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The spin dynamics of NMR spin locking of proton magnetization
under a frequency-switched Lee—-Goldburg (FSLG) pulse sequence
is investigated for a better understanding of the line-narrowing
mechanism in PISEMA experiments. For the sample of oriented
5N 3,5,7-labeled gramicidin A in hydrated DMPC bilayers, it is
found that the spin-lattice relaxation time Tf; in the tilted rotat-
ing frame is about five times shorter when the 'H magnetization
is spin locked at the magic angle by the FSLG sequence compared
to the simple Lee-Goldburg sequence. It is believed that the rapid
phase alternation of the effective fields during the FSLG cycles
results in averaging of the spin lock field so that the spin lock be-
comes less efficient. A FSLG supercycle has been suggested here to
slow the phase alternation. It has been demonstrated experimen-
tally that a modified PISEMA pulse sequence with such supercy-
cles gives rise to about 30% line narrowing in the dipolar dimension
in the PISEMA spectra compared to a standard PISEMA pulse
Sequence.  © 2002 Elsevier Science

Key Words: frequency-switched Lee-Goldburg (FSLG);
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understanding of the line-narrowing mechanism in the PISEMA
experiments.

Cross-polarization (CP) transfetl) of magnetization be-
tween the abundaritspin (e.g.'H) and the diluteS spin (e.g.,
15N) is generally achieved by spin locking bothand S spins
with radiofrequency (RF) amplitudes that fulfill the Hartmann—
Hahn match conditiom;; = w;s (12), wherew;, andw; s refer
to the amplitudes of the RF fields applied to thendSspins, re-
spectively. Transient dipolar oscillations during the CP transfe
have been observed in various systems that exhibit a relative
weak proton—proton coupling network3-16). In these sys-
tems, the magnetizatiod as a function of the spin lock tinte
can be modeledl6, 16 by using the following equation modi-
fied from Miller et al. (13),

M(t) = Moexp(—t/T,}) (1 — 0.5exp(Rt)

—0.5exp1.5Rt) cos(%)) , [1]

With the use of a frequency-switched Lee—Goldburg (FSLG)
pulse sequencel(2) to sufficiently suppress proton homonuyhereT} is the proton spin—lattice relaxation time in the rotat-
clear dipolar coupllng, PISEMA[{oIanzatlon_l NVErsionspin  ing frame, R refers to the proton spin diffusion rate, and is the
exchange atmagic angle) @) has dramatically improved magnitude of the orientation-dependent dipolar interactions be
the resolution of static solid-state anisotropic dipolar angeen the observed spin and the directly bonded protons. The
chemical shift correlation spectra. The PISEMA experimengijlation term in the above equation results from the coherer
have been widely used to obtain orientational constraingergy transfer between protons @spins and the oscillation
from uniformly labeled membrane proteins in a lamellagequency reveals the orientation-dependent heteronuclear inte
phase lipid environment4¢8). In particular, the resonanceaction, However, the dipolar oscillation is primarily damped by
patterns in the two-dimensional PISEMA spectra form thge proton—proton spin diffusion due to the strong coupling of
so-called PISA wheelspplarity index slant angle) ©, 10, the directly bonded protons with remote protons. As an example
which uniquely define the helical tilt with respect to thgy, 15N, 5 5 7-labeled gramicidin A in hydrated DMPC bilayers,
bilayer normal without a need for resonance assignments. Hgtg prot'o'n’spin diffusiomR—* at 9.4 T is about 28@s (16, 17)
the spin dynamics of NMR spin locking of proton magnetighjje theT,} is on an order of millisecondsigle infra).

zation under the FSLG sequence is investigated for a bettef, ine PISEMA experimentd), the spin exchange between
the protons and th& spins occurs during the Hartmann—Hahn

1o whom correspondence should be addressed. Fax: (850)644-1366. E-nfB@tCh condition when the proton magnetization lies along the
riu@magnet.fsu.edu. magic angle with the RF irradiation of FSL&8), suppressing
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the strong proton homonuclear dipolar interaction. By analogyA 90%
to the spin dynamics during cross polarization as in Eq. [1], the
spin exchange can be described Hs, (19 IH Y Y

