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Abstract

Cross-correlated relaxation rates involving the Cα-Hα dipolar interaction and the carbonyl (C′) chemical shift
anisotropy (CSA) have been measured using two complementary 3D experiments. We show that the protein back-
bone angleψ can be directly refined against such cross-correlated relaxation rates (0HαCα,C′) and the three-bond
H/D isotope effect on the Cα chemical shifts (31Cα

(ND)). By simultaneously using both experimental parameters as
restraints during NMR structure calculations, a unique value for the backbone angleψ is defined. We have applied
the new refinement method to theα-Spectrin SH3 domain (aβ-sheet protein) and to the Sgs1p HRDC domain (an
α-helical protein) and show that the quality of the NMR structures is substantially improved, judging from the
atomic coordinate precision and the Ramachandran map. In addition, theψ-refined NMR structures of the SH3
domain deviate less from the 1.8 Å crystal structure, suggesting an improved accuracy. The proposed refinement
method can be used to significantly improve the quality of NMR structures and will be applicable to larger proteins.

Introduction

Improving the quality of three-dimensional (3D)
structures is an important objective in biomolecular
NMR spectroscopy (Doreleijers et al., 1998). It is es-
pecially important to determine the dihedral angles
φ and ψ in order to define the secondary structure
of a protein. While the dihedral angleφ can be de-
rived from a number of homo- and heteronuclear3J-
coupling constants (Wang and Bax, 1996; Griesinger
et al., 1999), it has until recently been difficult to deter-
mine the backbone angleψ from NMR data. Although
the 3J(Hα

i ,Ni+1) can be measured relatively straight-
forward, this does not define the backbone angleψ in
a unique manner (Montelione et al., 1989; Seip et al.,
1994). Other J-coupling constants that could defineψ

via an empirical Karplus curve, like3J(Ni,Ni+1) and
3J(Cβ

i ,Ni+1), are very small (< 0.5 Hz) and of limited
practical use (Griesinger et al., 1999). Thus, during
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structure calculations the backbone angleψ is only de-
fined by NOE-derived distance restraints, and the lack
of information forψ often causes poor Ramachandran
plots in NMR structures.

A number of approaches, which rely on empir-
ical information, have been proposed for defining
the backbone conformation of a protein. For exam-
ple, the correlation between secondary chemical shifts
and the backbone anglesφ and ψ (Spera and Bax,
1991; Wishart et al., 1991) has been used to refine
NMR structures (Celda et al., 1995; Kuszewski et al.,
1995). It has also been proposed to use database-
derived energy potentials forφ and ψ in order to
define the backbone conformation (Kuszewski et al.,
1996). More recently, database searches have been
used to establish an empirical correlation between sec-
ondary chemical shifts, sequence homology and high-
resolution crystal structures in the Protein Data Bank
(PDB) in order to obtain backbone angle restraints for
proteins (Cornilescu et al., 1999). However, a potential
problem of these methods is that they may bias the
backbone conformation towards the structures existing
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in the databases and may even define incorrect back-
bone angles. Consequently, these methods have to be
applied with great care.

Recently, experiments have been introduced in or-
der to measure cross-correlated relaxation rates, which
can be related to the backbone angleψ. Pulse se-
quences have been designed to determine those rates
between the Hα-Cα and the HN-N dipolar interactions
(0HαCα,HNN) (Reif et al., 1997; Yang et al., 1998;
Pelupessy et al., 1999) and between the Hα-Cα dipo-
lar interaction and the carbonyl (C′) chemical shift
anisotropy (CSA) (0HαCα,C′) (Yang et al., 1997, 1998;
Chiarparin et al., 1999). The cross-correlated relax-
ation rates can be measured either in a J-resolved ex-
periment with J-coupling evolution (Reif et al., 1997;
Yang et al., 1998) or from the intensity difference of
cross peaks in two separate experiments, one with and
one without evolution of the heteronuclear1J-coupling
(Tjandra et al., 1996; Tessari et al., 1997; Chiarparin
et al., 1999; Felli et al., 1999; Pelupessy et al., 1999).
Here, we have used a new pulse sequence for measur-
ing 0HαCα,C′ from the ratio of cross peak intensities
in two experiments, which reduces spectral overlap
compared to previously proposed experiments.

