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Several methods are presented for the selective determination of In this Communication, we describe several one-dimension
spin-lattice and spin-spin relaxation rates of backbone protons in  methods to measure the transverse and longitudinal relaxati
labeled proteins. The relaxation rates of amide protons in *N labeled  ates of selected protons. These methods are parti
proteins can be measured by using two-way selective cross-polariza- ularly suitable when only a small number of protons in
tion (SC!D)_. The_measuremept of H* relaxation rates can be achieved strategic positions need to be characterized. The metho
by combining this method with homonuclear Hartmann—-Hahn trans- - .

use two-way selective cross-polarization (SCRJY,(20.

fer using doubly selective irradiation. Various schemes for selective or Th A f h . f d
nonselective inversion of the longitudinal proton magnetization lead e magnetization of a chosen proton Is transferred to

to different initial recovery rates. The methods have been applied to  Neteronucleus and back again (e, — "N — 'H) by

lysine K6 in “N-labeled human ubiquitin and to leucine L5 in ®N- applying two radiofrequency (RF) fields at the chemical
and “*C-labeled octapeptide YG*G*F*LRRI (GFL) in which the shifts of the two nuclei. Provided the amplitudes of the

marked residues are *N- and “C-labeled. © 1999 Academic Press continuous-wave RF fields are very weak (e.g., about ha
the magnitude of the relevant heteronuclear scalar col
pling), the effect of RF field inhomogeneities becomes neg
Dynamic processes in peptides and proteins can be charadigible (19). Such experiments are more efficient than selec
ized by measuring relaxation rates'dfl nuclei (1, 2), of proton- tive heteronuclear correlation techniques obtained b
carrying °C nuclei @), and of carbonyf“C nuclei @). So far, inserting selective pulses into HSQC-type experiments. Th
relaxation rates ofH nuclei have not been exploited as much agngitudinal or transverse relaxation rates of selected prc
those of°N and *°C, despite the development of selective homaons can be measured in the usual fashion by using inve
nuclear magnetization transfer methods which make it possiblesi@n-recovery or Carr—Purcell-Meiboom-Gill (CPMG)
measure proton relaxation parameters in proténg)( Because methods prior to selective cross-polarization. Water sup
proton relaxation often obeys multi-exponential laws, the dec@yession can be achieved by applying gradients while th
and recovery curves may be difficult to interpret. Moreovefgngitudinal magnetization resides on tf&, without re-
homonuclear scalar couplings between protons lead to mod@aurse to any selective proton pulses, thus avoiding satur
tions of spin-echoes. Nevertheless, the initial rate approximatigon effects and signal attenuation.
can usually provide reasonable estimates of self- and cross-relaxsigure 1a shows the selective detection scheme that has be
ation rates 7-10. Longitudinal proton relaxation rates have beepsed to measure longitudinal and transverse relaxation rates
determined in°N-labeled proteinsi(l, 1. Structural changes in individual amide protons if°N-labeled proteins or peptides.
peptides and proteins can be inferred from line-broadening migure 2 shows the recovery of the longitudinal magnetizatiol
proton signals 13) and proton relaxation measurements allowf the amide proton of lysine K6 in ubiquitin following a
identification of dimeric domains in proteind4). In paramag- nonselective inversion pulse. It is strongly affected by cross
netic proteins11, 15, 1§ the proton relaxation rates are enhance@laxation with neighboring protons. The Solomon equatiot
in the vicinity of paramagnetic centers7. Analysis of nitrogen describing the time-dependence of the longitudinal magnetiz:
relaxation in terms of spectral densities requires the determinati@h of a chosen protoh interacting withN other protond,
of the auto-relaxation rate of the proton directly attached to t@d with a heteronuclear sp® is given by
nitrogen (L8).

' E-mail: miquel@aguille.qo.ub.es. Fax: 34 93 3397878. dAl;,(t)/dt
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DETECTION PREPARATION

