°
(180°) and are along thex-axis, unless indicated otherwise. The1H, 15N, and13C carrier frequencies are centered at 4.7 (water), 119, and 176 ppm,
respectively.13CR rectangular (shaped) pulses were applied at 58 ppm (50 ppm) by frequency shifting the rf.19,20All proton pulses are applied with
a 33 kHz field with the exception of the water selective shaped pulse (90°) of duration 2 ms, the WALTZ-decoupling elements,21 and the flanking
pulses (6 kHz).15N pulses use a 6.3 kHz field, while a 1 kHz decoupling field was employed. All carbon rectangular pulses were adjusted to a field
strength of∆/x15, where∆ is the separation between the centers of the13CR and13C′ chemical shift regions.22 The13C shaped pulses in the center
of the carbon constant time evolution period have REBURP11 (13CR; 400 µs, 15.6 kHz peak rf) and r-SNOB23 (13C′; 400 µs, 5.8 kHz peak rf)
profiles with the13CR pulse applied prior to the13C′ pulse. Note that careful adjustment of the phases of both pulses must be done to ensure optimal
sensitivity and proper F1 phasing. In some applications a13CR Bloch-Siegert compensation pulse10 (400µs, REBURP) was applied at the position
indicated by the vertical arrow.13CR decoupling during the15N evolution period was achieved using WALTZ-16 with the shape of each of the
elements (320µs) given by the SEDUCE-1 profile.24 The delays used areτa ) 2.3 ms;τb ) 5.3 ms;τc ) 12.4 ms;τd ) 9.0 ms;δ ) 0.5 ms;A )
TC + t1/2; B ) TC - t1/2; C ) TN - t2/2; D ) TN + t2/2 - τb; TC ) 13.0-14.0 ms: TN ) 12.4 ms. The phase cycling employed isφ1 ) x,-x;
φ2 ) y,-y,-y,y; φ3 ) 8(x),8(-x); φ4 ) 4(x),4(-x); φ5 ) 8(y),8(-y); φ6 ) x; φ7 ) 4(x),4(-x); φ8 ) x; rec) 2(x),2(-x),2(x),2(-x),2(-x),2-
(x),2(-x),2(x). A second spectrum is recorded (interleaved with the first) withφ1 ) φ1 + π/2, φ2 ) φ2 + π/2. Data sets are added/subtracted to
generate zero-/double-quantum spectra. Quadrature detection in F1 is achieved by States-TPPI25 of φ2, while quadrature in F2 employs the enhanced
sensivity pulsed field gradient method,26,27 where for each value oft2 separate data sets are recorded for (g7,φ8) and (-g7,φ8+180°). For each
successivet2 valueφ6 and the phase of the receiver are incremented by 180°. The durations and strengths of the gradients are g1) (0.5 ms,8
G/cm); g2) (0.5 ms,5 G/cm); g3) (1 ms,15 G/cm); g4) (1 ms,10 G/cm); g5) (0.4 ms,20 G/cm); g6) (1 ms,15 G/cm); g7) (1.25 ms,30
G/cm); g8) (0.4 ms,5 G/cm); g9) (0.3 ms,5 G/cm); g10) (0.125 ms,29 G/cm).

1/(8TC) ln[(ID,2QIU,0Q)/(ID,0QIU,2Q)] )

(4/15)(h/2π)ωCγCγHrHC
-3τCf(σX,σY,σZ) (1.1)

f(σX,σY,σZ) ) 0.5[σX(3 cos
2 θX - 1)+

σY(3 cos
2 θY - 1)+ σZ(3 cos

2 θZ - 1)] (1.2)

cosθX ) -0.3095+ 0.3531 cos(ψ - 120°)

cosθY ) -0.1250- 0.8740 cos(ψ - 120°)

cosθZ ) -0.9426 sin(ψ - 120°) (2)
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(ID) components of the triplet in eq 1.1 and substituting
f(σX,σY,σZ) with f1(σX,σY,σZ) + f2(σX,σY,σZ), wheref1 ) f and
f2 is obtained by replacing (ψ - 120°) with (ψ + 120°) in eq
2.
Figure 2 illustrates a number of F1 cross sections from double-

and zero-quantum spectra (13CR-13C′) recorded on a sample of
CheY. In addition, a plot ofΓHRCR,C′/τC as a function ofψ for
68 and 97 residues in ubiquitin (+) and CheY (o), respectively,
is provided, superimposed on the theoretical curves generated
from eqs 1 and 2 for the case of non-glycine (a) and glycine
(b) residues. For both proteinsψ values were obtained from
X-ray derived structures,14,15and previously publishedτc values
(4.0 ns and 7.8 ns for ubiquitin16 and CheY17) were used. No
attempt has been made to include the effects of internal
dynamics. On average the correlation between experimentally
derived cross-correlation rates and predicted values is very good.
The average difference betweenψ values calculated on the basis
of measured values ofΓHRCR,C′ andψ values established from
the X-ray data for ubiquitin and CheY is 6.5° (non-glycine
residues). Some scatter no doubt reflects the fact that ideal bond
angles and lengths have been used, internal dynamics have been
neglected, and that uniform values for both the components of
the13C′ CSA tensor and the orientation of the tensor with respect
to the molecular frame have been assumed.13 In addition, in
the analysis we have neglected contributions from an additional
cross-correlation involving1HR-13C′ dipolar and13CR CSA
mechanisms,ΓHRC′,CR. This term cannot be separated from
ΓHRCR,C′, and on the basis of published values for the13CR CSA
tensor18 (which vary in a residue-specific manner) we estimate
a maximum value of 0.14 s-2 for |ΓHRC′,CR*10-9/τC|. Errors in
estimatedψ values will depend on the magnitude of the13CR

CSA tensor (i.e., onφ andψ). In the case of both proteins
considered in the present study,ψ values are typically clustered
in regions whereΓHRCR,C′ changes rapidly withψ, and in most
cases, errors introduced inψ from neglect of theΓHRC′,CR term
are less than(5°. However, forψ values of approximately
-155°,-60°, 35°, and 120° for non-glycine residues and(85°,
(180°, and 0° for glycine, the errors can be on the order of
(10°.
In summary a method for measuringψ backbone dihedral

angles in15N, 13C labeled proteins has been described and
demonstrated for both ubiquitin and CheY. A good correlation
is obtained between measured and predictedΓHRCR,C′ values as
a function ofψ, establishing the utility of the approach. Because
multiplet components are restricted to doublets (or triplets for
glycine) and passive couplings are refocused during delay times
in the pulse scheme, sensitivity is sufficient for application to
moderately sized proteins.
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Figure 2. Correlation between calculated (solid line) and experimental values ofΓHRCR,C′ andψ for non-glycine (a) and glycine (b) residues in
ubiquitin (+) and CheY (o). Values of 244, 178, and 90 ppm were used forσX, σY, andσZ.13 Average errors inΓHRCR,C′ rates are shown by the
vertical bars in the upper left hand corners. Several F1 cross sections from double- and zero-quantum spectra recorded on a sample of CheY (500
MHz 1H frequency) are illustrated.
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