A\C\S

ARTICLES

Published on Web 10/02/2002

Longitudinal !H Relaxation Optimization in TROSY NMR
Spectroscopy

Konstantin Pervushin,* Beat Vdgeli, and Alexander Eletsky

Contribution from the Laboratorium’fuPhysikalische Chemie,
Eidgeri®sische Technische Hochschulénggerberg, CH-8092 Zich, Switzerland

Received June 3, 2002

Abstract: A general method to enhance the sensitivity of the multidimensional NMR experiments performed
at high-polarizing magnetic field via the significant reduction of the longitudinal proton relaxation times is
described. The method is based on the use of two vast pools of “thermal bath” H spins residing on
hydrogens covalently attached to carbon and oxygen atoms in 3C,*N labeled and fully protonated or
fractionally deuterated proteins to uniformly enhance longitudinal relaxation of the *HN spins and con-
comitantly the sensitivity of multipulse NMR experiments. The proposed longitudinal relaxation optimization
is implemented in the 2D [**N,'H]-LTROSY, 2D [**N,'H]-LHSQC and 3D LTROSY-HNCA experiments
yielding the factor 2—2.5 increase of the maximal signal-to-noise ratio per unit time at 600 MHz. At 900
MHz, the predicted decrease of the *HN longitudinal relaxation times can be as large as one order of
magnitude, making the proposed method an important tool for protein NMR at high magnetic fields.

Introduction centers'!~13 fast exchange of the labile protons with water in
The application of nuclear magnetic resonance (NMR) the SEA-TROSY experimedt:!> The limitations of these
spectroscopy to structure determination of proteins and nucleic methods stem from their abilities to enhance sensitivity only of
acid¢ with molecular masses exceeding 30 kDa is largely the very limited subset of thtH spins. For the special HMQC
constrained by two factors, the fast transverse relaxation of spinsclass of heteronuclear correlation experiments, implementation
of interest and the complexity of NMR spectra, both of which of the Ernst angfemight yield signal enhancement on the order
increase with increasing molecular s&z&.The TROSY tech- ~ of 25% by accounting for the finite rate of recovery to the
nique offers a simple and robust bypass solution to both of thesethermal equilibriunt® A sensitivity gain in the range of 10
problems when NMR spectroscopy is conducted at sufficiently 20% in TROSY spectroscopy can be obtained by an alternative
high magnetic field§. What is less appreciated as a factor approach that utilizes the intermediate storage of a part of the
limiting the sensitivity is the long longitudinal relaxation of the ~ steady-state magnetization of spion insensitive spirs with
1H spins at high magnetic fields and larger molecular weights. a pulse sequence element ISIS during the interscan &élay.
Long longitudinal relaxation times, which for proteins with Although the later represents a general spectroscopic technique,
MWs above 30 kDa are typically found to be in the range of the achieved gain is rather modest.
many secondéresult in a substantial loss of the signal-to-noise Here, we propose the use of two vast poolsldf spins
of the multipulse NMR experiments per unit time of the data residing on hydrogens covalently attached to carbon and oxygen
acquisitior8 Thus, any enhancement of longitudinal relaxation atoms in3C, 15N, or 5N labeled and fully protonated or
increases the sensitivity of NMR experiments. fractionally deuterated proteins to significantly and uniformly
Thus far, methods used to enhance longitudinal relaxation enhance longitudinal relaxation of thieN spins and concomi-
include the use of paramagnetic compounds such as MRItantly the sensitivity of multipulse NMR experiments. The NMR
contrasting reagentsl® naturally occurring paramagnetic metal experiments with the excitation/detection performed with the
IHN spins covalently attached to th#N spins are designed for
the assignment of the backbone resonances and collect ion
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structural constraints with larger proteins at high magnetic fields tion of spinl

and frequently utilize the TROSY principfeThe proposed

longitudinal relaxation optimization is implemented in the 2D 1N = Ny, — 1M (3.1)
[**N,*H]-LTROSY, 2D [**N,H]-LHSQC, and 3D LTROSY-

HNCA experiments yielding the factor-2.5 increase of the 1NNy — 1N (3.2)

maximal signal-to-noise per unit time measured with two
proteins, 7 kDa ubiquitin (PDB code 1UBI) and 44 kDa trimeric
B. Subtilischorismate mutase (PDB code 1COM). Calculations
predict that the optimal interscan delays in the longitudinal

relaxation optimized NMR experiments can be an order of

The single-transition basis operators refer to the transitieng and

3—4 of spinN and 13 and 24 of spinl in the standard energy-
level diagram for a system of two spins 1/2. The sensitivity of these
experiments is not compromised when a heteronuclear gradient echo
is applied®?” providing efficient elimination of the water resonance

magnitude shorter than those in the conventional experiments.¢.o - ihe resulting spectrum.

