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A relaxation network has been calculated for multipolar AMX ~ CSA cross-correlations. We are therefore interested in seeir
systems under application of a spin-locking RF field. Systems of  how these cross-correlations are blocked upon application of
this type are of interest in the study of proteins with fractional *H spin-locking field on the nuclei.
gnrichment. All possible auto- and cr_oss-correlation terms involv- Relaxation dynamics with and without application of an RF
ing dipolar, quadrupolar, and CSA interactions have been taken o4 in homonuclear and heteronuclear multispin 1/2 system
into account. The rgsults sh_ow the presence o_f spectral densities a_t have been considered by various authdé-27. There are
zero frequency for interactions associated with the locked nuclei, - . . e
which are nonvanishing in the absence of fast motions. In addi- two main advantages of app'y'”g RF fields in thes? SyStemS
tion, the application of a spin-locking field blocks certain cross-  Fir'st, on- and off-resonance RF fields block or modify certain
correlation interactions, thereby considerably simplifying the re- relaxation pathways, thus simplifying the interpretation of ex-
laxation network. © 2000 Academic Press periments. Second, the spin-locked relaxation contains nonvs
nishing contributions from slow dynamic processes, which is
especially important for large biomolecules.

INTRODUCTION This paper shows the derivation of a full relaxation matrix
for heteronuclear AMX systems with spins 1/2, 1/2, and 1,

Nuclear magnetic relaxation has proved to be a very valtespectively, with and without application of an on-resonance
able tool in the study of molecular dynamics, ). NMR spin-locking field. Auto- and cross-correlation terms betweer
relaxation effects are also a primary source of structural infattipolar, quadrupolar, and CSA interactions have been take
mation @, 4). Among the most widely used experiments fointo account. We have previously performed similar calcula-
studying biological macromolecules are NOESY) @nd its tions for the case of multipolar AX systemB0j. The AX spin
counterpart under application of a radiofrequency (RF) fieldystem does not have dipolar—dipolar cross correlations, whic
ROESY @, 7). The disadvantage of the former is that crosgnder certain spin locking condition, may compete with strong
peaks vanish within a certain motional regime, whereagiadrupolar relaxation mechanism in AMX spin system as will
ROESY is free from this problem. Both NOESY and ROESYe shown later.
experiments rely on the effect of cross relaxation between
different spins. The intensities of cross peaks reflect the THEORY
strength of homonuclear or heteronuclear dipolar interactions,
thus providing information on the molecular e_nvironment. In The evolution of the density operatar, in the presence of
the presence of quadrupol&-{10 and CSA (1) interactions, relaxation is described by)
however, the situation becomes rather complicated, involving
various auto- and cross-correlation processes.

Investigations of the proteins by means of liquid-state NMR do
are presently restricted to molecular sizes of about 30 kDa, dt
using**C and®N heteronuclear spectroscopy. One way to push
this boundary upward is to combine such experiments wit . . . g - L
fractional’H enrichment {2, 13. And, since deuterium nuclei whherg H is the static 'Ham|lton|an¢r"‘ is the equilibrium
have spin= 1, quadrupolar interactions now come into playc.IenSIty operator,'anﬂz Is the re!axat|on superoperator. The
Typically, one obtains a heteronuclear spin system consistiltr%%f.!rator responsible for relaxation can be recast as spin ar
of 'H, *C (or *N)), and?H nuclei, and therefore systems of thiso - o© parts
type are considered in the present paper. Moreover, this is the
simplest spin system that simultaneously involves dipolar— F=> (-1) TV, [2]
dipolar, dipolar—quadrupolar, dipolar—-CSA, and quadrupolar— 74
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= —i[H, o] + R(oc — o°9), [1]
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TABLE 1
Nonzero Longitudinal Relaxation Matrix Elements
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TABLE 1—Continued
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TABLE 2
Nonzero Relaxation Matrix Elements with the Spin-1/2 Nucleus | Spin-Locked
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TABLE 2—Continued
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whereT, andV, are theqth components of spin and latticeHere p represents rank angl order. If w and A are the same,
operators, respectively, angl represents different relaxationthenJ{*(w) is called the auto-correlation spectral density, and
mechanisms. The density operator can be spanned over thdfsgtandA are different, thed"*(w) is associated with cross-

of orthonormal basis operators§ correlation of different interactions and will be denoted below
asK}"(w). Various spectral density functions have been re
o= ak [3] viewed by Woessner@).