Decoupling

s(t) = exp(—t/T}}) exp(~L.5Rt) COS(MZAM> . [2] Lt >

WhereTl'; and R represent the spin—lattice relaxation time and
proton spin diffusion rate in the tilted rotating frame, respec-
tively, anddy = 54.7° is the magic angle along which the pro-
ton magnetization lies during FSLG. The oscillation frequency .
is thus scaled by a factor of 9ig. The FSLG sequence suf- 1H LG,y Y Decoupling
ficiently suppresses the strong proton homonuclear dipolar ir
teraction, resulting in a significant decrease of the proton spi t
diffusion. Therefore, the decay of the spin exchange oscillation 155y *—— | x
is now governed by the spin—lattice relaxation tifﬁE in the
tilted rotating frame. Consequently, the resulting linewidths in
the dipolar dimension are significantly narrower than those ob
tained in a conventional separated-local-field experim2ay ( o o
where the linewidths are governed By, which is generally C 54.7x 35.3x
much shorter thafi! in solids. In addition, the coupling with the 1H ||LC.|[LG. ... || v Decoupling
remote protons contributes more significantly to the linewidths
in the separated-local-field experiment than in the PISEMA ex PLT LTS
periment (9). The study here will focus on the spin locking 15N t X
of the proton magnetization under different spin lock schemes >
particularly the FSLG sequence, becatr# may be directly
associated with the dipolar linewidth in the PISEMA spectra.
A pulse sequence commonly used for indiréf,j measure-
ments is diagrammed in Fig. 1A. In the beginning of the se-FIG. 1. Pulse sequences used for indirect measuremeif ofelaxation
guence, théH magnetization is rotated from tizeaxis to they times in differen_t spin lock scheme_s. (A_) S_pin lock in_bhq plane by an on-
axis in the rotating frame by a 9Qulse and then spin locked résonance continuous-wave (Cw) |rrad|at|0n. (B) Spin lock at _the magic angl
. . .by a Lee—Goldburg sequence (LA@).((C) Spin lock at the magic angle by a
along_they axis by a cpntlnuous—wave_ (cw) ON-resonance it q ency-switched Lee—Goldburg (FSLG) sequence.
radiation. Finally,'>N signals are polarized by cross polariza-
tion and detected during high-power proton decoupling. Con-
sequently, the proton magnetization as a function of spin lotke effective field has a2 rotation, i.e.,t = 27 /we, Where
timet can be indirectly monitored by tHéN signal intensities. we = v3Aw.
In Fig. 1B, the'H magnetization is initially flipped to the magic  Gramicidin A (gA) is a polypeptide of 15 amino acid residues,
angle by a 54° pulse and then spin locked by a Lee—Goldburgshose high-resolution structure in lipid bilayers has been de
(LG) sequencel)). Here LG,y refers to an RF pulse with am-fined with 120 orientational restraints from solid-state NMR
plitudew; applied along the y direction at the positive offset (21, 29. Here about 10 mg 0Ny 3 5 7-labeled gramicidin A
of Aw from theH resonance lines fulfilling the condition ofin hydrated (50% by weight) DMPC bilayers/@ peptide/lipid
win = ~/2Aw. Thus the effective field of the LG sequencenolar ratio) oriented with the bilayer normal parallel to the mag-
lies along the magic angle. At the end of the spin lock, 835 netic field direction was used for our measurements. In such ¢
pulse rotates th&H magnetization from the magic angle to theriented sample, each of theS#¥ labeled sites contributes to
y axis followed by*>N detection via cross polarization. Insteadh signal at 198 ppm2(). Figure 2 shows the semilog plot of
of using the LG sequence as in Fig. 1B, a frequency-switchaedrmalized'®N signal intensities versus spin lock tinheob-
Lee-Goldburg sequence is employed to spin lockHhenagne- tained from the pulse sequences shown in Fig. 1. By fitting th
tization along the magic angle, as shown in Fig. 1C. For FSL@xperimental data, it is found that the measuT«%ywas 3.51
each cycle (2) consists of two LG units, one of which is appliedms at the on-resonance spin lock while it was 7.37 ms by the L
in the +y direction at the positive offset of Aw from the reso- spin lock along the magic angle. In other words, the spin—lattic
nance lines (i.e., LGy), while the other one is applied inthey  relaxation process in the tilted rotating frame is about two time
direction at the negative offset efAw from the resonance lines slower along the magic angle than in tkey plane. In fact, the
(i.e.,—LG_y). Thus the effective fields of the two LG units havean-resonance RF irradiation scales down the proton homon
an opposite direction along the magic angle. For each LG unlear dipolar interaction by/P (23). The residual homonuclear
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can be explained by Eq. [2] that the damping of the heteronucle:
dipolar oscillation is governed b'l;ﬂ in the tilted rotating frame
and the proton spin diffusion rate Therefore, although FSLG
exhibits a shorﬂ'l';, it significantly decreases the proton spin
diffusion by sufficiently suppressing the strong proton homonu:
clear dipolar interaction. When= 35.92 us (i.e., 4t rotation),

le obtained was 2.53 ms, as shown in Fig. 2. Appareﬂ‘gljl,
under the FSLG sequence becomes longer with a slower flip-flo
rate of the effective field. As discussed by Ramamooethal.
(24, 25, the phase transients during the flip-flop may resultin &
reduction of the spin locked signals. An additionapulse has