Thus, the longitudinal relaxation optimization might become
an important tool for NMR of proteins at 900 MHz.

Methods

In addition to the magnetization transfer pathways given by eqgs 3,
the experimental scheme of Figure 1a controls two additional magne-
tization flows given by egs 4 and 5 outlining the evolution of the density

operators of theé,© andl," spin groups, respectively
Signal-to-Noise per Unit Time and Longitudinal *H Relaxation.

The repetition rate of an NMR experiment is a function of the interscan |Zc —-CJ ZC — i|ZC (4)

delayd, performed between the last pulse of one scan to the first pulse

of the next scan. The signal-to-noise ratio per measurement time, (W W W (5)
z X z

referred as the sensitivity of the experiment, is given by &q 1

SN, = c(1 — exp(—Rd))/\/dy + d;

where theR is the longitudinal relaxation rate of the excited spits,
is the duration of the pulse sequence excluding data acquisitias,
the interscan delay, arglis a proportionality coefficient. For monoex-

ponential relaxation, the maximal sensitivBNymax = €0.714/d*; ~ Similar considerations allow the control of the parallel magnetization

c0.64+/Ris achieved at the optimal interscan deth§®* = 1.25R — transfer pathways in the experimental schemes of Figure 1b,c. In these

do. Thus, the efficiency of longitudinal relaxation of the excited spins cases, the separation betwd&rand | transfer pathways is achieved

defines the sensitivity of NMR experiments in the case, where many by applying*H" band selective J0excitation pulses using the distinct

repetitions of the excitation/detection cycles are performed. difference between chemical shifts of the amide and aliphatic protons.
Longitudinal relaxation of théH spins,|, to the thermal equilibrium, In the case of the 3D LTROSY-HNCA experiment the TROSY-type

129 can be modeled by the system of linear differential equations given transverse relaxation optimization is employed during the longCN

by eq 2, which are inhomogeneous with respect to exchangeable protongand C—>N polarization transfer periods.

in OH, NH;", COOH, guanidinium groups, and structural water

molecule&®

where the “plus” or “minus” signs can be arbitrarily controlled. For
example, the “minus” sign in eq 4 can be selected by removing the
13C 180 pulsey; from the experimental scheme of Figure 1a otherwise
the “plus” sign is obtained. The longitudindd relaxation optimization
occurs when both positive signs for the magnetization transfer pathways
of egs 4 and 5 are selected.

()

Results and Discussion

To enhance longitudindHN relaxation in the experimental
schemes of Figure 1 three independent magnetization transfer
pathways are constructed. The main pathway transfers the
steady-statéHN magnetization to the directly attach&t spin
and back for the signal acquisition. This pathway defines the
type of the NMR experiment performed. In the case of TROSY
of Figure 1a, the main pathway is outlined by eq¥® Jhe
IHC pathway represented by eq 4 returns the steady-4iite
magnetization to the z direction after the last" 961 pulse
of the pulse sequence. During thechemical shift evolution
period, thelH® magnetization is stored as a slowly relaxing
two spin order operato€,l,©.28 The steady state of th#HC
magnetization can be controlled by executing or omitting the
180 13C pulsey; in Figure la. The inversion of tHe® at the
beginning of the signal acquisition results in the rapid saturation
of the 'H® magnetization and as a consequence retarded return
of the IHN spins to the steady-state. The evolution pathway of
water magnetization is represented by eq 5. During tthe

diJdt =R(, - 1,5 + KI, (2)
whereR is the relaxation matri& K is the kinetic matrix collecting
chemical exchange constants between the individdakpins and
water:1, is a column vector consisting of the four groups of spins,
1IN, 1.5, 1,2, andl,, which represent théH spins covalently attached
to the 1N, 13C, and*®O atoms, and residing on the water molecules,
respectively. During the numerical integration of eq 2, the boundary
condition I(t) — 1,Y(0) = 0 is maintained assuming that (i) the
longitudinal relaxation time of water protons is significantly longer than
that of the proteirtH spins and (i) the protein solution is sufficiently
diluted. The initial values of theN, I.¢, I.°, and ¥ spins are set
according to the condition of the corresponding magnetization after
signal acquisition in analyzed NMR experiments. For each individual
amide proton,d™ is reported as a time point, at which the global
maximum of the functionZN(t)/\/f occurs fort > 0, thus avoiding the
problem of the deconvolution of the multiple exponential time course
of the functionIN(t).