The cross-correlated relaxation effects have a
Karplus-like dependence on the backbone angleψ.
However, in contrast to J-couplings, they depend only
on NMR parameters which, in principle, can be de-
termined experimentally, i.e. the rotational diffusion
correlation time (τc) and the C′ CSA tensor. Since
a given cross-correlated relaxation rate is consistent
with up to four differentψ angles, the measurement
of a single relaxation rate is not sufficient to define
the backbone angleψ uniquely. It has been proposed
to combine the two relaxation rates0HαCα,HNN and
0HαCα,C′ in order to reduce the ambiguities (Yang and
Kay, 1998). However, some ambiguities remain be-
cause both relaxation rates show a similar degeneracy
with respect to theψ angle. For the same reason,
3J(Hα

i ,Ni+1) cannot be used to resolve the ambiguities

of 0HαCα,HNN or0HαCα,C′ .
Here we show that this problem can be solved

by using additional restraints derived from the three-
bond H/D isotope effect on the Cα chemical shift,
31Cα

(ND), for which a correlation with the backbone
angleψ has recently been described (Ottiger and Bax,
1997). The function31Cα

(ND)(ψ) is only twofold de-
generate with respect toψ and the observed isotope
shifts cluster in two separate regions, forα-helical and
β-strand secondary structure. We have refined theβ-

structuredα-Spectrin SH3 domain and theα-helical
Sgs1p HRDC domain directly against a combination
of 0HαCα,C′ and 31Cα

(ND) and show that theψ an-
gles are defined uniquely. Furthermore, the method is
shown to significantly improve the structural quality
for both proteins.

Materials and methods

NMR samples
The 13C,15N-labeled NMR samples of theα-Spectrin
SH3 domain (Blanco et al., 1997) and the Sgs1p
HRDC domain (Liu et al., 1999) were prepared as
described previously. For the NMR samples, the SH3
domain was dissolved in a 1:1 H2O:D2O mixture giv-
ing a protein concentration of 2.9 mM and the pH was
adjusted to 3.4; the HRDC domain was dissolved in a
1:1 H2O:D2O mixture containing 50 mM NaCl, 0.02%
NaN3 and 20 mM sodium phosphate buffer, giving
a protein concentration of 1.3 mM at pH 6.5. NMR
measurements were done at 303 K and 295 K for the
SH3 and HRDC domains, respectively.

Experimental measurement of0HαCα,C′

0HαCα,C′ rates were measured using a slightly differ-
ent version of the pulse sequence given in Figure 1.
During the Cα → C′ HMQC step, a delay ofδ/2 was
used instead of (δ − ζ)/2 and (δ + ζ)/2, and for the
carbon pulses between a and b the delayζ was zero
in both the cross and the reference experiment. In that
case the relaxation rates were obtained from: Icross/Iref

≈ −tanh[0HαCα,C′∗(T − ζ)], assuming an approxima-
tion (Pelupessy et al., 1999) which introduces an error
smaller than 4% for relaxation rates |0| < 20 s−1 (as
is the case for both the SH3 and the HRDC domain).
Icross and Iref are the signal intensities in the ‘cross’
and reference experiment, respectively. In the case of
Figure 1, the relaxation rates are obtained correctly
from Icross/Iref = −tanh[0HαCα,C′∗T] without any
assumptions.

Cross-correlated relaxation rates were recorded on
a Bruker DRX spectrometer operating at a1H fre-
quency of 600 MHz, equipped with a triple-axis
gradient unit. For the SH3 domain, the pulse pro-
gram was executed with 4 (reference, 10 h) and 16
(cross, 40 h) scans per increment and 3D matrices with
44∗40∗512 complex points and acquisition times
of 29.2 (t1,15N), 26.4 (t2,13C′) and 51.2 (t3,1H) ms
were recorded. For the HRDC domain, the pulse pro-
gram was executed with 4 (reference, 9.5 h) and 32
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(cross, 76 h) scans per increment and 3D matrices with
40∗40∗ 512 complex points and acquisition times of
30.8 (t1,15N), 26.4 (t2,13C′) and 51.2 (t3,1H) ms were
recorded.

For the SH3 domain, the cross-correlated relax-
ation rates were also measured using the J-resolved
experiment described by Yang et al. (1998). The pulse
sequence was executed with 16 scans per increment
(42 h) and a 3D matrix with 40∗ 50∗512 complex
points and acquisition times of 34.0 (t1,15N), 24.6
(t2,13C′) and 51.2 (t3,1H) ms was recorded.

All spectra were processed using NMRPipe (De-
laglio et al., 1995) and analyzed using XEASY (Bar-
tels et al., 1995). For the t1 FID forward-backward
linear prediction was applied. Prior to Fourier trans-
formation, time-domain data were multiplied by a 90◦
shifted, sine-square shaped window function and zero-
filled to final sizes of 128, 128 and 1024 points for
the processed data in theω1, ω2 andω3 dimensions,
respectively.

