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A new pulse sequence for the direct measurement of hetero- of relaxation rates should be measured. One of the most
nuclear cross-relaxation rates is presented. The pulse sequence frequently measured rates is the heteronuclear cross-relax-
uses proton detection of transient carbon magnetization with sensi- ation rate s between an a carbon and an a proton or between
tivity-enhanced transfer of magnetization and pulsed field gradi- an amide nitrogen and an amide proton. This rate is sensitive
ents for coherence selection and water suppression. The hetero- to the difference of the spectral density at the frequencies
nuclear cross-relaxation rate is measured using either nonselective

vH / vX and vH 0 vX and probes the dynamics on theor selective inversion of all or particular protons. A technique for
nanosecond time scale. The cross-relaxation rate is usuallythe suppression of spin diffusion is also applied. The pulse se-
calculated indirectly from the measured heteronuclearquence is tested on a peptide with a selectively 13C-labeled a-
steady-state NOE and the longitudinal-relaxation rate of thecarbon. The directly measured rate is compared with and agrees
heteronucleus. Here we present a direct and selective methodwell with the cross-relaxation rates as traditionally calculated from

the steady-state NOE and carbon longitudinal-relaxation rate. for measuring the cross-relaxation rate between a hetero-
q 1997 Academic Press nucleus and any of its neighboring protons. The basic idea

of this experiment is the same as that described by Solomon
(4) . The sensitivity of the pulse sequence described here is
increased by proton detection of the heteronucleus magneti-INTRODUCTION
zation, which allows the method to be applied to samples at
millimolar concentration. Water suppression is performedThe dynamics of biomolecules can be probed by the NMR
with pulsed field gradients. The selectivity with respect torelaxation rates of intrinsic reporter groups such as the heter-
different protons surrounding the heteronucleus is achievedonuclei 13C and 15N. The interaction constants of the domi-
by using a selective proton pulse. The protons of neighboringnating dipole–dipole and chemical-shift-anisotropy relax-
residues are usually distant in space and they do not contrib-ation mechanisms are usually known and the distance be-
ute directly to the relaxation of the heteronucleus being stud-tween the heteronucleus and its neighboring proton is well
ied. By selective inversion of the studied pair of spins in thedefined. The relaxation rates of a heteronucleus–proton pair
middle of the mixing time, we could eliminate the effectscan be directly related to the parameters of molecular mobil-
of spin diffusion between spatially close protons. Theity. When using magnetic fields strengths on the order of 10
method to quench effects of spin diffusion is similar to theT, NMR relaxation is very sensitive to rotational diffusion
approach described previously for XD-NOESY (5) ,of medium-sized proteins, which occurs in the nanosecond
SNOESY (6) , and QUIET-NOESY (7) experiments.time region. From NMR relaxation experiments, is it possi-

We have previously mapped the spectral-density functionble to obtain a detailed description of molecular dynamics.
J(v) , describing the 13Ca– 1Ha vector dynamics of Leu10

Depending on the number and accuracy of relaxation rates
in the 22-residue peptide hormone motilin, by using threemeasured, the experimental data can be analyzed either by
polarizing fields 9.4, 11.7, and 14.1 T (8) and at severalusing the model-free approach (1, 2) or by the spectral-
temperatures at one field, 9.4 T (9) . The present study ofdensity-mapping technique (3) . In order to use the full po-
selective cross relaxation was undertaken in order to test thetential of these methods, all relaxation rates must be deter-
accuracy of the reported 13Ca– 1Ha cross-relaxation rates,mined without systematic bias and with high accuracy.
which were previously calculated from the steady-state NOE

In a detailed NMR study of protein dynamics, a number
and the carbon longitudinal-relaxation rate, and in addition
to gain a better understanding of the influence from other
protons on the a-carbon relaxation.‡ To whom correspondence should be addressed.
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98 ALLARD, JARVET, AND GRÄSLUND

THEORY NOESY experiment where it is defined as 0 (11, 12) . The
Solomon equation in matrix representation is