Longitudinal Relaxation Optimized NMR Experiments. TROSY-
type heteronuclear correlation experiméfts™® select the two coher-  (22) weigelt, 3. Am. Chem, Sod998 120, 10 778-10 779.
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Figure 1. Experimental schemes for the longitudifé relaxation optimized (a) 2D*{N,*H]-LTROSY, (b) 2D ['*N,!H]-LHSQC, and (c) 3D *N,H]-
LTROSY-HNCA experiments. The radio frequency pulsestidn 15N, 13C, 13CO, and'H* are applied at 4.7, 118, 55, 174, and 4.7 ppm, respectively.
Narrow and wide black bars indicate nonselectivé &d 180 pulses, respectively. Complex shapes on the line malieddicate the!HN band-selective

1.5 ms excitation E-Burp2 puls&swith the phaseg; and¢s andyB; = 2733 H

z, the identical to the pulses and¢s but time-reversed excitation E-Burp2

pulse with the phasg, and the 1.8 ms refocusing R8urp pulsé! with the phaseps andyB, = 3050 Hz. The center of the excitation of &N band-

selective pulses is placed at 9.7 ppm. The line marked PFG indicates the

duration and strength of pulsed magnetic field gradients appliecaalsng the

The variable interscatH relaxation delay dis performed between repeated applications of the experimental pulse sequences. In (a), the defaya are
ms, 71 = 1.7 ms, and> = 2.0 ms. The PFGs a®;: 800us, 50 G/cmG,: 800us, 60 G/cmGs: 800us, 80 G/cmGy: ti2, 10 G/cm;Gy: ti2, —10 Glcm;

Gn: 800us, 50 G/cm;Gn: 800us, —50 G/cm;Gy: 800us, 10.13 G/cm. The

phases are= {y}; g2 ={y, =y, X, =x}; @3 ={y}; pa = {-¥}; g5 ={y,

=y, =%, x}; ¥1={x}; {x} for all other pulses. A phase-sensitive spectrum in'th&t;) dimension is obtained by recording a second FID for eacalue,

with o1 = {=y}; @2 ={y, =y, =% X}; @3 ={—¥}; @a = {¥}; g5 = {-y, ¥, X,
as described 1By. The broad band inversion of tH&C spins is achieved wi

—x}, Gn: 800 us, —50 G/cm;Gy: 800us, 50 G/cm and data processing
ith the 96-225,—90°% composite pulse® To eliminate the effect of the

longitudinal'H relaxation optimization, th&*C composite pulse; is not performed. In (b), the delays are= 2.4 ms,r; = 2.34 ms and3 = 2.4 ms. The
PFGs are5;: 800us, 50 G/cm;Gz: 800us, 70 G/cm;Gs: 800us, 80 G/cm. The phases ape = {X}; ¢2 = {y}; ¢3 = {X,—X}; ¢pa = {XX,—%X—X}; ¢p5 =

{x}; #6 = {X}; 7 = {x,—x,—xx}; {x} for all other pulses. Quadrature detect

ion in tHEt,) dimension is achieved by the States-TPPI methagplied to

the phaseps. To eliminate the effect of the longitudin&ii relaxation optimization 2m&H spin lock pulse at a field strength ¢B; = 20 kHz employed
to dephase th&H magnetization immediately after data acquisition. In (c), the delays;are2.4 ms,t, = 2.34 msz3 = 2.4 ms, andl = 15 ms. The PFGs
areGy: 800us, 50 G/cm;Gz: 800us, 70 G/cm;Gs: 800us, 80 G/cm. The phases ape = {X}; ¢2 = {y}; ¢3 = {X,—X}; ¢4 = {XX,—%,—X}; ¢5 = {X};

d6 = {X}; p7 = {X,—X—XX—XXX—X}; w1 = {X,—x}; {x} for all other pulses.