Experimental measurement of31Cα
(ND)

31Cα
(ND) isotope shifts were measured on a Bruker

DRX spectrometer operating at a1H frequency of
500 MHz, equipped with a triple-axis gradient unit
using the pulse sequence described by Sørensen and
co-workers (Meissner et al., 1998). For both pro-
teins the pulse program was executed with 8 scans
per increment (45 h) and two sub-spectra each with
55∗40∗ 512 complex points and acquisition times of
16.0 (t1,13Cα), 27.3 (t2,13C′) and 61.4 (t3,1H) ms,
were obtained.

Spectra were processed using NMRPipe (Delaglio
et al., 1995) and peak positions were determined by
contour averaging using the program PIPP (Garrett
et al., 1991). For the t1 and t2 FIDs linear pre-
diction was applied. Prior to Fourier transformation,
time-domain data were multiplied by a 90◦ shifted,
sine-square shaped window function and zero-filled to
final sizes of 2048, 128, 1024 points for the processed
data in theω1, ω2 andω3 dimensions, respectively.

Karplus coefficients for0HαCα,C′ and31Cα
(ND)

In order to refine NMR structures directly against
experimental cross-correlated relaxation rates and
31Cα

(ND) isotope shifts, Karplus-like potentials in
CNS (Brünger et al., 1998) were used. The Karplus

coefficients for0HαCα,C′ (ψ) in s−1 are derived as
follows:

0(ψ)[s−1] = κdc/2{σx(3 cos2(θx) − 1)
+ σy(3cos2(θy) − 1)
+ σz(3cos2(θz) − 1)}

= A cos2(ψ + D)
+ B cos(ψ+ D) + C

(1a)

with:

cos(θα) = aα + bα cos(ψ− 120◦)(α = x, y)

cos(θz) = az + bz sin(ψ− 120◦)

From which we obtain:

A = 3κdc/2(σxb2
x + σyb2

y + σzb2
z)

B = 3κdc(σxaxbx + σyayby)

C = −κdc/2[σx + σy + σz

−3(σxa2
x + σya2

y + σzb2
z)]

D = −120◦

(1b)

where σx,y,z are the principal components of the
C′ CSA tensor, ax,y,z / bx,y,z relate the angles be-
tween the Cα–Hα dipolar interaction and the princi-
pal axes of the CSA tensor (θx,y,z) to the backbone
angleψ (with ax = − 0.3095, bx = 0.3531, ay =
−0.1250, by = − 0.8740, az = 0 and bz =
−0.9426) (Yang et al., 1997).κdc = (4/15)(µ0/4π)

h̄γ2
CγHB0r

−3
(Hα−Cα)

τcS
2
cross, µ0 is the permittivity of

free space,̄h is Planck’s constant divided by 2π, γi is
the gyromagnetic ratio of spin i, B0 is the static mag-
netic field, rij is the inter-nuclear distance, S2

crossis the
generalized order parameter for the cross-correlation
between the dipole/dipole and CSA interaction and
τc is the rotational diffusion correlation time.τc was
determined experimentally from15N relaxation exper-
iments (T1, T2 and {1H}- 15N-NOE) (Farrow et al.,
1994) (Wiesner et al., unpublished data) and corrected
for the change in viscosity as a result of the different
H2O:D2O ratio.

For S2
cross = 1 (residues without local mobil-

ity) and a B0 field corresponding to 600 MHz1H
frequency, the following Karplus coefficients are ob-
tained for the SH3 domain (τc = 4.6 ns) and the
HRDC domain (τc = 8.4 ns):