Selective Detection of Amide Protons Semi-selective Inversion with BIRD module
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FIG. 1. Modules for sequences for the determination of longitudinal and transverse relaxation rattésued H* protons in peptides and proteins. (a)
Selective detection df,(H") and (b) selective detection &f(H®) in N labeled macromolecules. Extended horizontal rectangles correspond to low-amplitt
spin-locking pulses for heteronuclear cross-polarization transfer arithNfalecoupling. Between the two cross-polarization steps; tthenagnetization is stored
along thez axis, while the magnetization of thespins (including solvent magnetization) is destroyed by/2pulse, sandwiched between two gradient pulses
that spoil the transverse magnetization. The cosinusoidally modulated rectangle in (b) corresponds to a doubly selective irradiation @3/ Ydhreatri@nsfer
of magnetization between“tand H'. (c) Semi-selective inversion of dlj(H") using a BIRD pulse sequence (the narrow open rectangle represeftpalse
that is alternated in phase). (d) Selective inversion of a chbgeY) with two selective cross-polarization (SCP) steps. The phase-cycling is common for .
the sequencesh; =y, =Y, ¥, =Y, ¥s =¥, ¥ =¥ b2 = X, X, =X, =X, X, X, =X, =X, ds =V, Y, Vo Y, =Y, 7Y~V Y5 Drecever = Xo —X, —X, X, =X,

X, X, —X. If sequence (b) is used, = x in the first 8 scans andl, = —x in the next 8 scans, while the receiver phase is reversed between the first and sec
series of 8 scans.

wherep; is the self-relaxation rater; and oy are the homo- not perturbed in experiment B. This amounts to observing th
and heteronuclear cross-relaxation ratels;(t) = 1,,(t) — |y, return to the demagnetized state, rather than to thermal equili
Al,(t) = 1;,(t) — 15, andAS,,(t) = S,(t) — Si, wherel, rium. Equation [1a] must be replaced by

I, andSg; are the expectation values of thg, 1, andS,,

operators in equilibrium. Effects of cross-correlation between Argy 1B A B

fluctuating interactions are neglected. The initial rate of recov- dl15(t) — 1M 1dt = —pi[15(t) — 15(t)]

ery is determined not only by the inversion f through =3 Nioy[1 ) — 15(D)]

Al (t = 0), but also by the initial conditional,(t = 0) of A 5

all protons in the vicinity and bAS,,(t = 0). Provided one — ol Selt) — Sit)]. [1b]
doesnot apply any pulses to the neighboring protdnand to

the S, spins, Eq. [1a] can be simplified sinad,(t = 0) = The initial rate is determined by the conditions immediately
AS(t = 0) = 0. after the preparation period:

To compare the various experiments presented in this Commu-
nication, it is convenient to record inversion-recovery data in the . A s B A 8
manner of “difference spectroscopy.” If one considers inversion- lt'LT(‘) dll(t) — (v 1/dt = —pi[15(0) — 13(0)]
recovery spectra such as in Fig. 2, the corresponding difference
spectra of Fig. 3 can be obtained simply by subtracting the =3 Nioy[15(0) — 15(0)]
equilibrium magnetization. Thus, Eq. [1a] must be considered _ Ay B
twice with two different sets of initial conditionsAl(t = 0), 7iSi(0) = S(0)]. [2]
AlE(t = 0), Al (t = 0), Al5(t = 0), ASi(t = 0), andAS (t = 0),
where experiment A refers either to selective, semiselective, Ibthe componentd;,(0) andS,,(0) are prepared in the same
nonselective inversion, while the initial populations are usuallyay (e.g., inverted or left unperturbed) in the two experiment
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FIG. 2. Combination of nonselective inversion recovery with selective observatior af Bsine K6 (4.1 ppm downfield from the water resonance) in a
1.5 mM sample of*N-labeled human ubiquitin (in }0/D,0 9:1). For all experiments 128 scans were accumulated at 303 K and 300 MHz, using the sequ
of Fig. 1a preceded by a nonselective protopulse and recovery intervals ranging from 5 ms to 5 s. The spin-locking fields are set to about 40 Hz with a dure
of 11 ms.

A and B, the initial valuesI[;(0) — 13(0)] and [S(0) — selectivity of the initial inversion. One can set up suitable initial
Se(0)] vanish. conditions in view of separating cross- and self-relaxation rate
In macromolecules such as ubiquitia & 4 ns at 300 K), the For H' amide protons in proteins and peptides, an importar
number N of neighboring protons can be very large, so thatontribution to the initial recovery rate stems from the cross
different inversion schemes have a strong influence on the initialaxation rates; between H and the neighboring Hproton.
recovery rates (Table 1). On the other hand, in a small pepti@leis contribution can be easily removed if only the amide proton
such as GFL the cross-relaxation rates are smaller than the smié inverted with a sequence for “bilinear rotation decoupling
relaxation rates and the density of protons is lower than in ubiBIRD) (21). To obtain difference spectra one may alternate th
uitin, so that the initial recovery is not strongly affected by thphase of one of the adjacen2 pulses applied toN in the BIRD