The T}, operators are time-dependeritS), and for the
considered interactions they have the rank equal to two, whic
In these terms, the relaxation matrix elements are describedi®ymitted for simplicity. We assume that scalar relaxation of
the second kind24, 29 is not efficient. This is normally the

= > (=)Mo tr{y™ [T ., [TA, v"]]} case when spin-locking fields do not satisfy the Hartmann-
q p,—q p.q? ' .
LA Hahn condition,w,x # wiam (26), or when the quadrupolar
relaxation mechanism is not very efficient, as can be the cas
with for deuterons. Scalar relaxation of the first kind and randorn

field interactions have not been taken into account, becaus
they are rarely important. Moreover, the latter is represented b
rank-one tensors and therefore cannot give any interferenc
J*Nw) = Re (VE(t — T)Vg(t))exp(—im-)df. [4] effects with rank-two tensors in isotropic media. The following
expressions are used for the dipolar interaction between spir

0 k and|

8
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TABLE 3
Nonzero Relaxation Matrix Elements with the Spin-1 Nucleus S Spin-Locked
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TABLE 3—Continued
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4
Rie Y K%ES(O) + Kle’Es(ws)

3

1
Ri,s = 4KPS',EL)S(0) 3 N

E B
R?.u: \? Jis(w — w9 + \?
2.2 2.2

-3 e + 5

4 1
Rg,g =3 KPL’,EES(O) T3 IR (@ —

3

Rfo,u =4K %,Es(o) + 3K %Es(ws)

Rf] = —4K :?_',?(Uh)
Rg] = 74Kﬁ_’,(|:_(wL)

o) + 2 (w, + o)

: Jig(w) + ‘ Jis(w) +

3VE 1sl@) 3\/5 s(w + 09
4 D 4 D

- ﬁ Jls(w) + 37\’5 Jis(oL + 09

— ) + ZJPL(‘Ul + o) + 3KPs’,EL>s(ws)

2 22
(oL~ w9 = 3~ IR(w)

5
\

2.2
I + w9 + —— Il(w, + w9

3

o) + 637 (0, + o) + KPs(wy)

8
Rg,a =3 KI%,%(O) - 2K %,%(‘Hs)

3

8
Rg.g =-3 KE’SCS(O) - ZKEé?s(ws)

3

R4S,10: _SK%,%(O) — 6K Ps%(ws)
R4S,11: _SKEsCs(O) — 4K R’S(wl) — 6K Eé(,:s(ws)
RS10= —8KP45(0) — 6K 5y ws)
Rg‘n: 78KID§,CS(O) — 4K Pl_’,(l:_(wL) — 6K %‘Cs(ws)

8
RSs= — 3 KIE(0) — 4K f(w) — 2KPgs(wg)

3

8
Rg.g =3 K%‘Cé‘(o) — 4K ﬁ.ﬂ(l:_(wL) - 2K Bs"cs(ws)

3

Took, 1) = =111,

D 1 kil H
TO,l(kv l ) = /é I +I _eXF{'((.()k - (1)|)t],
\J

T8k 1) = = 141 exili(or — wgt],
y \’6

T2, ok, 1) = =14 exd +iwt],
T2k, 1) = =151 exd Tiwt],

ng,o(ky 1) = —1%I IteXF[ii(wk + w)t],

For the quadrupolar interaction of the spgirwe have
2
TSo(k) = \/;(3“5)2 = (199,

T2 o(k) = FIE (215 = Dexd iwt],
T2, o(k) = 151K exd i2w,t],

[5a]

[5b]

while the CSA terms of the spik are

TSo(k) = . I
0,0 - 2
G

TS o(k) = Flexd Fimd]. [5¢]

We will use secular approximation; thus the only terms that
produce relaxation are those in which the time dependence
Th_q cancels that of , in Eq. [4]. Furthermore, AMX is a spin
system without degenerate transitions, and therefore the rela
ation matrix has a block-diagonal form, i.e., populations are
decoupled from the coherences which, in turn, are decouple
from each other.