SH3 : A = 22.7,B = −3.8,

C= −17.0,D = −120◦

HRDC : A = 41.4,B = −6.9,

C= −31.0,D = −120◦
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Figure 1. Pulse sequence for measuring cross-correlated relaxation rates between the Cα,Hα dipolar interaction and the C′ chemical shift
anisotropy. Narrow (wide) bars represent 90◦ (180◦) pulses and are applied along the x-axis, unless indicated otherwise. 90◦/180◦ 13C pulses
are applied as shaped G4/G3-pulses (Emsley and Bodenhausen, 1990) of 400/250µs duration. Pulses applied to compensate for Bloch–Siegert
phase shifts are denoted as ‘BSP’. Water flip back is achieved using an H2O selective Gaussian pulse and 90◦ (±y) pulses flanking the proton
decoupling. Carrier offsets are 4.7 ppm, 118 ppm, 56 ppm and 175 ppm for1H, 15N, 13Cα and 13C′, respectively. Delay durations are
1 = 5.2 ms,ζ = 0 ms (reference experiment) or 3.57 ms (cross experiment), T= 28 ms (can be optimized if a Cα selective 180◦ pulse (φ4) is
applied between a and b in order to refocus the1J(Cα,Cβ) coupling),τ = 15 ms andδ = 9.0 ms. Composite-pulse decoupling fields are applied
with strengths of 3.125 kHz and 1.25 kHz for1H and15N, respectively. The gradient amplitudes and durations are G1= (0.8 ms, 30.0 G/cm);
G2= (0.8 ms, 42.0 G/cm); G3= (0.2 ms, 12.0 G/cm); G4= (0.2 ms, 18.0 G/cm); G5= (0.8 ms, 36.0 G/cm); G6= (0.8 ms, 54.0 G/cm) and
G7= (0.8 ms, 5.5 G/cm);κ = 10. For each t2 valueκ andψ are inverted and the corresponding FIDs are stored separately in order to select for
echo- and antiecho pathways (Kay et al., 1992; Schleucher et al., 1993). The phase cycling is:ψ = ±y; φ1 = 4(y),4(−y); φ2 = 8(x),8(−x);
φ3 = x + BSP;φ4 = 16(x), 16(y);φ5 = 2(x), 2(−x); φ6 = y (reference experiment) or x (cross experiment);φ7 = x, y, −x,−y; φ8 = x +
TPPI(t1); φrec= x, 2(−x), x,−x, 2(x),−x, −x,2(x),−x, x, 2(−x), x,−x, 2(x),−x, x, 2(−x), x, x, 2(−x) x, −x, 2(x),−x.

The Karplus coefficients for the isotope shifts
31Cα

(ND) are:

31Cα
(ND)(ψ)[ppb] = 22.2 sin(ψ)+ 30.1

= A cos2(ψ+ D)
+B cos(ψ+ D)+ C

(2)

thus, A= 0, B= 22.2, C= 30.1 and D= −90◦.

Structure calculation and evaluation
The experimentally determined relaxation rates0HαCα,C′

and isotope shifts31Cα
(ND) were refined against

the potential terms E0 and E1 (see text) in CNS
(Brünger et al., 1998). For the structure calcula-
tions a standard molecular dynamics/simulated an-
nealing (MD/SA) protocol was used corresponding
to 10 000 steps at 2000 K, 5000 cooling steps from
2000 K to 1000 K and 2000 cooling steps from
1000 K to 50 K using time steps of 5 fs (Nilges
and O’Donoghue, 1998). Optimized force field pa-
rameters were used as described (Linge and Nilges,
1999). The potential terms E0 and E1 were intro-
duced for0HαCα,C′ and31Cα

(ND) restraints during the
second cooling phase of the MD/SA protocol using
energy constants of k0 = 0.05 kcal mol−1 s2 and

k1 = 0.01/0.02 kcal mol−1 ppb−2 (SH3/HRDC). The
structural quality was assessed using PROCHECK
(Laskowski et al., 1996).

Results and discussion

Pulse sequence for measuring0HαCα,C′

We have measured the0HαCα,C′ cross-correlated re-
laxation rates from the relaxation of Cα,C′ double- and
zero-quantum (DQ/ZQ) coherence during a constant-
time delay T using the pulse sequence shown in Fig-
ure 1. Note that the pulse sequence is very similar
to the experiment proposed recently by Bodenhausen
and colleagues, who have also given a detailed the-
oretical description of this method (Chiarparin et al.,
1999). In contrast to the experiments proposed ear-
lier (Yang et al., 1997, 1998), the1J(Cα,Hα) coupling
is not evolving during t1. Instead, two separate ex-
periments are recorded with different settings for the
delay ζ and phaseφ6. For the reference experiment
φ6(C′) = y, andζ = 0, while for the ‘cross’ exper-
iment φ6(C′) = x, and ζ = 1/(2 1J(Hα,Cα)). Thus,
the 1J(Hα,Cα) coupling is refocused in the reference
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Figure 2. (a) Comparison of the HN(i),C′(i−1) projections of 3D spectra obtained with the pulse sequence of Figure 1 (left and middle) and
with the pulse sequence described by Yang et al. (1998) (right). Negative peaks are indicated by dotted lines. Due to the1J(Hα,Cα) splitting

the number of cross peaks is doubled in the spectrum on the right. (b) Comparison of0HαCα,C′ for the SH3 domain obtained using the pulse
sequence of Figure 1 and the J-resolved experiment (Yang et al., 1998). The error bars, shown in the corners, indicate the average error from
two measurements.
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experiment and active for a time 1/(21J(Hα,Cα)) in the
‘cross’ experiment. Therefore, in the reference exper-
iment the 4CαyC′xNz operator relaxes under influence
of the cross-correlated relaxation during a delay T,
while in the ‘cross’ experiment the scalar1J(Hα,Cα)
coupling converts this term into 8CαxC′xNzHz which is
then partially converted into 4CαyC′yNz due to cross-
correlated relaxation. In both experiments the desired
magnetization at point b in Figure 1 is converted into
4Cα

zC′zNz and all non-longitudinal magnetization is
defocused by gradient 5.