M(t)/Mo

—&— On-resonance ; :
-B— Magic Angle been introduced between the flip-flop to refocus the phase tral
- __; . lEng 2‘21%? sient effect 25). Such phase transients have dramatic effects il
multiple-pulse experiments such as CRAMRS,(27); thus itis
04—l eggential to perform systematic tune-up procedu28s3(Q to

0 1 2 3 4 5 6

. . minimize the phase transient effects. In the FSLG sequence,
Spinlock Time (ms)

phase transients are only present in the beginning and the end
FIG. 2. Semilog plot of normalized magnetization intensities as a functiowIe pUIse Iength of, especially fora relativew Iong pU|Se Iength,

of spin lock time using the pulse sequences diagrammed in Fig. 1. The exg@8 in our experiments whetewas 17.96 and 35.92s, respec-
iments were performed at 310 K on a homebuilt 400-MHz NMR spectromettively. The phase transients deviate the effective field from the
assemblgd around alcsihemagnetics data acquisition _system, where the Lapﬁa@ic angle resulting in an imperfect spin lock field and eventu
{req“enc'es fofH and'*N are 400 and 40 MHz, respectively. THe C° pulse ally contribute to the loss of the spin locked magnetization. Thes
ength was 5.5:s and the resonance offset for the LG sequence was 32.5kHz: . . - .
was set to 17.96 (i.e.;2rotation) and 35.92:s (i.e., 4t rotation), respectively, phase transient effects in the PISEMA experiments may be mir
for the FSLG sequence and: was used for frequency jump. All experimentsimized by a systematic tune-up procedu?d)( However, in a
used a cross-polarization period of 808 with a recycle delay of 7s. TH#  separate experiment where the spectrometer was systematice
?Fzﬁ—'atgcs rg:aﬁ'?‘“on timé—lg) Solb“;";‘;d lbﬂmi”% tge5 ;XPef]jme”t?' Idatlf' ?Stuned, aphenomenon similar to that in Fig. 2 was observed whe
e 31 o oL o e S the phase ramp FSLG (unpublished result). Moreover,
respectively. was found that a shortdi} was observed when the larger RF

amplitude was used for FSLG (i.e., the shortgrTherefore, it

is believed that, although the phase transients during the flip-flo
dipolarinteractionin the rotating frame is commuted with the Réf the effective field contribute to the loss of the spin lock signals
field and thus does not contribute to the decay of the magnetizge significant reduction of the spin—lattice relaxation ti
tion in the rotating frame. However, the high-order homonuclegt the tilted rotating frame with the FSLG sequence actually re
dipolar interaction (not commuted with the RF field) may resulfults from the insufficient spin lock field. Figure 3 showstté
in decay of the'H magnetization along the spin lock field, parspectra of théN; 5 5 7-labeled gramicidin A in hydrated DMPC
ticularly in a relatively weak RF irradiation. In our experimentshilayers obtained from the pulse sequence of Fig. 1C with a fixe
the RF amplitude used was just 45.5 kHz, comparable with tBgin lock time of 862.08s. Att = 17.96 us (i.e., 2r rotation
homonuclear dipolar interaction in the system studied here. @ith a total of 24 cycles), th®N signal intensity is considerably
the other hand, the RF field at the magic angle, to the first ordefduced compared to= 35.92 us (i.e., 4r rotation with a total
completely suppresses the strong proton homonuclear dipal@ri2 cycles). The sign of the effective field changes twice in
interaction so that the spin lock field becomes much larger thaach cycle. Thus for a given spin lock time more cycles mea
residual internal interactions in the spin system, thus resultifigat the effective field alternates its direction more frequently. As
ina S|0WT1';', process. aresult, the magnetization decays faster. This was also observ

Surprisingly, when théH magnetization along the magic an-n the simultaneous phase-inversion cross-polarization schen

gle was spin locked by the FSLG sequence, the meas'q';‘)ed (31). In fact, although the strong proton homonuclear dipolar
was only 1.44 ms at = 17.96 us (i.e., Zr rotation), about five interaction is sufficiently suppressed by the FSLG sequence, tt
times shorter than that using the LG spin lock scheme. Thist rotation of the RF field over each cycle is zero due to the
implies that thétH magnetization decays much faster along th@r rotation of the opposite effective fields of the two LG units
magic angle under the FSLG sequence than during the sif@2, 33. This implies that the average effective spin lock field
ple LG sequence in spite of the fact that the former sequermeer the FSLG cycles may become comparable with residus
suppresses the proton homonuclear dipolar interaction moreiafernal interactions in the system such as the field inhomogent
ficiently than the latter one. When used in the spin exchanig and high-order homonuclear dipolar interactions, so that the
experiments, FSLG gives rise to considerably longer heterorapin lock becomes less efficient, thus leading to a sﬁgr.tlt
clear dipolar oscillation than the simple LG sequeri®.(This is anticipated thaTl';)' in the tilted rotating frame of the FSLG
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in Fig. 4A, a supercycle of LGy-LG_y-LG_yLG,y is used in