The Solomon Equations for Two Spins

The spin-system dynamics was analyzed using a two-spin dM
dt
Å 0RrDM , [6]

approximation as described in (10) . The 13C spin will be
denoted by 1 and the 1H spin by 2. The time dependence of

where DM Å M 0 M eq and the elements of the relaxationthe corresponding transient magnetizations M1 and M2 is
matrix R aredescribed by the Solomon equations

Rii Å ∑
j

rij / r*,dM1

dt
Å 0R11(M1 0 M eq

1 ) 0 s12(M2 0 M eq
2 )

Rij Å sij [7]
dM2

dt
Å 0s21(M1 0 M eq

1 ) 0 R22(M2 0 M eq
2 ) , [1]

where rij and sij are the individual auto- and cross-relaxation
rates and r* is a leakage term. The general solution for the
vector of transient magnetizations M , as a function of thewhere Rii is the longitudinal-relaxation rate of spin i and sij

mixing time t , isis the cross-relaxation rate between spins i and j . M eq
i is the

equilibrium magnetization of spin i . The general solution
M( t ) Å x01

rLrxrDM( t Å 0) / M eq , [8]of Eq. [1] for the relative magnetization of spin 1 after a
perturbation may be written

where L is a diagonal matrix with the diagonal elements
e0lit , and li are the eigenvalues of the relaxation matrix R .M1

M eq
1

Å 1 / C1e
0l1t / C2e

0l2t

M eq
1

, [2] x is the matrix of eigenvectors of R . DM( t Å 0) is the
value of DM after the initial pulse, which is the boundary
condition. The individual auto- and cross-relaxation rate con-where l1 and l2 are roots of the characteristic equation
stants are given by

l1,2 Å
1
2 rij Å S m0

4pD
2 g 2

i g
2
j \ 2

4r 6
ij

1 {(R11 / R22) { [(R11 0 R22) 2 / 4s12s21] 1/2} . [3]
1 [6J(vi / vj) / 3J(vi ) / J(vi 0 vj)] [9]

Consider the case where at time t Å 0, the magnetization of
spin 2 has been inverted by applying a 1807 pulse. After this sijÅ S m0

4pD
2 g 2

i g
2
j \ 2

4r 6
ij

[6J(vi / vj)0 J(vi 0 vj)] . [10]
pulse, the initial conditions are M1( t Å 0) Å /M eq

1 and
M2( t Å 0) Å 0M eq

2 . With these boundary conditions, the
The values of the constants used in Eqs. [9] – [10] are gHconstants in Eq. [2] become
Å 26.752 1 107 rad s01 T01 , gC Å 6.728 1 107 rad s01

T01 , \ Å 1.0546 1 10034 Js, and m0 Å 4p 1 1007 TmA01 .C1 Å 0C2 Å 02M eq
2 s21 / (l1 0 l2) . [4]

Pulse Sequences
The equilibrium initial state M eq

1 can be expressed as
Cross relaxation rates were measured using the pulse se-

quence shown in Fig. 1. The pulse sequence starts with a
M eq

1 Å
g1

g2

M eq
2 . [5] nonselective or selective inversion of proton magnetization.

After a variable mixing time mix, the magnetization is trans-
ferred to the J-coupled proton using sensitivity-enhancedThe Relaxation Matrix
coherence transfer (13, 14) of in-phase magnetization
(15, 16) for detection. Pulsed field gradients can be used forThe Solomon equations can easily be extended to more

spins and solved using a matrix representation (11, 12) . In coherence-order selection without sensitivity loss for supe-
rior water suppression (17) . In order to suppress the spinorder to follow the definition of equilibrium magnetization

introduced in the Solomon equations and used above, we diffusion (18) , we also performed experiments using a mod-
ified pulse sequence similar to QUIET-NOESY (7) . In thedefine the equilibrium magnetization as M eq . This is differ-

ent from what has been commonly used in describing the middle of the mixing time, both spins of the spin pair under
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99HETERONUCLEAR CROSS RELAXATION IN CARBON-13-LABELED PEPTIDE

lized peptide in 600 ml of 60% (v/v) H2O, 10% (v/v) D2O,
and 30% (v/v) deuterated 1,1,1,3,3,3-hexafluoro-2-propa-
nol. Twenty millimolar deuterated acetic acid was used as
buffer and the pH 3.9 was adjusted using minute amounts
of solid NH4HCO3. The sodium salt of 3-trimethylsilyl-
[3,3,2,2-D]-propionic acid was used as an internal chemical-
shift reference (0.2 mM) . The peptide concentration was
7.1 mM, estimated using the molar extinction coefficient of