For the interactions considered in this paper te¥fisn Eq.
[2] can be represented as the products of interaction couplin
constantg” and normalized rank two spherical harmon¥s
describing the orientation of the principal frame of the inter-
actionr with respect to the laboratory frame. The latter is time
dependent because of molecular motion. Coupling constan
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TABLE 4
Nonzero Relaxation Matrix Elements with Both Spin-1/2 Nuclei (I and L) Spin-Locked

w_2 5 16 , 8 ¢ 1.5 4 0 1 4
R = 3 Jii(0) + 9 Jis(0) + §J| (0) + 5‘]IL(wI — ) + 9 Jis(w) — wg) + 5 ‘]IL(wI) + ‘]IL(wL) +3 ‘]IS(wI) + IS(wS)

D 8 D C
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L 2 D 16 D 8 C 1 D 4 D D 1 D 4 D
Rz‘zz ngL(O) + ?JLS(O) + §JL(O) + 6J|L(U’| —w) + §JLS(wL —wy + ‘]IL(wI) + EJIL(“’L) + gJLS(wL)

8 o D 8 o c
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1 D D D D D D D
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+ 2104w, + wg) + 4 wg) + 16J2(2wy) + 2I (w)) + 2% (w) + 4IS(ws)

R'L:1—6JD(0)+EJD(O)+§J°(0)+§J°(O)+EJD(w— )+iJD( - S)+EJD( - S)+EJ°( )+}JD( )
7.7 g vls g vLs 3V 3L 6 ViLt@ O/} 9 Islw — @ 9 Ls\w, — @ 2 JiL ) 2 JiL L

4 D 8 D 4 D 8 D D 8 D 8 D C C
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1 1 1
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2 8 8 1
Riio= 5 IR(0) + 5 I2(0) + 5 IE(O) + 5 IR (0 — @) +

I 8 D 8 D 8 C 8 C 1 D S D 5 D 1 D
R = §‘]|s(0) + §JLS(O) + §~]| (0) + §~]L(O) + ngL(wl —w)+ §J|s(w| — wg) T §JLs(wL — wg) + E‘]IL((’JI)
1 o 2 b 1 o 2 b 1 b 5 10 b
+ §J|L(0’L) + § Jis(w) + g Jis(ws) + g JLs(ﬁ)L) + g Jls(we) + Jji (0 + o) + ?J|s(w| + ws)

10
+ ?JES(Q)L + wg) + 12J%(wg) + 25 (w) + 2I(w)) + 12I5(ws)

RE, = 22 0000) — 2 05w, ! 4 +
145 9x5 Jix(0) — 9@ s(@ — wg) + 3V (o) — 3 /* Jiz(ws) — Jis(w, + wg)

Rlst = ﬂ JES(O) - i JES(U)L - wy + i JES((HL) 4 Ls(ws) 4 LS(wL + wg)
®9\2 9( 32 3.2 3.2

8 E 2 2 2 2.2
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TABLE 4—Continued

166 8
RllL.s = : 1S, Tz KPS(I:(‘”I)
9 \6
16./6 8
RI2L9 T 9 LSL(O) ’% KE'S,CL(LUL)
AY
RlsL‘lo Kgsc(ws)
I D,C 24 5 c
Rys= — 3 \/§ (0) r Kigi(w) + N/g Kss(wg
16 24
1;",9 = 3 \@ KESCL(O) VE KEéﬁ_(wL) + ﬁ KS'SC(wS)

16 |2
RIGLJ: 3 \/; K|Ds',|c(0) -

16 6
R!sL,n = 3 f K Ps?(o) K ESCL(O)

6 |2 2 2
5 \g KEi(0) - 4 \/% Kif(w) — 4 \g Kei(w)

4

KRS (w) —
5 IS, I
33 NE

4 24 QC
3KLSL(wL)+ \fK s(w9)

can be found in the review of Werbelowd)(and are the
following for the dipolar interactions between spikandl:

[0 = 6l7k7|ﬁ
“T\s

wherey, andy, are magnetogyric ratios of the nuclei afads

[6a]

the Planck constant. For quadrupolar relaxation of nucleus

the interaction constant is

3
o_ [T
£ \10

where QCC is the quadrupolar coupling constant.
Finally, for the CSA mechanism of nucleidswe have

c 2
kK — T5 (VkBoAUk)1

whereAo is the chemical shielding anisotropy.