A the FSLG sequence. Although it is not clear if such a supercycl
performs better proton homonuclear dipolar decoupling, as |
the case for the heteronuclear decoupling in solution NBH, (
it reduces the number of the phase alternations of the effecti
fields by half for a given spin lock time. In terms of the spin
locking, the supercycle is essentially the same as using FSL
with 4 rotation. As discussed abovg,! in the tilted rotating
frame under the FSLG sequence using rbtation was about

B twice as long as that usingrZotation, as indicated in Fig. 2. And
itis also applicable to th®N spin lock field. However, the effect
of the >N spin lock on the quality of the PISEMA spectrum is
less significant than that of the proton spin lock because th
spin-lattice relaxation timd@¥ for 15N in the tilted rotating
frame is usually much longer thaTlt'). Thus it is anticipated
that a shorter‘l’l';)| could result in a narrower linewidth in the
dipolar dimension of the PISEMA spectra. Figure 5B shows
the PISEMA spectrum of thEN 3 5 7-labeled gramicidin A in

[rrrrp T Tt e et T hydrated DMPC bilayers using the pulse sequence in Fig. 5A. .

600 400 200 0 -200 -400
ppm
FIG. 3. 15N spectra of thé®Ny 3 5 7-labeled gramicidin A obtained from A 00%x  35.3%
the CMX 400 NMR spectrometer by using the pulse sequence shown in Fig. 1 Decouplin
with a constant spin lock time of 862.06. The experimental parameters were H Y (LG LGHLG, | LG, " 7" pling
the same as in Fig. 2 but using different effective field rotations for each LG unit T 1
(A) T = 17.96 us (i.e., Z rotation) with a total of 24 cycles; (B) = 35.92 us <>

(i.e., 47 rotation) with a total of 12 cycles.
N | 4X || +X|-X [+X|-X

may become even shorter with higher RF amplitude because
rapid phase alternation of the effective field may resultin a bette f f .
averaging of the RF spin lock field.

Figure 4A shows a standard pulse sequence for PISEMB
experiments. Following a conventional cross polarization fron
protons to'*N, theH magnetization is spin locked by a FSLG
sequence. At the same time, the phase of the spin lock fiel
on the!®N channel is alternated synchronously with the chang:
of the effective field direction of the LG units in the FSLG se-
quence, enabling the coherent energy transfer between the pi
tons and®N by cross polarization. Thgincrement corresponds 980Hz
to an integral number of the FSLG cycles. In the end,fine
signals encoded with tHéN-'H heteronuclear dipolar interac-
tion are detected under the high-power proton decoupling. | ?
our experiments, the RF amplitude durihg(i.e., the FSLG LI B N B B B R
period) was decreased in order to fulfill the cross-polarizatior 250 200 150 100 50 0
matching condition without changing theN RF amplitude be-
cause of°N amplifier limitations. Figure 4B shows the resulting FIG. 4. (A) Two-dimensional (2D) PISEMA pulse sequence. Thindi-
PISEMA spectrum of thé5N1.3,5’7-Iabeled gramicidin Ain hy- cates the; increment corresponding to an integral number of the FSLG cycle

. 1 . . .7 (B) 2D PISEMA spectra of thé°N; 3 5 7-labeled gramicidin A recorded on the
drated DMPC bilayers. The sanmN—"H dipolar interaction is CMX 400 at 310 K using the pulse sequence in (4A). On the left a slice taken

expected for all these labeled sites, as indicated in the Spectrysd, ppm along the dipolar dimension is shown. The linewidth of 980 Hz at the

because th&N labels with their attachetH have virtually the half-height was measured and the dipolar splitting was scaled to 14.6 kHz. Tt

same orientation with respectto the magnetic field direc2dn ( IHRF ampli_tude ust_ad fgr cro;s polarization \_Nas 45.5 kHz and then decre:?\s:

22)_ From a slice taken at 198 ppm along the dipolar dimensidg,ﬂl kHz in combination W|th'a frgquencyjump of 26.3 kHz so a§ to fulfill
. . . . .~ "thé Hartmann—-Hahn match durihgwithout changing thé>N RF amplitude.

as S_hown onthe left, the d'p‘?',ar linewidth of 980 Hz is obtaine or each LG unitt = 22 us corresponding to a 360@otation and resulting

Figure 5A shows a modified pulse sequence for PISEMa dwell time of 44us in thet; dimension. A total of 32; increments were

experiments. Instead of using the L&GLG_y cycle of FSLG as recorded with a recycle delay of 7 s.

0T-
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