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Abstract Novel cross-correlated spin relaxation

(CCR) experiments are described, which measure

pairwise CCR rates for obtaining peptide dihedral

angles F. The experiments utilize intra-HNCA type

coherence transfer to refocus 2-bond JNCa coupling

evolution and generate the NðiÞ--CaðiÞ or

C0ði� 1Þ--CaðiÞmultiple quantum coherences which are

required for measuring the desired CCR rates. The

contribution from other coherences is also discussed

and an appropriate setting of the evolution delays is

presented. These CCR experiments were applied to
15N- and 13C-labeled human ubiquitin. The relevant

CCR rates showed a high degree of correlation with

the F angles observed in the X-ray structure. By uti-

lizing these CCR experiments in combination with

those previously established for obtaining dihedral

angle Y, we can determine high resolution structures of

peptides that bind weakly to large target molecules.

Keywords Chemical shift anisotropy � Cross-

correlated relaxation � Dihedral angle � Dipole–dipole

interaction � Intra-HNCA � Structure determination

Introduction

Cross-correlated spin relaxation (CCR) between two

different relaxation mechanisms can provide valuable

information about macromolecular structure and

dynamics. Reif et al. have developed a method utiliz-

ing CCR between interresidual dipolar fields of 15N–1H

(residue i + 1) and 13Ca–1Ha (residue i) internuclear

vectors, denoted as CHaCa;HNðWÞ (Fig. 1a), to measure

the backbone dihedral angle Y of proteins (Reif et al.

1997). However, since a single relaxation rate can give

rise to a multiplicity of dihedral angles, there is a lim-

itation in the use of CCR in angle determination.

Therefore, Yang et al. developed an alternative

experiment to measure Y, based on CCR between

intraresidual 13Ca–1Ha dipolar and 13C0 (carbonyl)

chemical shift anisotropy (CSA) relaxation mecha-

nisms, CHaCa;C0 ðWÞ (Fig. 1b: Yang et al. 1997). It has

been shown that the number of possible Y angles can

be considerably reduced by combining measurements

from these two experiments. This can lead to unam-

biguous determination of dihedral angles in favorable

cases (Yang and Kay 1998). Several CCR experiments

were developed to determine CHaCa;HNðWÞ and

CHaCa;C0 ðWÞ by utilizing HN(CO)CA type coherence

transfer. Among those experiments, it is suggested that

quantitative G methods (Pelupessy et al. 1999a;

Chiarparin et al. 1999; Sprangers et al. 2000) by com-

plementary two-dimensional measurements are pre-

ferred from a sensitivity viewpoint (Carlomagno and

Griesinger 2000).

In the case of the backbone dihedral angle F, a

similar strategy is followed, which utilizes intraresidual
15N–1H dipolar/13Ca–1Ha dipolar CCR, CHN;HaCaðUÞ
(Fig. 1c: Pelupessy et al. 1999b; Kloiber et al. 2002) and
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interresidual 13C¢(i – 1) CSA/13Ca(i)–1Ha(i) dipolar

CCR, CC0;HaCaðUÞ (Fig. 1d: Kloiber and Konrat 2000).

Since the pulse sequences for these experiments utilize

or partially utilize HNCA type coherence transfer, the

evolution of 1JNCa and 2JNCa spin couplings are active

during the 15N evolution period. These couplings

hamper a simple derivation of these CCR rates.

Therefore, in order to obtain CHN;HaCaðUÞ and

CC0;HaCaðUÞ, time-consuming 3D experiments were

performed (Pelupessy et al. 1999b; Kloiber et al. 2002)

to discriminate intraresidual and interresidual correla-

tions, or interresidual CCR rates obtained previously

were subtracted from the measured CCR rates (Kloiber

and Konrat 2000).

Here, we present novel and simple two-dimensional

versions of the quantitative CCR experiments for

measuring CHN;HaCaðUÞ and CC0; HaCaðUÞ. In order to

refocus interresidual 2JNCa evolution, the experiments

utilize intra-HNCA (Permi 2002; Brutscher 2002;

Nietlispach et al. 2002) type coherence transfer to

generate multiple quantum (MQ) coherences,

4NxC0zði� 1ÞCa
xðiÞ or 4NzC0xði� 1ÞCa

xðiÞ, for obtaining

CHN;HaCaðUÞ or CC0;HaCaðUÞ, respectively. The contri-

bution from other coherences is also discussed and an

appropriate setting of the evolution delays is presented.