FIG. 1. The heteronuclear pulse sequence with sensitivity enhancement tyrosine e274.6 nm Å 1420 M01 cm01 (19) .
for selective measurement of transient Overhauser effects. Black thin and
thick vertical bars represent 907 and 1807 pulses, respectively. Shaped pulses NMR Spectroscopy
are indicated with ellipsoid-shaped symbols. The gradients g1 and g2 were

All experiments were run at 357C using Varian Unityapplied with a strength of 30 G/cm during 1.0 and 0.2541 ms, respectively.
The delay d was set to 1/(4J) . The delays t1 and t2 were set to 1.37 and or Unityplus spectrometers operating at 600 MHz proton
0.5 ms, respectively. The phase is X when nothing else is stated. The phase frequency. The proton and carbon 907 pulse widths were
cycle: w1 Å X , 0X ; w2 Å X , X , 0X , 0X ; w3 Å Y , Y , 0Y , 0Y ; Acq. Å about 6 and 18 ms, respectively. The spectra were recorded
X , 0X , 0X , X . The simultaneous selective-inversion pulses in the middle

with a 6 kHz spectral window. The proton frequency wasof the mixing period mix, shown in brackets, are used to suppress the effect
centered on the water signal and the carbon frequency wasof cross relaxation caused by other protons. The spectrum is in this case

obtained by taking the difference between spectra recorded with and without set on resonance on the frequency of the 13C label. The
the initial proton inversion pulse. proton selective pulses used were 7 ms long and of I-BURP-

1 (20) type, centered at 2.6, 4.2, and 7.5 ppm for b, a, and
NH protons, respectively. Control experiments in order to
check off-resonance effects were run with the selective pulsestudy are selectively inverted. Then the direct cross relax-
centered at 0.0 ppm. A recycle delay of 5 s was used and aation between the two nuclei under study can be measured
total of 128 transients was acquired for each variable delayas a difference between two experiments where one of the
time mix. The list of mix used in the cross-relaxation experi-experiments starts with selective proton inversion and the
ments was 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45,other one without inversion. In this way, the effects of cross
0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.7, 1.9,relaxation involving other nuclei could be effectively sup-
2.1, 2.3, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 s. Each series ofpressed.
experiments, with 31 values of the delay time mix, took

Model of Dynamics about 6 h. Spectra were acquired using 83 ms acquisition
time, multiplied with a 5 Hz exponential line broadening,The dynamics of the motilin molecule can be described
and Fourier transformed into 8192-point frequency-domainby the model-free spectral-density function (1, 2)
spectra. The transient NOE curves were fitted using the pro-
gram gnuplot v.3.6 (21) , and reported errors of time con-
stants corresponding to a 68.3% confidence interval.J(v) Å 2

5 F S 2tM

1 / (vtM)2 /
(1 0 S 2)t
1 / (vt)2G , [11]

The relaxation-matrix calculations were performed using
Mathematica (22) software. The relaxation-matrix program

where was rewritten for heteronuclear spin systems and model-
free spectral-density functions, based on an earlier program

t01 Å t01
e / t01

M [12] generously provided by Dr. J. Shriver.