Ubiquitin GFL

Intensity
Intensity
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FIG. 3. Inversion recovery curves obtained in the manner of difference spectroscopy with different inversion schemes (a)"fqrtten-bf lysine K6
in ubiquitin and (b) for the M proton of leucine L5 in GFL peptide (YGGFLRRI). (x) Nonselectirgoulse; () BIRD inversion as in Fig. 1c;®) two-way
SCP as in Fig. 1d. The initial recovery rates derived from the curves are given in Table 1.
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TABLE 1 partly cancels the first ternp; and X0y having opposite signs.
Initial Rates of Recovery Measured Therefore, the BIRD inversion of the"Hhuclei, which allows one
with Different Inversion Methods to remove the effect of the second term in Eq. [2], leads to a

acceleration of the decay of the'ifhagnetization. Inversion of the

N" of lysine K6 in  N" of leucine L5 in GFL L .
y H" magnetization by a BIRD sequence leaves the aromatic pr

Inversion scheme ubiquitin® (s™) (s™
tons unaffected, hence Eq. [2] becomes
Nonselectiver 1.55 (1.50-1.60) 1.33(1.20-1.46)
BIRD module of Fig. 1c  4.68 (4.26-5.10) 1.60 (1.53-1.67) . Aty _ |B _ A B
Scheme of Fig. 1d 5.64 (5.08-6.20) 1.65 (1.50-1.80) l'ﬂg dl1(t) — () )/dt = —pi[15,(0) — 15(0)]
At 300 MHz and 303 K in HO/D,O 9:1. _ ja:rpiide'sb_ij[l JAZ\(O) _ I]BZ(O)] [3]

® GFL = TGGFLRRI, measured at 500 MHz and 300 K in D6-DMSO.
®Numbers in brackets give estimated confidence limits.

The contributions to the initial recovery rate of a selectetd H

proton stemming from cross-relaxation to other amide protons a
sequence in Fig. 1c. Note that it is not possible to subtract thfien not negligible. Such contributions can be removed by s¢
equilibrium magnetization in this case because of transverse legtively inverting only the amide proton under investigation. This
laxation during the BIRD sequence. One also has to pay attent@@m be achieved by using two selective heteronuclear cross-pol
to cross-relaxation betweerl'tand the attachetiN nucleus. The ization steps as shown in Fig. 1d. It is possible, as in the BIRI
effect of heteronuclear cross-relaxation (which is proportional sgequence of Fig. 1c, to observe the return to the demagnetiz
0 AS,) is equivalent to homonuclear cross-relaxation (propostate by phase-alternating one of the spin-locking pulses applied
tional to o;Al;;) between two protons separated by about 3, 5, tire nitrogen-15 channel, while alternating the receiver phas
7 Afor 7. = 1, 4, or 12 ns at 400 MHz. The effect of the attache@ross-relaxation pathways involving other protons are eliminate
N nucleus can be averaged out by alternating the phaséthe since both experiments A and B are identical from the point o
first proton#/2 pulse in the BIRD sequence in both experimentgew of protons that are not filtered through the selected nitrc
A and B. This changes the relative signlgft = 0) with respect gen-15 nucleus. The effects of heteronuclear cross-relaxation c
to S(t = 0) just after the BIRD sequence. Measurements Bn Hbe cancelled by alternating the phabe of the first protonm/2
of lysine K6 in ubiquitin and of leucine L5 in GFL (YGGFLRRI) pulse in Fig. 1d. Thus, for each of the two experiments A and
are shown in Fig. 3. The initial recovery rates measured wittvhich differ in the phaseb, = *x of the first selective pulse
BIRD and with a nonselective inversion are given in Table applied to*°N), one must alternate the phabg = +y of the first
along with estimated confidence limits. The rates were obtaingbton pulse, while alternating the receiver phase. With referen
by Levenberg—Marquardt nonlinear fitting of the recovery curvem Eq. [2], it is apparent that the experiment of Fig. 1d causes tt
The relaxation of the amide proton is slower after nonselectilast two terms to vanish completely so that neitbgrnor oy
inversion than after semiselective inversion. Indeed, after nonséfect the initial recovery. The initial recovery rates obtained witt
lective inversion the first two terms on the right-hand side of Ethe scheme of Fig. 1d (see Table 1) are the fastest in the seri
[2] contribute. In both GFL and ubiquitin the cross-relaxatiothus proving that cross-relaxation is largely suppressed.
rateso; are negativer, > 1/w,) so that the second term of Eq. [2] When the selective detection scheme of Fig. 1a follows a Car
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FIG. 4. (a) Transverse relaxation measurement dfitdLysine K6 of ubiquitin, recorded using a CPMG-module with intervals of 4 ms between the prot
7 pulses. The curve is fitted with expt/T,)cos(Jt) (where bothT, andJ are adjusted) in order to take into account the homonuclear scalar cobitftH"),
found to have a magnitude of 7.1 Hz. (b) Longitudinal relaxation after nonselective inversiohioflisine K6, detected with the module of Fig. 1b.
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Purcell-Meiboom-Gill spin—echo sequenéé)( itis possible to 6. B. Boglat and_G. Bod(_enhausen, Measurement of proton relaxation
measure transverse relaxation rates of selected protons. The ech&tes in proteins, J. Biomol. NMR 3, 335-348 (1993).