Methods

The pulse sequences for the measurement of

CHN;HaCaðUÞ and CC0;HaCaðUÞ are shown in Fig. 2a, b,

respectively. These pulse sequences are based on intra-

HNCA (Permi 2002; Brutscher 2002; Nietlispach et al.

2002) coherence transfer and both experiments consist

of pairwise 2D measurements (‘‘reference’’ and ‘‘cross’’

measurements). During the 2s3 delay, 1JNC0 ,
1JNCa,

and 2JNCa couplings evolve simultaneously, and

8NzC0zði� 1ÞCa
zðiÞCa

zði� 1Þ coherence is generated at

time point ‘‘a.’’ Successive units can refocus intrare-

sidual 1JC0Ca to generate 4NzC0xði� 1ÞCa
zðiÞ at time point

‘‘b.’’ In Fig. 2a, successive 15N and 13Ca 90� pulses (u2

and u3, respectively) can generate 4NxC0zði� 1ÞCa
xðiÞ

MQ coherence to measure CHN;HaCa. In Fig. 2b,

4NzC0xði� 1ÞCa
xðiÞMQ coherence is excited by applying

a 13Ca 90� pulse (u3) to measure CC0;HaCa. Successive

CCR periods (T) were intrinsically the same as those of

the published pulse sequences for measuring

CHaCa;HNðWÞ and CHaCa;C0 ðWÞ (Chiarparin et al. 1999;

Sprangers et al. 2000). After the relaxation period and

the additional period ð4D2Þ, the 4NxC0zði� 1ÞCa
xðiÞ term

is collected directly in the ‘‘reference’’ measurement of

Fig. 2a. In the ‘‘cross’’ measurement, the cross-corre-

lated term 16NyHN
z C0zði� 1ÞCa

yðiÞHa
zðiÞ generated in the

relaxation period is converted into 4NxC0zði� 1ÞCa
xðiÞ

by 1JCaHa evolution during T and 1JNH evolution during

T and 4D2. In the pulse sequence shown in Fig. 2b, the

MQ term 4NzC0xði� 1ÞCa
xðiÞ is collected in the ‘‘refer-

ence’’ measurement, while in the ‘‘cross’’ measurement,

the 8NzC0yði� 1ÞCa
yðiÞHa

zðiÞ term generated by cross-

correlated relaxation, is converted into 4NzC0y
ði� 1ÞCa

xðiÞ by 1JCaHa evolution during the relaxation

period T. In the ‘‘cross’’ measurement of Fig. 2b, in

order to suppress the carbonyl chemical shift evolution

by moving the two 180� pulses during T, both 13C0 and
13Ca 180� pulses between ‘‘a’’ and ‘‘b’’ are shifted by

D3 ¼ 2D1. Note that this change does not influence

ΓHαCα NH, (Ψ)(a)

(d)(c) ΓHN,HαCα(Φ)

ΓHαCα,C'(Ψ)

ΓC',HαCα(Φ)

(i () i )1+(i )1-

(i () i )1+(i )1-

(i () i )1+(i )1-

(i () i )1+(i )1-

(b)
Fig. 1 Schematic
representation of the four
cross-correlated spin
relaxation rates associated
with the determination of
backbone dihedral angles F
and Y. (a) CHaCa;HNðWÞ; (b)
CHaCa;C0 ðWÞ; (c) CHN;HaCaðUÞ;
(d) CC0 ;HaCaðUÞ
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1JC0Ca evolution. The final 15N constant time t1 evolu-

tion period involves simultaneous refocusing via the
1JNC0 and 1JNCa couplings and is followed by a 3-9-19

type WATERGATE refocusing scheme (Sklenar et al.

1993). A longer t1 for higher spectral resolution can be

achieved by using semi-constant time chemical shift

evolution (Grzesiek and Bax 1993; Chiarparin et al.

1999).