RESULT AND DISCUSSIONwith the generalized order parameter S 2 , an overall rotational
correlation time tM, and an effective internal correlation The pulse sequence presented in Fig. 1 was used in order
time te . to measure heteronuclear cross-relaxation rates in the sample

of motilin with a 13C label at the a carbon of Leu10 . The
EXPERIMENTAL transient magnetization curves of nonselective and selective

experiments are shown in Fig. 2. The transient magnetizationSample Preparation
curves were analyzed using the Solomon equations for a

Motilin was synthesized with a single 13C-enriched a car- two-spin system and the results are shown in Table 1.
bon in the leucine at position 10 (9) . Porcine motilin has

Nonselective Inversion of All Protonsthe sequence FVPIF5TYGEL10QRMQE15KERNK20GQ and
a molecular mass of 2698 Da with a single 13C label. The The cross relaxation rate, measured by nonselective inver-

sion of all protons is 0.15 { 0.003 s01 as seen in Table 1 andNMR sample was prepared by dissolving 12.7 mg of lyophi-
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from different protons. The incomplete inversion when using
a selective pulse can be taken into account by introducing
an inversion coefficient into Eq. [4] instead of a constant
value of 2, which is the value for ideal inversion. We ob-
served that the intensity of the part of a spectrum inverted
using a 7 ms I-BURP-1 pulse was 90% compared with the
intensity of the same part of a spectrum observed without
selective inversion. The 90% inversion corresponds to a in-
version coefficient of 1.9. The experimental transients were
analysed using Eqs. [2] – [5] , and the time constants from
the nonselective and the three selective experiments are
listed in Table 1. The use of an inversion coefficient in order
to account for the incomplete inversion directly affected the
measured values of the cross-relaxation rates. It should be
noted that some cross relaxation will also occur during the
time that the selective pulse is applied. The effect should be
small in our case since the length of the selective pulse
is much shorter than the time corresponding to the cross-
relaxation rates we are measuring. This problem may be

FIG. 2. Transient curves of 13C magnetization after nonselective inver-
avoided by using the approach by Kessler et al. (23, 24) , ifsion of all protons (open circles) , after selective inversion of a protons
relaxation during the selective pulse cannot be neglected.(filled circles) , after selective inversion of b protons (open squares) , and

after selective inversion of NH protons (filled squares) . The apparent cross- The cross-relaxation rate, measured by selective inversion
relaxation rates obtained from a fitting of the Solomon equations using a of the a proton, was 0.13 { 0.006 s01 as seen in Table 1 and
two-spin approximation are nonselective s(Hall

r Ca) Å 0.15 { 0.003 s01 , is somewhat slower than the cross-relaxation rate determined
selective s(Ha

r Ca) Å 0.13 { 0.006 s01 , s(Hb
r Ca) Å 0.033 { 0.001

from nonselective inversion. This could be expected if thes01 , and s(HN
r Ca) Å 0.013 { 0.002 s01 . It should be noted that the

contributions from other protons are not negligible. The car-cross-relaxation rates measured between the a carbon and the b protons or
NH proton are spin diffusion limited and not direct rates. bon and the selective-proton longitudinal-relaxation rate ob-

tained from the fitting are however not close to the directly
measured rates, see Table 1.is in reasonably good agreement with the cross-relaxation rate

For b protons and the NH proton (Fig. 2) , the two-spinsSSÅ 0.17{ 0.02 s01 , calculated from the steady-state {1H} –
model used for fitting rates is oversimplified. Although the13C NOE and the 13C T1 (8). The carbon and the nonselective
selective cross-relaxation rates reported in the legend of Fig.proton longitudinal-relaxation rates obtained from the fitting
2 for b and NH protons are smaller than the a-proton cross-are also close to the directly measured rates.
relaxation rate, we do not consider these rates to be direct

Selective Inversion cross-relaxation rates. They should rather be regarded as
secondary rates mediated by spin diffusion via the a proton.We performed selective experiments where we used selec-

tive pulses in order to separate the cross-relaxation rates In order to have a more realistic model for b and NH

TABLE 1
Relaxation Rates Describing the 13Ca–1Ha Vector Dynamics of Leu10 in the 22 Residue Peptide Hormone Motilin

Experiment sCH (s01) RC (s01) R(sel)
H (s01) R(ns)

H (s01)