Quadrature detection in ¥#@*(t;) andH(t;) dimensions is achieved by the

States-TPPI methd@applied to the phasag; and¢s, respectively. Thé3CO spins are decoupled by the SEDUCE composite pulse decodpliag.the
fractionally deuterated proteins, the experiment can be performedMittecoupling during; achieved with WALTZ-168 at a field strength ofB; = 0.7
kHz. In (b) and (c)!*N spins are decoupled with GARPat a field strength of/B; = 2.5 kHz.

chemical shift evolution period transverse water magnetization
is dephased and rephased by a pair of weak PFG pulses t

prevent radiation damping. In the experimental scheme of Figure

la, almost 90% of the initial water magnetization is recovered.
Due to the fast chemical exchange betwéenof water and
majority of the O-boundH spins thd ° magnetization quickly
equilibrates with the,Y magnetization wittkey of the order of
1B st

As an application, the'fN,H]-correlation spectrum of the
44 kDa trimericB. Subtilischorismate mutase (BsCM, PDB
code 1COM) (Figure 2) was recorded with the LTROSY
experiment of Figure 1a with (Figure 2a) and without (Figure
2b) the longitudinal relaxation optimization of tREIN spins.
In all of the spectra of Figure 2 water magnetization was flipped
to the+z direction before signal acquisition. The protein was
uniformly 15N,13C-labeled and 35% randomly deuterated, dis-
solved in 95% HO/5% D,O at a concentration of 2 mM and
pH = 7.52% As expected, a uniform and significant improvement
of sensitivity was observed. Figure 2c shows the spectrum
measured with the conventional 2B ,'H]-TROSY?° where
water-flip-back pulseé® were replaced witAH® band-selective
1 ms E-Burp2 pulsé$ centered at 1.4 ppm with alH spins
resonating between 4.9 ppm ant2 ppm (including water)
flipped to the+z direction before data acquisition. In that case,
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Figure 2. Region of the 2DTN,'H]-LTROSY spectra of the ulfC,1>N]-
labeled 44 kDa BsCM measured with the experimental scheme of Figure
1a, (a), with the'3C 180 v, pulse applied and, (b), tHéC 180 pulsey:

is not performed. (c), The same spectrum measured with the conventional
2D [**N,'H]-TROSY? where the water selective pulses were replaced with
1HC band-selective 1 ms E-Burp2 puldkwith yB; = 4100 Hz centered at

1.4 ppm. In (c), all'H spins resonating between 4.9 ppm an@d ppm
(including water) are flipped to the-z direction before data acquisition.

a substantial improvement of sensitivity is also observed (Figure For all spectra 14@()*1024(tz) complex points were accumulated yielding

2c).
Systematic measurements3ii; as a function of the interscan
delay d were performed using the experimental schemes of

(28) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G.; Skelton, Rralein NMR
Spectroscopy: Principles and Practjokcademic Press: New York, 1996.

(29) Eletsky, A.; Kienliter, A.; Pervushin, KJ. Biomol. NMR2001

(30) Grzesiek, S.; Bax, AJ. Am. Chem. S0d.993 115 12 593-12 594.

(31) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93—141.
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timax = 20 ms andtzmax = 51.2 ms, respectively, with the interscéd
relaxation delayd; = 340 ms and 4 scans per increment. The sequence
specific resonance assignments of the cross-peaks are shown.

Figure 1, parts a and b, with two proteins, 7 kDa uniformly
15N,13C-labeled and uniformlyH,'®N,13C-labeled ubiquitin and

44 kDa uniformly!5N,13C-labeled and 35% randomly deuterated
and uniformly 2H,15N,13C-labeled BsCM. Figure 3 shows a
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Figure 3. Signal-to-noise ratios per unit tim&N;, in a series of the 2D
[*5N,H]-correlation spectra versus the interscih relaxation delay d
measured with (a) the d9C,15N]-labeled 7 kDa Ubiquitin and (b) the
u-[13C15N]-labeled 44 kDa BsCM. In (a) circles and triangles represent
SNt measured for GIn2 and lle13, respectively. The filled and open symbols
indicate SN; obtained using the experimental scheme of Figure la with
and without thé3C 180 pulseys, respectively. The gray symbols represent
9N in a series of the 2DPN,IH]-TROSY2? experiments with théH®
flip-back (see Caption to Figure 2c). In (b) circles and triangles represent
S/IN: measured for Ala55 and Glul7, respectively. The open and filled
symbols indicatéSN; obtained using the experimental scheme of Figure
1b performed with and without 2ni$1 spin lock pulse, respectively. The

fit of the experimental relaxation rates using eq 1 are shown by solid and
dashed lines.

