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A relaxation matrix has been calculated for a multipolar AX spin  (rather than at resonance frequency for one of the nucle
system under the on-resonance spin-locking condition. Auto- and species), have also been propos2d8-@3 and found to be
cross-correlation terms between dipolar, quadrupolar, and CSA in- important.
teractions are considered. It is shown that the spin-lock leads to many A special category of relaxation phenomena which has a

relaxation pathways being blocked, resulting in a considerably sim- tracted much attention are th ; involving transf
plified relaxation network. The presence of spectral densities at zero acte uch attention are € processes olving transte

frequency, associated with locked nuclei, allows efficient relaxation between different types of.spln order. These phenomena €
also in the absence of fast molecular motions.  © 1999 Academic Press most commonly observed in systems of scalar-coupled spi

and require the presence of two or more correlated interactio

involving nuclear spins and their environment. Also, thes

INTRODUCTION cross-correlation or interference phenomena are influenced

the presence of radiofrequency fields, which again introduc

Nuclear magnetic relaxation experiments are often useddpectral densities (here, the cross-correlation spectral densiti

pro_bing the dynamics of molecule, ). The relaxation ex- 4t |ow frequenciesT, 16, 26—3). Moreover, the presence of

periments that are most common are measurements of fhe radiofrequency fields blocks certain unwanted magnetiz
longitudinal magnetlz_anon, either for_ low-natural abundancgq transfer pathways26, 27, 30, 3L All work on cross-

low magnetogyric ratio nuclear species (such as carbon-13 Qfa|ation effects in systems of coupled spins in the presen

hirogen-15T, experiments 3)), or proton networks (the nu- of RF fields has been concerned with systems of nuclei wit

clear Overhauser enhancement, NOE, experimefjs The spin quantum number &f where the relevant relaxation mech-

Ipngltudlnal _relaxatlon of _heteronuclel malnly_ carries mforma‘,;mismS are dipolar and chemical shielding anisotropy (CS
tion on relatively fast motions. The slow reorientation, such as . . . .
interactions. In this paper, we perform a similar analysis fo

in macromolecular species in solution, gives rise to the homg in systems containing a sgifdipolar) nucleus coupled to a
nuclear cross-relaxation or the NOE effect. The NOE measufgr > 9 P b

. . igher spin (multipolar) nucleus, where the quadrupolar intel
ments are, however, in general more effective as a tool org pin ( P ) q P

structure determination than for dynamicy.(The dynamic action is also present.

information on slow molecular motions can be characterizedwe_rbelowet a_I. (3_2‘ 33 have developed a theory for lon-
more efficiently by applying RF field. Experiments of this typeg|tud|ngllrelaxatlpn in multipolar AX spin systems, where A
suggested originally by Redfiel®); are usually called rotat- hf"‘S spin; and X is a quadrupolar nucleus. It was shown tha
ing-frame relaxation experiments. General aspects of the fiR0lar, quadrupolar autocorrelation terms and dipolar, quadr
laxation in the presence of radiofrequency fields in liquids haR@!ar cross-correlation terms may change spin orderByor
been dealt with by numerous autho®&—12. Two types of not at gll, while quadrupolar—CSA and dipolar-CSA cross:
rotating-frame relaxation experiments on liquids are commofPrrelation terms may change spin orderg. Other related
One category comprises the CAMELSPIN) or ROESY (for work has been concerned with differential line broadening i
rotating-frame Overhauser enhancement spectroscdpy)) (the dipolar-multipolar spin system84-37, with unusual
the rotating frame Counterparts of the homonuclear NOE Spéeultlplet structure effects caused by the interference of dlpOlE
troscopy. The other category T, measurements for hetero-and quadrupolar interaction8§—4Q and with a careful treat-
nuclei with spin} (15-19 and with higher spin quantum ment @1) of the phenomenon called by Abragam2) the
number 6, 19—2). This technique allows one to sample specscalar relaxation of the second kind.” In this paper, we inves
tral densities at frequencies of the order of RF field strengtligate AX systems under spin-locking conditions, when ¢
thus making slow processes effective. Several techniques sitong RF field is applied selectively on one of the nuclei o
lowing for sampling spectral densities at intermediate frequesimultaneously on both. A slightly different case of weak RF
cies, utilizing the radiofrequency field positioned off-resonandelds has recently been considered by Skrynnikbwl. (43);
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however, in that work attention was mainly paid to scaldhe first kind and random field interactions were not taken int
relaxation. account, since these mechanisms are rarely important. T
latter mechanism is represented by rank one tensors and, c
THEORY sequently, cannot give any interference with rank two tensor
Magnetization modes for the multipolar AX spin system car
The theory presented here is based on two assumptiogs. constructed as a direct product of isolated spin mod
First, the product of the correlation time of the corresponding2, 33, which in turn are produced from irreducible tensor
interactions, 7, and RF nutation frequencyw,, is much operators 46) of zeroth order. For the AX system, where
smaller than unity; the conditiom,7. < 1 means that the RF nucleus A has Sp”h = % and X has Spn’ﬁ = 1, normalized
field does not interfere with relaxation process&s, @4. This  magnetization modes are
assumption amounts to replacing the spectral densities at fre-
quencyw, by spectral densities at zero frequency. Second, the >
RF field is applied exactly on resonance and strong enough, so Vigy = A< \g |z>,
that all multiplet transitions are effected by the same RF field