Separate experimentsa: 13C T1 , 1H T1
(sel), 1H T1

(ns), and {1H}–13C NOE 0.17 { 0.02 2.30 { 0.02 3.30 { 0.01 1.22 { 0.01
Nonselective proton inversion 0.15 { 0.003 2.34 { 0.1 — 1.14 { 0.06
Selective a-proton inversion 0.13 { 0.006 4.49 { 0.4 1.24 { 0.1 —
Selective a-proton inversion with suppression of spin diffusion 0.13 { 0.006b 2.0 { 1.0b 3.3 { 1.0b —

0.13 { 0.003c 2.30c 3.1 { 0.1c —

Note. The cross- and longitudinal-relaxation rates were obtained from the transient magnetization curves using the two-spin approximation for the
Solomon equations. sCH is the heteronuclear cross-relaxation rate, RC is the 13C longitudinal-relaxation rate, and R(sel)

H and R(ns)
H are the selective and

nonselective 1H longitudinal-relaxation rates, respectively.
a Data from (8).
b From a three-parameter fit to the Solomon equations.
c From a two-parameter fit with the carbon longitudinal-relaxation rate (RC) used as a constant determined from an independent experiment.
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TABLE 2
The Internuclear Distances rij in Angstroms, Used to Calculate

Transient Magnetization Using the Relaxation-Matrix Approach,
as Derived from the Previously NMR-Determined Structure of
Motilin (25)

Ca NH Ha Hb1

Hb2 2.11 3.50 2.31 1.76
Hb1 2.15 3.90 2.50
Ha 1.09 2.92
NH 2.105

proton cross relaxation with the a carbon, we simulated a
five-spin system using the relaxation-matrix approach. We
included in the simulation the spin-1

2 nuclei of the leucine
residue that are close to the 13C-labeled a carbon, i.e., the
a proton, the two b protons, and the NH proton. The atomic
co-ordinates used in the calculations were taken from the

FIG. 3. Simulation of the transient magnetization curves using relax-NMR-determined structure of motilin (25) and the distances
ation-matrix calculations on a five-spin system and the corresponding exper-

used in the calculations are listed in Table 2. Incomplete imental results taken from Fig. 2. The five-spin system consists of the a
inversion of resonances is taken care of in the simulations proton, the two b-protons, the NH proton, and the a carbon. The internuclear

distances used in the simulation are listed in Table 2 and the cross-relaxationby setting the elements of the boundary-condition vector
rates are listed in Table 3.DM( t Å 0) in Eq. [8] equal to 02M eq

H for ideal inversion
and 01.9 M eq

H in the case of inversion by a selective pulse.
The leakage term r* in Eq. [7] is applied only for protons.
The leakage rate was assigned the value 1 s01 (26) . This methyl protons have a completely different spectral-density
additional rate will account for the relaxation caused by function, and even the proton–proton distance is time depen-
more distant protons. The numerical values of the model- dent.
free spectral-density function parameters used were tM Å The comparison between experimental data and simula-
2.95 ns, te Å 68 ps, and S 2 Å 0.87. These values had given tion using the five-spin system with the cross-relaxation rates
the best fit to the measured a-carbon T1 , T2 , and steady-state shown in Table 3 is presented in Fig. 3. These results show
{1H} – 13C NOE (8) . The structural parameters in Table 2 rather good qualitative agreement between experiment and
together with the dynamic data were used to calculate the simulation. The differences between the real and simulated
theoretical cross-relaxation rates shown in Table 3. curves are mainly due to the limited size of the simulated

It is extremely complicated to get a more accurate estimate system and the coarse approximation that all vectors can
for the contribution of distant protons, as they may also be described by the same set of dynamic parameters. The
experience different kinds of dynamics. For example, the difference between simulated and real transient magnetiza-

tion for the nonselective inversion is probably due to the
fact that neighboring protons with slow longitudinal relax-

TABLE 3 ation rates supply the a carbon with magnetization during
The Cross-Relaxation Rates (S01) of the Five-Spin System, long mixing times. The observed differences for the corre-

Calculated Using Eqs. [6]–[12] sponding selective experiment is mostly dependent on the
fact that we have used the faster cross-relaxation rate calcu-Ca NH Ha Hb1

lated from the steady-state {1H} – 13C NOE and 13C T1 (8)
in the simulation rather than that measured using transientHb2 0.003 00.078 00.94 04.8