2—2.5 times improvement of the maxim&IN; achieved for

both proteins in the protonated and fractionally deuterated states

An excellent fit between eq 1 and the experimental data is

60

Figure 4. Optimal interscartH relaxation delaysg, versus the protein
rotational correlation time of a model protein (ubiquitin, PDB code 1UBI)
calculated using the fullH relaxation matrix approaéh33 coupled with

the kinetic exchange of the labile protons with water (eq 2) (see the Methods
section). The thin and thick lines represent two sets of calculations with
the initial water magnetization fully saturatdg{(0) = 0) or in the thermal
equilibrium with the latticelgV(0) = 1,Veg), respectively. In (a), calculations
are performed for the U4N,13C] labeled ubiquitin for two sets of initial
conditions, (i), the initial magnetization of alH spins is zero, (i), the
initial magnetization ofHN spins is set to zero (upper curves) and tHé
spins are in the thermal equilibrium with the lattice (lower curves). The
curves represent the averaged recovery oftdl spins of ubiquitin. For
calculations, the Lipari and Szabo spectral density function @#tix 0.8

and ze = 100 ps are assumed. The experimentally determined optimal
interscantH relaxation delays for each individulN spins of u-f5N,13C]
labeled ubiquitin and ulfN,13C] labeled BSCM are shown with gray and
filled circles for the experiment of Figure 1b with and withdHtsaturation
shortly after the'HN acquisition. In (b), calculations are performed for the
u-[2H,15N,13C]-labeled ubiquitin in HO. The upper and lower curves
correspond to the range of the calculated responses for each inditittual
spin. The experimentally determined optimal intersttdmelaxation delays

for each individual'HN spins of u-PH,*>N,'3C]-labeled ubiquitin and
U-[2H,15N,13C] labeled BsCM are shown with gray and filled circles for
the experiment of Figure 1b with and withot saturation short after the

observed for both proteins (Figure 3). For the spectra measured*HN acquisition.

with the longitudinal relaxation optimization the optimal d
delays corresponding to the maximal values of3ii function

are reduced by a factor of 4 on average as it is predicted from

eq 1 and distributed in much narrower range than the optimal
d; delays measured without optimization (Figure 4). On the other
hand, no improvement i&N; was observed in the case where

all nonexchangeable protons were replaced with deuterons

(Figure 1 in the Supporting Information) establishing that the
sensitivity enhancement mainly results from the construction
of the H® magnetization transfer pathway of eq 4.

Full relaxation matrix analyst333 coupled with the kinetic
exchange of the labile protons with water was performed by
the numerical integration of eq 2. The calculated recovery of
the 'HN magnetization indicates that the significantly shorter
optimal interscand; delays are achieved in the longitudinal
relaxation optimized experiments as it is compared to the

standard experiments. In addition, a reduced dependence on the
saturation level of water magnetization (thin and thick curves
in Figure 4, parts a and b) is observed. A satisfactory
correspondence between the measured optinakelays and

the theoreticald; delays is obtained. Some deviation of the
optimal interscard; delays measured withC,'>N-labeled and
fractionally deuterated BsCM from the theoretical curve might
originate from (i) the partial dilution of thEHC spins by theH
spins, (ii) saturation of théHC spins of aromatic groups
resonating close to th#HN spins, and (iii) failure of the full
relaxation matrix analysis to adequately represent spin dynamics
in fractionally labeled protein® For the uniformly deuterated

(32) Olejniczak, E. T.; Gampe, R. T.; Fesik, S. W.Magn. Resonl986 67,
28—38.