Numerous other cross-correlated relaxation path-
ways involving dipolar and CSA interactions of the
Hα, HN, Cα and C′ nuclei exist. However, these are ei-
ther averaged out by the 180◦ pulses applied between a
and b (Figure 1), or the corresponding relaxation rates
are much smaller than0HαCα,C′ (Yang et al., 1997;
Chiarparin et al., 1999). Therefore, the ratio of the
cross peak intensities in the reference and ‘cross’ ex-
periments is given by: Icross/Iref = − tanh[0HαCα,C′ ∗
T] and the cross-correlated relaxation rate0HαCα,C′ is
obtained from− tanh−1(Icross/Iref)/T. Note that varia-
tions in 1J(Hα,Cα) of 140± 8 Hz (Eberstadt et al.,
1995) will affect the peak intensities in the cross exper-
iment by less than 0.5%, which translates to a similar
change for the extracted relaxation rates.

We have applied the new pulse sequence to theα-
Spectrin SH3 domain (Blanco et al., 1997) (Figure 2a)
and to the Sgs1p HRDC domain (Liu et al., 1999). The
rates0HαCα,C′ measured for the SH3 domain using the
experiment of Yang et al. (1998) compared to the new
pulse sequence are in excellent agreement within the
experimental error (Figure 2b). However, we found the
relaxation rates measured with the new pulse sequence
to be more reproducible. This could be a result of
an imperfect phase correction for Bloch–Siegert phase
shifts in the experiment where the heteronuclear1J-
coupling is resolved inω1, which might affect the peak
heights of the two doublet lines differently.

When using the pulse sequence shown in Figure 1,
the spectral resolution is essentially doubled compared
to the J-resolved experiments (Figure 2a). This is ad-
vantageous for larger proteins, where the sensitivity
of the experiment can be further improved by using
a TROSY detection scheme (Pervushin et al., 1997,
1998; Andersson et al., 1998; Czisch and Boelens,
1998) for the final N→ HN coherence transfer step.
In addition, a Cα-selective pulse (φ4) should then be
applied in the middle of T (Yang et al., 1997), such
that the delay T can be optimized with respect to sen-
sitivity, depending on the relative size of the auto- and

Figure 3. Calculated correlation of0HαCα,C′ (top) and31Cα
(ND)

(bottom) as a function of the backbone angleψ for the SH3 domain.

For 0HαCα,C′ , the solid line is calculated with the C′ CSA tensor
described by Teng et al. (1992). The dotted, dashed and long dashed
lines correspond to a 10% largerσx, σy andσz component of the
CSA tensor, respectively. Note that the cross-correlated relaxation
rate scales linearly with the generalized order parameter S2

cross(see
Equation 1a). The filled circles are the experimentally determined

0HαCα,C′ and31Cα
(ND) plotted against theψ angles in the crystal

structure of theα-Spectrin SH3 domain. Shaded regions indicate the
α-helical andβ-sheet regions.

cross-correlated relaxation rates. In contrast to the J-
resolved experiment, a shorter delay T will not lead
to poorer spectral resolution inω1, because chemical
shift evolution does not take place during this time. In
the pulse sequence of Figure 1, tmax

1 is restricted toδ.
However, a longer tmax

1 can be easily achieved by using
semi-constant time chemical shift evolution (Grzesiek
and Bax, 1993; Logan et al., 1993).

Direct refinement of NMR structures against
0HαCα,C ′ and31Cα

(ND)

The cross-correlated relaxation rates0HαCα,HNN and
0HαCα,C′ both provide experimental information about
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Figure 4. Correlation of the experimentally measured cross-correlated relaxation rates (top) and deuterium shifts (bottom) vs. theψ-angles in
the NMR structure ensemble of the SH3 domain without (left) and with (right)ψ-refinement. The filled circles represent the experimentally
measured values vs. theψ angles in the NMR ensemble (10 structures) for all residues whereψ restraints have been applied.

the backbone angleψ. However, the angleψ is not
defined uniquely even when both relaxation rates are
known, because the functions0(ψ) have a similar
degeneracy and phase with respect toψ (Yang and
Kay, 1998). Theψ dependence for0HαCα,HNN and
0HαCα,C′ (ψ) are given by (Reif et al., 1997; Yang
et al., 1997):

0HαCα,HNN(ψ) = κdd/2(3 cos2 θdd− 1) (3)

0HαCα,C′(ψ) = κdc/2{σx(3 cos2(θx)− 1)

+ σy(3 cos2(θy)− 1)

+ σz(3 cos2(θz)− 1)} (4)

in which κdd = (2/5)(µ0/4π)2h̄2γCγNγ2
Hr−3
(Hα−Cα)

r−3
(HN-N)τcS2

cross, θdd is the angle between the two dipo-

lar interactions andκdc = (4/15)(µ0/4π)h̄γ2
CγHB0

r−3
(Hα−Cα)τcS2

cross, see Materials and methods section
for the other parameters.