QCG

202 = 1) [6b]

[6c]

1
Vg(IS) = < \g |z(3S§ - Sz)>,
5 1 2 2
V3wLy = 6 L,(3S; — S9/,

VS(ILS) = \E('zl-zsz)a
5 2 (IL)
Voary = 5 \zbz/s
\/§
5 : (1:S)
Vous)y = 5 Vo2
\E
0 1
Vowy = ﬁ (L,Sy,

.

Vis = <2\,@
: )
_ 2 _ Q2

<J3uuwsz $9),

@35t 89),

1 _
VaaLs) —

[7]

Magnetization modes in Eq. [3] for the AMX spin system
can be constructed as a direct product of irreducible spivhere the index in v corresponds to spin order, akds the

operators of zeroth ordeB) for isolated spin modes3¢10.

index describing the elements in the relaxation matrix.

Thus an orthonormal set of magnetization modes for the AMX Before going to the next section, we must make two assumg

spin system, where the nuclei A, M, and X have spirs1/2,
L = 1/2, andS = 1, respectively, is

N 1
V1(|) =A g IZ y
) 1
Vl(L) = A § LZ y

3 _
Vs = A<

tions about the conditions that quench the dependence of tt
relaxation on the strength and the offset of the RB—-28.

First, the RF field strength must be small enough, so that th
product of the correlation time of the interactions responsible
for the relaxation,r,, and the RF nutation frequency,, is

much less then unity. This means that the RF field does nc
interfere with the relaxation processes, and spectral densities
w, can be replaced by spectral densities at zero frequency. Tt
second assumption requires that an ideal spin-lock is achieve
Thus the RF is applied exactly on-resonance and is stron
enough to affect all multiplet transitions equally. Under these
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TABLE 5
Nonzero Relaxation Matrix Elements with a Spin-1/2 Nucleus (L) and a Spin-1 Nucleus (S) Spin-Locked

RLS:EJD(w— )+§JD( — wg) + IN( )+§JD( ) + 237 (0, + )+1—6JD( + wg) + 4If(w)
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1
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7 o Q Q c c
+ §JLS(wL + wg) + 6J(ws) + 6J3(2ws) + 27 (w,) + 6J5(ws)
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2 2 8 1 5 1
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+ (o) + Is(w) + 5.],5(005) + Jis(ow) + E Jls(wg) + 23 (0 + o) + 5Ijs(w + wg)
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1 1 3
Rlig,loz ZJPS(O) + ZJES(O) + BJg(O) + EJPS(U)I —wy + EJES(‘UL — w0y + 3\]:35(“’0 + 2 JPs(ws) + 3‘]ES(U)L)

3 5 D D c
+ EJLS((US) + 3I%(w + wg) + 3I(w, + wg) + 6JAwg) + 6J2(2ws) + 6JIS(ws)

2 2 8 1 5
R 1= 5 IR(0) + 20R(0) + 5 IP(0) + 5 IF(0) + BIK(O) + 2 IR (@ — w) + 15w — w9

7 1, 1., 3 5 5 .5 5 o D
+ 18 il — wg) + §J|L(¢UL) + 3 Jis(w) + §J|s(ws) + 3 Jis(wy) + éJLS(wS) + (o + o)
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TABLE 5—Continued

Ls D 8 o 8 o
Riz= — ﬁJs(wl - wy + ﬁ%s(%) - ﬁ‘]ls(wl + g
Ls 8 oo 1, 2 2 5 2 5,
Rz5= — ﬁ J0s(0) + 97\,6 Jls(oL — wg) — ﬁ Jls(w) + ﬁJLS(wS) + ﬁ Jls(wL + w9
8 2 2 22 2
RiL= — 55 I00) + -5 IRl — 09 + 75 W0 — w9 = =3~ I(w) — 5 I(w)
N
2 2.2 2
+ \?st(ws) + %JPS((M + wg) + \?st(wl_ + wg)