(33) Boelens, R.; Koning, T. M. G.; Kaptein, B.Mol. Struct.1988 173 299—
309.
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Figure 5. 2D [1N,1H]-projection of the 3D LTROSY¥-HNCA experiment Figure 6. Optimal interscaHN relaxation delays, ¢l of a model protein

of Figure 1c with thé'H relaxation optimization applied to the &ij,13C]- (ubiquitin, PDB code 1UBI) versus polarizing magnetic field streriggh
labeled BSCM. The interscah relaxation delayd, = 340 ms. 124)*36- calculated using the fullH relaxation matrix approach (eq 2). The upper

1024 mol in r mul ieldi —5m and lower curves correspond to theN relaxation in LTROSY experiment
(:t2)130m5(22];2m£:ex52?2| rtrsls\l,v?e(;;eccctlijveﬁ/?;i%yalletgt"aifg?\xweaiur:ryrgzemr?txtime of Figure 1a and conventiondf,*H]-correlation techniques, respectively.

of 6 h (32 scans).
tudinal relaxation optimized NMR experiments are of an

ubiquitin and BsCM, a wide distribution of the optimal interscan order of magnitude shorter than that in the conventional
delays throughout the backborelN spins is predicted and  experiments.

actually observed in the experiment (Figure 4b) resulting in a  The concentration of the saturated protons is almost 5 times
nonuniform appearance of the signal intensities in NMR spectra. smaller than that of the protons with the corresponding
Within the scope of the proposed approach this situation cannotmagnetization returned back to the thermal equilibrium. Thus,

be improved. in the spin-diffusion regime the dipotelipole interactions
At high magnetic fields a viable solution to the longitudinal petween dilutedHN spins and abundant “thermal bath” spins
relaxation optimization can be obtained by the use oftfé are not expected to perturb significantly the equilibrium state
band selective excitation pulses. Figure 5 shows 2N,{H] of the abundant spins. The effective longitudinal relaxation
projection of the 3D LTROSY-HNCA spectrum of*3C,>N enhancement of th&HN spins throughout entire multidimen-

labeled and 35% deuterated BsCM measured with the eXpeI’i-siona| NMR experiments can be obtained provided that the
mental scheme of Figure 1c. The uniform excitation via the magnetization of the thermal bath spins is maintained close to
HN region was obtained with the E-Burp2 and time reversed its thermal equilibrium or returned to the thermal equilibrium
E-Burp2 pulses! No active selection of the TROSY pathway  state before the signal acquisition as it is implemented in the
was employed that would require implementation of additional experimenta| scheme of Figure 1, parts b and a, respective|y_
HN selective 90 pulses. For the majority of the backbone amide The dilution of the thermal battH spins with?H spins reduces
groups of BsCM, the anti-TROSY cross-peaks were not detectedthe efficiency of the longitudinal relaxation optimization, so that
due to strong transverse relaxation during theQimagnetiza-  the uniform deuteration of proteins should be undertaken with

tion transfer periods (Figure 5). care. At 900 MHz, the predicted decrease of#H¥ longitudinal

The source of enhanced longitudinal relaxatiortdf spins relaxation times can be as large as an order of magnitude making
to the steady-state level of the magnetization is the dipole the proposed method a valuable tool for protein NMR at high
dipole interactions between tAEN spins and all othefH spins magnetic fields.
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achieved when the magnetization of &\ group of spins is Acknowledgment. Financial support was obtained from the
selectively perturbed from the corresponding thermal equilib- ETH Zirich internal grant to K.P. We thank Silantes AG for
rium. Frequently, this regime is called selectiT; relaxation, providing us with thé>N-, 1°C-, and?H(<35%)-labeled bacterial

which proceeds much faster and exhibits only small polarizing growth medium for the BsCM preparation. We thank Prof.
magnetic field strength dependence in contrast to nonselectiveDonald Hilvert and Alexander Kiertier, ETH Zirich, for the

1H T, relaxation, where the effects of dipeteipole auto- and preparation of the NMR sample of BsCM.

cross-relaxation tend to compensate each cth&igure 6

compares the optimal interscendelays calculated as a function Supporting Information Available: Figure illustrating that

of the polarizing magnetic field strengBy for the longitudinal ~ No improvement inSN; was observed in the case where all
relaxation optimized experiments and conventional experiments.nonexchangeable protons were replaced with deuterons. This
Due to the increase of the nonselective longitudinal relaxa- material is available free of charge via the Internet at
tion times of the'H spins in proteins with the magnetic field  http://pubs.acs.org.
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