Equations 3 and 4 can be rearranged into Karplus-
like equations of the form:

0(ψ)[s−1] = A cos2(ψ− D)+ B cos(ψ− D)+ C

(5)

The Karplus coefficients A, B, C and D depend on
the molecular geometry and the dipolar and CSA in-
teractions. For0HαCα,C′ (ψ) they are derived in the
Materials and methods section. The H/D isotope shifts
31Cα

(ND) are correlated to the backbone angleψ by a
different Karplus-type relation which is only twofold
degenerate and has a different phase:
31Cα

(ND)(ψ)[ppb] = 22.2 cos(ψ− 90◦)+ 30.1 (6)

Theoretical Karplus curves for0HαCα,C′ and31Cα
(ND)

are shown in Figure 3. Because the Karplus equations
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Table 1a. Structural statistics for the SH3 domain

# Unrefined ψ-refined

<SA> <SA>

Rms deviation (Å) from experimental distance restraintsa

Unambiguous (total) 674 0.0073±0.0006 0.0076±0.0006

Hydrogen bonds 48 0.0060±0.0020 0.0062±0.0025

Rms deviation (◦) from experimental torsion angle restraintsb

Dihedral angles (40φ and 13χ1) 53 0.0±0.0 0.0±0.0

Rms deviation from experimentalψ angle restraintsc

Cross-correlated relaxation rates (s−1) 40 4.61±0.79 1.22±0.08

Deuterium shifts (ppb) 40 7.52±0.76 5.32±0.11

Deviation from idealized covalent geometry
Bonds (Å) 0.0009±0.00004 0.0009±0.00003

Angles (◦) 0.272±0.003 0.279±0.003

Impropers (◦) 0.041±0.018 0.0076±0.0007

Coordinate precision (Å) N, Cα, C′ (residues 8–60)d

NMR vs.<NMR> 0.46±0.11 0.38±0.07

NMR vs. X-ray 0.66±0.21 0.55±0.25

NMR refined vs. unrefined 0.22

Structural quality
EL.−J.

e −222.5±10.8 −220.7±8.3

% Residues in most favored region of Ramachandran plotf 80.0±6.0 88.0±1.4

% Residues in additionally allowed region 17.4±5.3 10.0±1.4

# Bad contacts (PROCHECK) 0.5±0.70 0.2±0.42

a−fSee Table 1b.

for cross-correlated relaxation rates and the H/D iso-
tope shifts introduce different types of ambiguities, a
combination of0HαCα,C′ and31Cα

(ND) can be used to
uniquely defineψ. For theα-Spectrin SH3 domain, the
experimentally determined relaxation rates0HαCα,C′

and isotope shifts31Cα
(ND) are plotted against theψ

angles found in the crystal structure (Musacchio et al.,
1992) (Figure 3). A very good agreement is found for
both0HαCα,C′ and31Cα

(ND), indicating that they pro-
vide a useful measure for theψ angle. Furthermore,
the small rmsd (6.9 ppb) between the experimental
31Cα

(ND) and the isotope shifts calculated based on

the 1.8 Å crystal structure of the SH3 domain, is an
independent confirmation of Equation 6, which was
derived for ubiquitin (Ottiger and Bax, 1997).

The good correlation between the experimental pa-
rameters and the crystal structure prompted us to use
0HαCα,C′ and 31Cα as restraints for NMR structure
refinement. During the structure calculations Karplus-
type potential functions were applied, similar to those
used for direct refinement against3J(HN,Hα) coupling
constants (Kim and Prestegard, 1990; Mierke and
Kessler, 1992; Garrett et al., 1994). The following

harmonic potentials were used for the cross-correlated
relaxation rates E0 and the H/D isotope shifts E1:

E0 = k0{0HαCα,C′(exp)− 0HαCα,C′(calc)}2 (7)

E1 = k1{31Cα
(ND)(exp)− 31Cα

(ND)(calc)}2 (8)

where (exp) refers to the experimentally determined
parameters, and (calc) denotes the values calculated
for a given structure using Equations 5 and 6, k0 and
k1 are the energy constants for the cross-correlated re-
laxation rates and the H/D isotope shifts, respectively.