8
RES = — 2 KRE(0) — 2KRS(w0)

8
R53= — 3 KRE(0) — 2KiS(w9)
Rifo= —8KRE(0) — 6KR(wg)

8
R%:= — 2 KRT(0) — 8KRE(0)

3 — 2KR () — BKRE (w9

8 8
RES = — 3 KRE(0) — 5 KRYO) — 2KPS(w0) — 2KRS(w9

spin-locking conditions, the quantization axis is directed alorigg interactions. Thus, if the correlation time, is long, the

the B, field applied parallel to th& axis (15), and therefore
in Eqg. [7] should be changed ta

RESULTS AND DISCUSSION

last factor in the spectral density function favors the function
sampled at zero frequency. As it will be shown, under certair
spin-locking conditions, spectral density functions associate
with strong interactions occur in the relaxation expressions

taken at nonzero frequencies, while weaker interactions ar
The results below were obtained with the help of the € sampled at zero frequency. This fact makes correspondin
NMR library GAMMA (29). Since the relaxation matrices areelaxation mechanisms comparable, even if their interactior
symmetric, we present only diagonal and above-diagonal efgnstants are very different. Thus, for example, in the spir
ments. system described above, disregarding @tteependence and in
To estimate the strength of different relaxation mechanismife slow motion regime fito(0)/I3(wo) = (wo7e) 2Ll il
we take the spin system containing amide proton, nitrogen-1%,2 = 0.05, for a 60 kDarotein at 500 MHz magnetic field,
and « deuteron, with the spins denoted by L, and S, and this ratio would be 0.2 at 1000 MHz.
respectively. This system can be found'iN- and*H-labeled  ~a5e 1. No RF field is applied.Nonzero elements of the

proteins in HO solution, after amide deuterons have beeR|axation matrix for magnetization modes are given in Table
exchanged by protons. Typicaly = 104,1wo = 207,Twx = 1_if only quadrupolar and dipolar relaxation mechanisms are
260 pm,Acy = 13, Aoy = —157,A05 = 10 ppm, QCC = 146 into account the relaxation matrix can be separated int
180 kHz. With these values one obtains for 500 MHz magnefiq plocks. These blocks connect magnetization modes differ
f|e|3d ggN = 132.0X% 310;: {no = 2.6 ><3106, o = 5.6 >3< ing in spin order by+2 or 0, so that parity is conserved. The

18 v fn = 26.5X %OllgN = 32.4x10°, {p = 3'1 X 1_0 ' presence of dipolar—-CSA and quadrupolar—CSA interaction
{p = 549.0X 10" s . Thus one can see that in this spinqhies modes differing by 1 in spin order and destroys the

system the quadrupolar interaction is clearly dominating f@fiock diagonal form of the relaxation matrix. The diagonal of
deuterons. The strength of the dipolar interaction between amjlg o|axation matrix in only affected by auto-correlation in-

proton and nitrogen is comparable to CSA-type interactions @t} ctions, and cross-correlation terms are sampled at the fr

respective nuclei, which is the foundation of the TROSY effegf encies common to the two interfering interactions. These ar

(30). i i _ _ very natural results, as has been shown by Bi8) (n general
For isotropic molecular reorientatial(w) of Eq. [4] are terms.

described by23) It is also important to note the absence of spectral densitie
at zero frequency. For large biomolecules, the rotational cor
relation time becomes rather long (we assume, for simplicity
isotropic rigid body reorientation with a correlation timg so
that the slow motional regimey, 7. > 1, is reached. In this
where# is the angle between principal axes of the corresponclase spectral densities sampled at zero frequency are domin:

1
JrEMw) = (et 8 (3cogo — 1) [8]

[
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TABLE 6
Nonzero Relaxation Matrix Elements with All Three Nuclei Spin-Locked