Hb1 0.003 00.041 00.58 methods.
Ha 0.18 00.23
NH 0.003

Quenching of Spin Diffusion
Note. The dynamics of the molecule was described by a model-free

If one wants to use quantitative rates, the spin systemspectral-density function with the parameters tM Å 2.95 ns, te Å 69 ps,
must be simplified further as it is not possible to model theand S2 Å 0.87 (8). The internuclear distances used in the calculation are

listed in Table 2. contribution from other spins with the accuracy needed for
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getting accurate cross-relaxation rates. Now, using spin-dif-
fusion suppression, the system returns to equilibrium with
the fast selective a-proton longitudinal-relaxation rate (Fig.
4) . This allows the advantage of using shorter recycle delays
in the experiments.

The technique used here to decouple the cross relaxation
to other protons makes it, in principle, possible to measure
longitudinal-relaxation rates of the heteronucleus and the
proton as well as their cross-relaxation rate from a single
experiment. As seen in Table 1, a three-parameter fit to the
experiment gives reasonable values of the rates but with
relatively large uncertainties. Alternatively, if the 13C longi-
tudinal-relaxation rate is measured separately, a two-parame-
ter fit gives values with smaller uncertainties (Table 1). This
strategy could be useful in order to measure, in a single
additional experiment, the cross-relaxation rate and the pro-
ton selective-relaxation rate, both of which are needed for
spectral-density mapping.

FIG. 4. Transient 13C magnetization curves after a selective inversion
of the a-proton magnetization with (filled triangles) and without suppres- CONCLUSIONS
sion of spin diffusion (filled circles) . When suppressing the spin diffusion,
the a-proton and a-carbon magnetization is selectively inverted in the mid-
dle of the mixing time. The data with suppression of spin diffusion (filled We have described a selective transient experiment to
triangles) represent the difference of two experiments, using the pulse se- directly measure the NMR cross-relaxation rate of a J-cou-
quence shown in Fig. 1, where one of the experiments starts with a selective pled heteronucleus–proton pair. The sensitivity of this ex-
proton inversion. The curves are obtained from fitting of the Solomon

periment is enhanced by proton detection and could thereforeequations using a two-spin approximation, and the relaxation rates obtained
be applied to samples of millimolar concentration. The waterare presented in Table 1.
signal is suppressed using coherence selection by magnetic
field gradient pulses. The experiment can easily be extended
into a two-dimensional version, where the sensitivity-en-quantification. In order to further simplify the spin system
hancement technique can be applied to recover the loss ofunder study, we used a modified pulse sequence similar to
sensitivity which otherwise might accompany the gradientQUIET-NOESY (7) , as described under Theory. The cross
selection.relaxation from the a proton to other protons could in this

In comparison with Solomon’s original study of spin dy-way be effectively suppressed by using an experiment in-
namics of neat HF (4) , we are now able to study four ordersvolving selective inversion of a-proton and a-carbon magne-
of magnitude less-concentrated samples and to selectivelytization in the middle of the mixing time.
remove the cross relaxation from neighboring nuclei. DueThe resulting transient magnetization curve is shown in
to effective suppression of spin diffusion, short recycle de-Fig. 4. For comparison, the corresponding curve without
lays are possible. The selectivity of measured rates makessuppression of spin diffusion is also shown. It is obvious
this experiment useful for the study of molecular mobility.that suppression of spin diffusion significantly accelerates

The evaluated cross-relaxation rates in the heteronuclearthe return to equilibrium. The heteronuclear cross-relaxation
pair measured using the traditional heteronuclear steady-rate between the a carbon and a proton measured using
state NOE and the selective experiment described here arespin-diffusion suppression was 0.13 { 0.006 s01 (Table 1).
in reasonably good agreement.The main difference in the results from experiments of selec-

tive a-proton inversion with and without suppression of spin
diffusion appears in the longitudinal 13C and 1H relaxation
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