The new CCR experiments were applied to a sample

of 1.7 mM 15N, 13C-labeled human ubiquitin in

95%H2O=5%D2O at pH 5.95 on a Bruker Avance 700

spectrometer. All spectra were recorded at 25�C. The

CCR relaxation period (T) was set to 28 ms, which can

be optimized if a Ca selective 180� pulse (u4) is applied

to refocus the 1JCaCb coupling (Yang et al. 1998).

Spectra for ‘‘reference’’ and ‘‘cross’’ measurements

were recorded using 32 and 320 transients per FID, with

the corresponding acquisition times of 1.5 and 14 h,

respectively. The data were processed and analyzed

using NMRPipe (Delaglio et al. 1995). The cross-cor-

related relaxation rates of both experiments were

obtained from the normalized intensity ratios between

‘‘reference’’ and ‘‘cross’’ experiments in considering the

different number of scans: CHN;HaCa ¼ �½tanh�1
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Fig. 2 Pulse scheme for quantification of cross-correlated relax-
ation rates (a) CHN;HaCaðUÞ and (b) CC0 ;HaCaðUÞ. Narrow and wide
pulses indicate 90� and 180� pulses, respectively. All pulses are
applied along the x-axis unless indicated. Two open shapes in the
middle of 2s6 indicate a 180� pulse, applied as a single 500 ls
adiabatic Chirp pulse (Bohlen and Bodenhausen 1993) which
simultaneously inverts 13Ca and 13C0 spins. Water flip back is
achieved using a H2O selective sinc pulse and 90� (±y) pulses
flanking the proton decoupling. Suppression of residual water is
achieved with a WATERGATE sequence using a 3-9-19 compos-
ite pulse (Sklenar et al. 1993). Arrowheads indicate the positions
where the 13C carriers (13Ca = 54 ppm and 13C0 = 176 ppm) are
jumped. The delays used are s = 2.25 ms, s2 = 5.5 ms, s3 = 26 ms,
s4 = 16.5 ms, s5 = 4.5 ms, s6 = 20 ms, D1 = 0.89 ms, D2 = 0.49 ms,
D3 = 1.78 ms, and T = 28 ms (can be optimized if a Ca selective
180� pulse (u4) is applied to refocus the 1JCaCb coupling (Yang
et al. 1998)). Gray rectangles in the ‘‘reference’’ measurement are

placed so that scalar couplings are refocused. In the ‘‘cross’’
measurement, these pulses are shifted (hatched rectangles) to
allow (a) evolution under 1JCaHa and 1JNH, and (b) refocusing of
the carbonyl chemical shift and evolution under 1JCaHa. The phase
cycling is (a) /1 ¼ 4ðxÞ; 4ð�xÞ; /2 ¼ 2ðyÞ; 2ð�yÞ; /3 ¼ y;�y
/4 ¼ 8ðxÞ; 8ðyÞ; /5 ¼ yþ States-TPPI; /rec ¼ x; 2ð�xÞ; x;�x;
2ðxÞ; 2ð�xÞ; 2ðxÞ;�x; x; 2ð�xÞ; x; (b) /1 ¼ 8ðyÞ; 8ð�yÞ; /2 ¼
x;�x; /3 ¼ 2ðxÞ; 2ð�xÞ; /4 ¼ 4ðxÞ; 4ðyÞ; /5 ¼ yþ States-TPPI;
/rec ¼ x; 2ð�xÞ; x;�x; 2ðxÞ; 2ð�xÞ; 2ðxÞ;�x; x; 2ð�xÞ; x;v ¼ y(‘‘ref-
erence’’) or x (‘‘cross’’). Phase corrections for Bloch–Siegert shifts
must be optimized for the u2 pulse in pulse scheme (b). The
duration and strengths of the gradients are G1 = (1 ms, 35 G/cm),
G2 = (1 ms, 25 G/cm), G3 = (1 ms, 41 G/cm), G4 = (1 ms,
7 G/cm), G5 = (0.3 ms, 26 G/cm), G6 = (0.3 ms, 18 G/cm),
G7 = (0.3 ms, 14 G/cm), G8 = (1 ms, 28 G/cm), G9 = (1 ms,
42 G/cm), and G10 = (1 ms, 21 G/cm)
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ðIcrossðaÞ=IrefðaÞÞ�=T; CC0;HaCa ¼ ½tanh�1ðIcrossðbÞ=IrefðbÞÞ�=
T, where IcrossðaÞ and IrefðaÞ are the normalized reso-

nance intensities of the ‘‘cross’’ and ‘‘reference’’ mea-

surements of Fig. 2a, respectively, and Icross(b) and Iref(b)

are the corresponding resonance intensities of Fig. 2b.