decay for H' of lysine K6 in ubiquitin is shown in Fig. 4a. 7- R L. Vold and R. R. Vold, Transverse relaxation in heteronuclear

All experiments can be adapted to observé pfiotons in coupled spin systems: AX, AX, AX; and AXY, J. Chem. Phys. 64,
15 . . » 320-322 (1976).

N-labeled proteins, as shown in Fig. 1b. TlhEH*) magne- , o _
tization can be transformed intQ(HN) throuah the scalar 8. R. L. Vold and R. L. Vold, Nuclear magnetic relaxation in coupled spin

. 3 LN . 9 systems, Prog. Nucl. Magn. Reson. Spectrosc. 12, 79-131 (1978).
coupling *J(H*H™) using a homonuclear Hartmann—-Hahn _ .

f . doublv selective irradiation (DSE 6 23 For 9. L. G. Werbelow and D. M. Grant, Intramolecular dipolar relaxation
transtfer usmg_ ou y_ \ Ve . in multispin systems, Adv. Magn. Reson. 9, 189-299 (1977).
the sake _Of IIIUStratIOn' We ha_ve combined _thIS detecnci%. J. Kowalewski, Nuclear spin relaxation in diamagnetic fluids. Part 1.
scheme W'”_‘ nonselective inversion recovery. F_'QU_r_e 4b ShOWS General aspects and inorganic applications, Ann. Rep. NMR Spec-
a nonselectivd; measurement of Hin K6 in ubiquitin. trosc. 22, 308-414 (1990).

The experiments presented in this work allow one to measure |. Bertini, M. M. J. Couture, A. Donaire, L. D. Eltis, I. C. Felli, C.
longitudinal and transverse relaxation times of chos€mmhtl H Luchinat, M. Piccioli, and A. Rosato, The solution structure refine-
protons in**N-labeled peptides and proteins. These methods allow ment of the paramagnetic reduced high-potential iron-sulfur pro-
one to separate different contributions to longitudinal relaxation, " ! from ectothiorhodospira halophila by using stable labelling

. . . . .. " and nuclear relaxation, Eur. J. Biochem. 241, 440-452 (1996).
The one-dimensional experiments are time-efficient and easy to

implement. Thev are particularly suitable when onlv a few rotor%' J. R. Gillespie and D. Shortle, Characterization of long-range struc-
P ’ y p y Yy P ture in the denatured state of staphylococcal nuclease |. Paramag-

in strategic pOSitionS_ne_e_d to be_ investigated. netic relaxation enhancement by nitroxide spin labels, J. Mol. Biol.
Experiments on ubiquitin (obtained from VLI research, 1.5 mM, 268, 158-169 (1997).

H,0:D,0 9:1, pH 4.5) were performed with a Bruker DRX-30013. G. S. Shaw, R. S. Hodges, and B. D. Sykes, Calcium induced

spectrometer equipped with an inverse detection double resonancepeptide association to form an intact protein domain. "H-NMR

probe, while experiments with the octapeptide GFL (TGGFLRRI, structural evidence, Science 249, 280-283 (1990).

enriched in 6 sites: TGN,”C]G["*N,"C]F[*N,“C]LRRI, 1

mM in Dg-DMSO, Cambridge Isotope Laboratories Inc.) were
carried out on a Bruker DMX-500 spectrometer with an inverse
detection TBI triple resonance probe. The temperature was St

to 300 K for GFL and to 303 K for ubiquitin.
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