2 16 8 1 4 1 4
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8 D 4 D 8 D D 8 D 8 D C C
+ §J|s(ws) + §JLS(wL) + §JLS((US) + (o + o) + §J|s(w| + w9 + §JLS((UL + wg) + 237 (w) + 23 (o)
2 2 2 8 8 1 1 1 1
Res =3 J1L(0) + 3 JK(0) + 3 I2(0) + 6J8(0) + 3 IF(0) + 3 IS(0) + £ IR — @) + 5 I — wg) + g 0 — 09 + 5 I (@) + IR (o)
D S D D 1 D D D D Q Q C C
+ Jig(w) + 2 J|s(0)s) + JLs(wL) + §JL5(CUS) + (o + w) + 3Jjs(w + wg) + I s(w + we) + lOJs(ws) + 4.]5(2ws) + 23 (o) + ZJS(CUS)
2 2 2 8 8 1 1 1 1
ngng 535_(0) + §JPS(O) + gJEs(O) + GJg(O) + §JE(0) + §Jg(0) + gJﬁ_((m — ) + EJPS(UM —wy + EJES(U)L — w0y + Jﬁ_(“h) + EJ::IJ_((DL)
D 1 D D S D D D D Q Q C c
+ Jis(w) + E‘]IS(wS) + Jis(oy) + E‘]LS(wS) + Il + o) + Jis(o + 0y + 3w, + wg) + 10J3(ws) + 4J3(2ws) + 2 (w) + 2J5(ws)
1 1 3
Rizio= 23%(0) + 2324(0) + 8J5(0) + > I(w) — w9 + EJES((UL — wg + 3 (w) + 3 If(wg) + 33%(wy)
+§JD( ) 4+ 3I(w, + wg) + 3w, + wg) + 6IAws) + 6J2(2ws) + 6I5(ws)
2 VLS Ws 1s\w T~ @ Ls\w, T @ 3(wg) 32w slw
2 2 8 8 1 7 7
RI1L1$,11= 53:35(0) + §-]Es(0) + §-]|C(0) + §JE(0) + BJg(O) + EJPL(UM — ) + EJPS((‘)I — w0y + EJES((DL — 0y

1 D 1 D 5 D S D 5 D S D D 7 D
+ §J|L(w|) + §J|L(‘DL) + §J|s(w|) + 635(‘05) + §‘]LS(wL) + g‘JLS(wS) + (o + o) + §J|s(w| + wg)

7 o Q Q c c c
+ 3 Jls(w, + wg) + 6J3(ws) + 6J3(2ws) + 47 (w)) + 27 (w,) + 6J5(wg)
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TABLE 6—Continued

JD(wS)+iJD(w + wg)
s 3\/5 islo)

RS = — oo % — @) + 5 I~ wa) — s ) + o
’ 9.2 9,2 342 32

2
o5 o) + =

8 1 2
Rlng == ﬁ Ibs(wL — w9 + 97\5 Jls(oL — w9 — 3.2 3 \”2 JPs(wg) + ’E Jbs(o + 09
8 8 2 J2 2 2
Riiu= — g 5 IR0) ~ g 5 90 + 15 I — w9 + 75 I~ wg) ~ 3 IR + 3 Ao
\r”2

2 2 2
_TJES(U)L) + \?JEs(ws) + VTJPS(QH + wg) + \?JES(U)L + wy)

ing as discussed above. Thus, in the absence of an appliedTRIE results are essentially the same as in case 2, except for t
field, relaxation-driven transitions may in principle becomanportant contributions frond$ sampled at zero frequency in
infinitely slow. One way to overcome this problem is to meaFable 3, and the absence of any dipolar—quadrupolar cros:
sure relaxation in the presence of an RF field. correlation terms. Therefore, in the example spin system, a
Case 2. | spins are locked by RF fieldin the presence of quadrupolar modes will relax by single exponential decay in
spin-locking radiofrequency field we have contributions frorfhe initial period of the relaxation process. This, in fact, holds
the spectral densities sampled at zero frequency for interactid@&sall the cases when deuterium nuclei are locked.
associated with the locked nuclei. Therefore, in Table 2 andCase 4 and 5. |, L and L, S spins, respectively, are locked b
below, we put these spectral densities, dominant for the sloRF field. Now let us consider the case when two nuclei in this
motion regime, first in the matrix element expressions. spin system are locked. Tables 4 and 5 show the results whe
We can see in Table 2 that imposing spin-lock on one of theo dipolar spind andL, and dipolar and quadrupolar spins
nuclei creates a “selection rule” on cross-correlation termsndS, respectively, are locked.
only contributions from dipolar cross-correlation associated We note first that there are no dipolar—dipolar and dipolar-
with the locked nuclei are nonzero. Therefore, only Kig)s quadrupolar cross-correlations left. Second, the dipolar—CS;
term is important. Moreover, the relevant dipolar—quadrupolaross-correlation terms disappear only when the two relevar
cross-correlation& 22 are now also quenched It is |mportanSp|ns are locked. Thu& '{ andK ¢, andK i andK s are
to notice, however, the presencelof|, K2, K, andKx%s absent in Tables 4 and 5, respectively.
terms. The first two spectral densities have contributions atcase 6. I, L, and S spins are locked by RF fielinally,