Refinement of the backbone angleψ for anα-helical
and aβ-sheet protein
We applied the refinement method to two proteins: the
β-sheet SH3 domain and theα-helical HRDC domain.
Residues where backbone mobility was indicated by
a {1H}- 15N heteronuclear NOE< 0.7 were excluded
from the refinement, and restraints were only applied
to ψ angles if both parameters were available (40/41
for the SH3/HRDC domain). Small energy constants
of k0 = 0.05 kcal mol−1 s2 for 0HαCα,C′ and k1 =
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Table 1b. Structural statistics for the HRDC domain

# Unrefined ψ-refined

<SA> <SA>

Rms deviation (Å) from experimental distance restraintsa

Unambiguous 1660 0.0093±0.0024 0.0099±0.0019

Ambiguous 18 0.0031±0.0025 0.0042±0.0039

Hydrogen bonds 34 0.0062±0.003 0.0080±0.0019

Rms deviation (◦) from experimental torsion angle restraintsb

Dihedral angles (φ) 47 0.0±0.0 0.0±0.0

Rms deviation from experimentalψ angle restraintsc

Cross-correlated relaxation rates (s−1) 41 11.27±0.78 1.75±0.06

Deuterium shifts (ppb) 41 8.56±0.31 8.16±0.03

Deviation from idealized covalent geometry
Bonds (Å) 0.0012±0.0001 0.0013±0.0002

Angles (◦) 0.310±0.005 0.317±0.008

Impropers (◦) 0.041±0.031 0.0064±0.019

Coordinate precision (Å) N, Cα, C′ (residues 13–88)d

NMR vs.<NMR> 0.52±0.12 0.48±0.06

NMR refined vs. unrefined 0.30

Structural quality
EL.−J.

e −341.4±14.6 −349±24.1

% Residues in most favored region of Ramachandran plotf 89.0±2.2 92.0±1.3

% Residues in additionally allowed region 10.6±2.2 8.0±1.3

# Bad contacts (PROCHECK) 0.6±0.51 0.1±0.31

<SA> is the ensemble of the 10 lowest-energy solution structures. The CNS (Brünger et al., 1998) ERepel function

was used to simulate van der Waals interactions with an energy constant of 250 kcal mol−1Å−4 using ‘PROLSQ’ van
der Waals radii as described by Linge and Nilges (1999).
aDistance restraints were employed with a soft square-well potential (Nilges and O’Donoghue, 1998) using an energy
constant of 50 kcal mol−1Å−2. Hydrogen bond restraints were derived from slow exchanging amide protons (Blanco
et al., 1997; Liu et al., 1999) and applied as 1.8–2.3 Å (H-O) and 2.8–3.3 Å (N-O) distance restraints. No distance
restraint was violated by more than 0.4 Å.

bφ Dihedral angle restraints of−60◦ ± 40◦ or −120± 40◦ andχ1 dihedral angle restraints of−180◦ ± 40◦, −60
± 40◦ or−60± 40◦ were applied using energy constants of 200 kcal mol−1 rad−2. No dihedral angle restraint was
violated.

cψ-restraints were applied as described in the text, using energy constants of 0.05 kcal mol−1 s2 for the cross-
correlated relaxation rates and 0.01/0.02 kcal mol−1 ppb−2 for the (SH3/HRDC)31Cα

(ND) isotope shift restraints.
dCoordinate precision is given as the Cartesian coordinate rms deviation of the 10 lowest-energy structures with
respect to their average structure.

eEL.−J. in kcal mol−1 is the Lennard-Jones van der Waals energy calculated using the CHARMM PARMALLH6
parameters. EL.−J. was not included in the target function during the structure calculations.

fExcluding glycine and proline residues.

0.01−0.02 kcal mol−1 ppb−2 for 31Cα
(ND) were used

in order to account for experimental uncertainties. Im-
portantly, k1 is small compared to k0, reflecting the
empirical character of31Cα

(ND) (ψ).
The results of the structure refinements of the SH3

domain and the HRDC domain are shown in Figures 4
and 5, respectively; the structural statistics are sum-
marized in Table 1. As can be seen from Figures 4
and 5, there are no ambiguities observed for any of the
restrainedψ angles. Furthermore, the residual rmsd
violations observed for the relaxation rates decrease

significantly in both proteins (Table 1). The small de-
crease of rmsd violations for the isotope shifts is a
result of the smaller force constant used for these re-
straints. Nevertheless, the residual rmsds are within
the same order of magnitude as the rmsd obtained
when Equation 6 was derived (Ottiger and Bax, 1997).
Note that the residual rmsd should not be smaller in or-
der to prevent over-fitting of the data. A consequence
of using a smaller energy constant for the isotope shift
restraints is that they mainly serve to resolve the ambi-
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Figure 5. Results of theψ refinement for the HRDC domain (for explanations see Figure 4).

guities of0HαCα,C′ (ψ), and the refinement primarily
relies on the cross-correlated relaxation rates.