and ideal spin lock is achieved. These two assumptions also . A<E >
correspond to the case, when the dependence of the relaxation Yus T 2\ 2 St/
behavior on the strength and frequency of the RF field is
quenched43, 45. Vaus) = < \[ (352 — Sz)>’
Evolution of the density operatog;, under relaxation fol- 3
lows Vous) = (1,S),
1 1
d _
d—(t’= —i[H, o] + R(c — o), [1] Vag = <2 @(355 - SZ>>, [3]

operator, andR is the relaxation superoperator. If the seculatr 9

approximation and system without degenerate transitions 1oy intensities in A and X multiplets3¢). Under ideal spin

considered, then the relaxation matrix has a block diagol king conditions, the quantization axis is directed along th

form. Populations appear to be decoupled from COherencﬁéﬁzﬂgi(;)r:Tg(’;;zgrg{g:\ez ;REE;'“[SS]_E:;[:ESSESC% a;nsg?gt;)
The relaxation matrix can be calculated according to - g ' P
1 are similar and are not presented here.

Run= 2 (=13 (0tr{B.[T} g [Tjq BJL}.  [2] RESULTS AND DISCUSSIONS
Qv

The relaxation matrices below have been obtained using tl
B, andB, are magnetization modes; they will be introduce@++ NMR library GAMMA (47). When no RF field is
later for the AX systemJ*"(w,) is the spectral density andapplied and only dipolar and quadrupolar interactions are take
Th-q and T,, are tensor operators representing interactiomsto account, the relaxation of magnetization modes is de
responsible for relaxatiorB), p is the rank of the operators, scribed by Eq. [4a]. The result is essentially the same as o
andq is the orderp andv correspond to quadrupolar, dipolar found by Werbelowet al. (32), except for common coefficients
and CSA interactions. We assume that scalar relaxation of theront of spectral densities. This is because we used norme
second kind 41, 42 is not efficient. It is normally so, if spin ized magnetization modes in this work. The relaxation matri
locking fields on heteronuclei do not satisfy the Hartman—Halmas block diagonal form, which reflects the fact that dipola
condition, w;4 # wix (43) or if quadrupolar relaxation is not and quadrupolar interactions may change spin order either |
very fast, as can be the case for deuterons. Scalar relaxation-@ —2, or not at all.
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d

dt

Autocorrelation of the quadrupolar interaction, in the form of spectral dendftientributes only to the diagonal terms, since
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it acts on X nuclei and pure spi rank three order does not exists r= 1.

Next, we include also the CSA interaction. In Eq. [4b], we collect the additional terms that this interaction gives ris
Dipolar-CSA and quadrupolar-CSA cross-correlation terms couple magnetizations differing in spin order by unity and the
diagonal form of the relaxation matrix is destroyed. This results in a much more complicated relaxation network, and the pr

arises to separate contribution from different relaxation pathways.

|

LT}
Vs
V3a(s)

|

[4a]
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[4b]

It is also worth noting that the cross-correlation spectral densKi@s), in both Egs. [4a] and [4b] are taken at the frequencie

common to the two interfering interactions.
A disadvantage of the experiment in the laboratory frame is the abserd{6)odr K(0). Different correlation functions for

Brownian motion, reviewed by Woessnd8], have the general form

AkrK
J(w) = E m

k

In the absence of fast motions, when the regime!§*> > 1 is reached for all k, correlation function tends to vaniskat 0.
Thus, relaxation becomes in princigl&initely long for large rigid biomolecules or in the case of viscous media.

One way to overcome these problems is to measure relaxation in the presence of RF field. Equations [5] and [6]
relaxation matrices when one of the nuclei, A or X, respectively, is spin-locked. In analogy with Eq. [4], Egs. [5a] and
contain the terms arising from the dipolar and quadrupolar interactions and their interference. Equations [5b] and [6k

additional terms associated with CSA and interference terms involving that interaction.
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We notice that the relaxation now depends on contributions from zero-frequency auto- and cross-correlation spectral d
(adiabatic terms), which do not vanish in the case of large molecules or viscous solvents. These spectral densities e
interactions associated with the nucleus under lock. Thus, for exadfig), J°(0) andK® “"(0), orJ®(0), J°(0), J°®(0)
andK®~“"(0) are important when nuclei A or X are locked, respectively. In Eq. [6a], we can also see that for slowly reoriel
molecules, the relaxation of,s, andv;;sy modes becomes single exponential under spin-lock applied on quadrupolar nucl
Another important difference between these equations and Eq. [4] is that dipolar—quadrupolar interference is absen
spin-lock. Therefore, in the absence of CSA, modesiikg, v,.s, andv,s relax exponentially. Further, in the limit of extreme
narrowing, where all the spectral densities become frequency independent and can thus be taken at zero frequency, it |
immaterial which nucleus to lock. Equations [5a] and [6a] are then transformed into

£3°(0) 0 $,23°(0)
d | Y 0 3J°(0) 0 [$T0)
arriieClin +20J2(0) X | Yus
V3as) _ 52 1D V3as)
52370 ° iizgg)m)
D
8J (g) 0
o d [V2(|S)] _ | +203%(0) o % [Vzusﬂ 7]
N R

Finally, let us consider the case when both A and X nuclei are spin-locked by the RF field. The results for this ca:

presented in Egs. [8a] (the effects of dipolar and quadrupolar interactions) and [8b] (the effects of the CSA and its interf
with dipolar and quadrupolar interactions).
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In summary, the present analysis shows that relax-
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