zero frequency. These elements destroy the block-diagofrable 6 represents the relaxation matrix when all three spins (
form of the relaxation matrix and are responsible for coupling ands) are spin-locked. Now, all cross-correlation pathways
magnetization modes of different parity. As it was mentionegle plocked, and the relaxation network is considerably sim
above in the spin system used as an example, the t§fflied. There are, in fact, only three off-diagonal terms left. At

Khiono(0) may destroy initial monoexponential relaxation, ofhe same time all possible auto-correlation spectral densitie

the modessus), ¥5uus), V24s), andvigs, dominated by deuteron gre sampled at zero frequency. Dominating relaxation matri;
quadrupolar mechanism in the case without application of taesments are situated on the diagonal, excepdfg), which

RF field. couples modew,, and vils.
Case 3. S spins are locked by RF field’he results when
quadrupolar spins$, are locked are summarized in Table 3. CONCLUSION
TABLE 7 We have considered the relaxation network in a multipolar
Blocked Cross-Correlation Interactions under Different AMX spin system under application of a spin-locking RF field.
Spin-Locking Conditions The results are particularly important for studies of proteins,
where fractionaH enrichment is used. This spin system is
RF conditions Blocked interactions also the simplest one that involves all possible kinds of dipolar
. . _ guadrupolar and CSA auto- and cross-correlation terms.
No RF field applied No cross-correlation terms are blocked L. . . .
| spins are locked KPP KO, K28, KBC, KBS . Our results show that application of an ideal spin-locking
S spins are locked KDD, KPP K2Q KPR KRS, Koe, kee  field allows one to sample spectral densities at zero frequenc
I andL spins are locked AIK®® all KP?, KRS, KRS, KRS, KX for the interactions associated with the locked nuclei. Thest
L andS spins are locked AKlszK%”CKDQ KPst, Kiss K, spectra densities are dominant in the absence of fast motion
L1y SS

. , a situation which can be reached for large biomolecules such ¢
I, L and S spins are locked All cross-correlation pathways are blocked . . . . . .. .
proteins, or in viscous media. Under certain conditions, SpIn:
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locking can enhance the relative importance of the weak ift. J. Boyd, U. Hommel, and I. D. Campbell, Chem. Phys. Lett. 175,
teractions. The spin-locking field also quenches certain cross- 477 (1990). _
correlation terms. This is summarized in the Table 7. Thu¥? J- Cavanagh, W. J. Fairbrother, A. G. Palmer lil, and N. J. Skelton,

. . . - “Protein NMR Spectroscopy,” Academic Press, San Diego (1996).
there exist only dipolar—dipolar cross-correlation terms asso- e ) _
ciated with locked nuclei. Moreover, the application of an RI]—S' J: N. . Evans, “Biomolecular NMR Spectroscopy,” Oxford Univer-
g o 1 sity Press, Oxford (1995).
field on one of the relevant nuclei blocks both _dlpolar—quah. P. E. Fagerness, D. M. Grant, K. F. Kuhlmann, C. L. Mayne, and
drupolar and quadrupolar—-CSA cross correlations, whereas r. g, parry, 3. Chem. Phys. 63, 2524 (1975).
quenching of the dipolar—-CSA terms requires spin-locking @, T. . Bull, Prog. NMR Spectrosc. 24, 377 (1992).
both nuclei. 16. R. Briischweiler, C. Griesinger, and R. R. Ernst, J. Am. Chem. Soc.

111, 8034 (1989).
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