As expected, the refinement defines theψ angles
more precisely, which is reflected in an improved
backbone coordinate precision for the ensembles of
NMR structures (17% improvement for the SH3 do-
main). In addition, the structural quality is substan-
tially improved as indicated by the Ramachandran
plot (8% more residues in the most favored region
for the SH3 domain). Even for the HRDC domain,
which is already very well defined by NOEs, a sig-
nificant improvement is achieved. Furthermore, for
the SH3 domain the backbone rmsd between the crys-
tal structure and the NMR ensemble decreases upon
refinement, suggesting an improved accuracy for the
ψ-refined structures.

These data demonstrate that NMR structures can
be directly refined against a combination of0HαCα,C′

and31Cα
(ND) in order to improve the coordinate preci-

sion and structural quality. Note that0HαCα,HNN could
be used instead of0HαCα,C′ for the ψ refinement.
However, at higher B0 fields the0HαCα,C′ rates will
be larger than0HαCα,HNN and thus can be measured
more accurately. Also, a combination of both cross-
correlated relaxation rates and the H/D isotope shifts
could be used for theψ refinement, although it is un-
likely that the additional, redundant information will
lead to a further improvement.

Further considerations
It is important to recall that the cross-correlated re-
laxation rates are influenced by additional parameters.
For example, internal mobility affects the correlation
function involving the dipole-dipole and CSA inter-
actions, such that S2cross < 1 (Fischer et al., 1997;
Brutscher et al., 1998; Ghose et al., 1998). Since
the determination of S2cross is not straightforward, we
have excluded residues with local mobility of the
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peptide bond. Furthermore, the cross-correlated re-
laxation rates depend on the size and orientation of
the C′ CSA tensor (Figure 3, top). In Equations 4
and 5, a uniform CSA tensor has been assumed for
all carbonyls in the protein. However, this might not
always be the case, as has recently been shown for
the 15N CSA tensor (Fushman et al., 1998). Addi-
tional effects on0HαCα,C′ arise from deviation from
isotropic rotational diffusion. In principle, the effect of
anisotropic rotational diffusion on the cross-correlated
relaxation rates can be calculated (Ghose et al., 1998;
Fushman and Cowburn, 1999). However, for small
anisotropies of the diffusion tensor these effects are
small and can be safely neglected. The good agree-
ment between0HαCα,C′ and theψ angles which has
been observed for a number of proteins (Yang et al.,
1998; Chiarparin et al., 1999; this paper) suggests that
all effects described above are small. Nevertheless, it
is important to use rather weak energy constants for
refining against the experimentally measured0HαCα,C′

unless the residue-specific C′ CSA tensors and S2cross
are known.

For larger proteins (>20 kDa) the HCACO-type
experiments used for measuring31Cα

(ND) will suffer
from poor signal-to-noise. In that case, secondary Cα

and Cβ chemical shifts, which depend onφ andψ, or
other observables, which have a different degeneracy
with respect toψ than0HαCα,C′ , can be used to resolve
the ambiguities of0(ψ). With this modification theψ
refinement can be applied to larger proteins.

Conclusions

We have shown that the cross-correlated relaxation
rates0HαCα,C′ can be measured reliably from the
intensity ratio of cross peaks in two separate 3D ex-
periments. The new pulse sequence can be applied to
large molecules by combining it with the TROSY de-
tection scheme and optimizing the constant-time delay
for cross-correlated relaxation.

Furthermore, we have demonstrated that NMR
structures can be directly refined against a combina-
tion of 0HαCα,C′ and 31Cα

(ND) in order to uniquely
define the backbone angleψ. The ambiguities of
0HαCα,C′ with respect toψ are resolved by the ad-
ditional information available from the H/D isotope
shifts 31Cα

(ND). Small energy constants are used in
order to account for experimental uncertainties and
to consider the empirical nature of the correlation
between the H/D isotope shifts and theψ angle.

The ψ refinement leads to substantial improve-
ments in the quality of NMR structures as we have
shown for theβ-sheet SH3 domain and theα-helical
HRDC domain. The atomic coordinate precision and
the overall structural quality based on the Ramachan-
dran plot are significantly improved. In addition, the
ψ-refined NMR structures of the SH3 domain deviate
less from the 1.8 Å crystal structure, suggesting an im-
proved accuracy. The method is generally applicable
for refining protein NMR structures.
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