Results and discussion

During the 2s3 delay in Fig. 2, the following eight terms

are generated by the evolution of 1JNC0 ,
1JNCa, and

2JNCa spin couplings:

Ny � cos 2pJNC0 s3 � s4ð Þ½ � cosð2p2JNCas3Þ cosð2p1JNCas3Þ
ð1Þ

2NxC0z � sin 2pJNC0 s3 � s4ð Þ½ � cosð2p2JNCas3Þ
cosð2p1JNCas3Þ

ð2Þ

2NxCa
zði� 1Þ � cos 2pJNC0 s3 � s4ð Þ½ � sinð2p2JNCas3Þ

cosð2p1JNCas3Þ
ð3Þ

2NxCa
zðiÞ � cos 2pJNC0 s3 � s4ð Þ½ � cosð2p2JNCas3Þ

sinð2p1JNCas3Þ
ð4Þ

4NyC0zCa
zði� 1Þ � sin 2pJNC0 s3 � s4ð Þ½ � sinð2p2JNCas3Þ

cosð2p1JNCas3Þ
ð5Þ

4NyC0zCa
zðiÞ � sin 2pJNC0 s3 � s4ð Þ½ � cosð2p2JNCas3Þ

sinð2p1JNCas3Þ
ð6Þ

4NyCa
zði� 1ÞCa

zðiÞ � cos 2pJNC0 s3 � s4ð Þ½ � sinð2p2JNCas3Þ
sinð2p1JNCas3Þ

ð7Þ

8NxC0zCa
zði� 1ÞCa

zðiÞ � sin 2pJNC0 s3 � s4ð Þ½ �
sinð2p2JNCas3Þ sinð2p1JNCas3Þ

ð8Þ

Among these coherences, the terms (1), (5), (6), ad

(7) are eliminated by the second gradient pulse after

the 15N evolution delay (G2 in Fig. 2). The terms (3)

and (4) are removed by the phase cycling of the first

carbonyl 90� pulse. The remaining two terms, (2) and

(8), survive by time point ‘‘b’’ in Fig. 2 as (A)

4NzC0yði� 1ÞCa
zði� 1Þ and (B) 4NzC0yði� 1ÞCa

zðiÞ,
respectively. Both of these terms are converted to

multiple quantum terms, 4NxC0zCa
x (Fig. 2a) or

4NzC0xCa
x (Fig. 2b), during the CCR delay, T. The

unfavorable coherence (A) is associated with the CCR

rate for the determination of the dihedral angle

WðCHaCa;HNðWÞ for Fig. 2a and CHaCa;C0 ðWÞ for Fig. 2b).

Finally, the two terms are refocused via either 1JNC0

and 2JNCa or 1JNC0 and 1JNCa spin couplings during the

final 15N constant time t1 evolution period (2s6 delay in

Fig. 2). The final coefficients of these terms are written as

follows:

ð2Þ )
Ny � sin 2pJNC0 s3 � s4ð Þ½ � cosð2p2JNCas3Þ

cosð2p1JNCas3Þ sinð2pJC0Cas5Þ
� sinð2pJNC0s6Þ sinð2p2JNCas6Þ cosð2p1JNCas6Þ

ð9Þ

ð8Þ)
Ny � sin 2pJNC0 s3� s4ð Þ½ � sinð2p2JNCas3Þ

sinð2p1JNCas3Þ sinð2pJC0Cas5Þ
� sinð2pJNC0s6Þcosð2p2JNCas6Þ sinð2p1JNCas6Þ

ð10Þ

The differences in the coefficients for these two terms

depend not only on the s3 and s6 delays, but also on the
1JNCa and 2JNCa spin couplings. It is suggested that the

size of the 1JNCa and 2JNCa spin couplings correlates with

the backbone conformation. 1JNCa values vary between

9 Hz and 13 Hz, while 2JNCa values vary between 5 Hz

and 10 Hz for residues in folded proteins (staphylococ-

cal nuclease and ubiquitin: Delaglio et al. 1991; Wirmer

and Schwalbe 2002) and an unfolded protein (ubiquitin:

Wirmer and Schwalbe 2002). The error from the unfa-

vorable coherence is estimated from the relative ratio

(R-value) of the coefficients of these two terms:

R ¼
termðAÞ : 4NzC0zði� 1ÞCa

zði� 1Þ
termðBÞ : 4NzC0zði� 1ÞCa

zðiÞ

¼ Abs½cosð2p2JNCas3Þ cosð2p1JNCas3Þ sinð2p2JNCas6Þ cosð2p1JNCas6Þ�
Abs½sinð2p2JNCas3Þ sinð2p1JNCas3Þ cosð2p2JNCas6Þ sinð2p1JNCas6Þ�

ð11Þ
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Figure 3 shows 2D contour maps of the R-value as a

function of the 2s3 and 2s6 delays for several 1JNCa and
2JNCa values. The R-value changes drastically with

variations in J values and/or evolution delays s3 and s6.

However, if the appropriate combination of s3 and s6 is

selected, the contribution from the unfavorable

coherence can be suppressed. Two-dimensional con-

tour maps for 2s3 = 52 ms and 2s6 = 40 ms as a func-

tion of 1JNCa and 2JNCa values are plotted in Fig. 4.

Under these conditions, it is calculated that the maxi-

mum value of the unfavorable term (9) is only 3.2% of

the desired term (10) for a broad range of 1JNCa and
2JNCa couplings in folded or unfolded proteins.

The newly developed CCR experiments were

applied to a sample of 1.7 mM 15N, 13C-labeled human

ubiquitin. Figure 5 shows the CHN;HaCaðUÞ and

CC0;HaCaðUÞ values as a function of the backbone

dihedral angles F which were taken from the high

resolution X-ray structure for the relevant non-glycine

residues (PDB code: 1UBQ). The agreement between

experimental CCR rates and theoretical values is

comparable to the previously published sequences for

the backbone dihedral angle F(Pelupessy 1999b;

Kloiber et al. 2002; Kloiber and Konrat 2000). The

combination of these pairwise CCR rates decreases the

number of possible F values, analogous to pairwise

CCR experiments for the backbone dihedral angle Y
(Yang and Kay 1998). Moreover, it is reported that a

simultaneous interpretation of CHN;HaCaðUÞ=
CC0;HaCaðUÞ for F angle and CHaCa;HNðWÞ=CHaCa;C0 ðWÞ
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for Y angle along with CHaCaði�1Þ;HaCaðiÞ (Chiarparin

et al. 2000) and 3JC0C0 scalar coupling achieves the

unambiguous determination of protein backbone

structure (Kloiber et al. 2002).

Although the CCR experiments presented here can

be applied to a protein of <20 kDa by shortening the

relaxation delay T with a Ca selective 180� pulse (u4)

(Yang et al. 1998), it would be difficult to apply it to a

larger protein (>25 kDa) due to the necessity of the

long JNCa=JNC0 evolution periods (2s3 and 2s6 delays:

40–50 ms). Rather, a significant benefit is expected

when these CCR experiments are applied to peptides

that bind weakly to target molecules (transferred cross-

correlated relaxation experiments: Blommers et al.

1999; Carlomagno et al. 1999, 2003a, b). This is

because not many distance constraints can be obtained

from small ligand peptides by transferred NOE

experiments and it is difficult to obtain dihedral angle

restraints of ligand peptides in the bound state from

J-coupling and secondary chemical shift. By utilizing

CHN;HaCaðUÞ and CC0;HaCaðUÞ measurements in

combination with Y angle restraints obtained from

CHaCa;HNðWÞ and CHaCa;C0 ðWÞ experiments, we can

determine high resolution structures of peptides that

bind to large molecular weight proteins. Studies to

obtain structural information from weakly binding

peptides are currently under investigation in our

laboratory.
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