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Polarization inversion spin exchange at the magic angle
(PISEMA) [J. Magn. Reson. A 109, 270 (1994)] is an important
experiment in NMR structural characterization of membrane pro-
teins in oriented lipid bilayers. This paper presents a theoretical
and experimental study of the spin dynamics in PISEMA to
investigate the line-narrowing mechanism. The study focuses on
the effect of neighboring protons on the spin exchange of a
strongly coupled spin pair. The spin exchange is solved analyti-
cally for simple spin systems and is numerically simulated for
many-spin systems. The results show that the dipolar couplings
from the neighboring protons of a strongly coupled spin pair
perturb the spin exchange only in the second order, therefore it has
little contribution to the linewidth of PISEMA spectra in compar-
ison to the separated-local-field spectra. The effects from proton
resonance offset and the mismatch of the Hartmann-Hahn con-
dition are also discussed along with experimental results using
model single-crystal samples. © 2000 Academic Press

Key Words: spin exchange; PISEMA, line narrowing; multiple
spin effect.

1. INTRODUCTION

Nuclear spin dipolar couplingdd; = (woy,y,h/8m’r;
P,(co%;) depends not only on the internuclear distange,

Heteronuclear dipolar coupling can also be measure
through the transient oscillation of spin exchange induce
by the flip-flop termsHg = Dg (S, 1. + S_1%)/2, of the
dipolar Hamiltonian 8, 5). The polarization inversion spin
exchange at the magic angle (PISEMA) experime@} (
combines the spin exchange scheme and the frequen
switched Lee—Goldberg (FSLG) proton homonuclear deco
pling sequence?, 8) and it achieves an order of magnitude
in line narrowing over the SLF experiment. The line nar
rowing dramatically improves the spectral resolution re
quired to resolve the large number of chemical sites i
complex systems and the PISEMA experiment has be
successfully applied in the structure determination of men
brane proteins in oriented lipid bilayer8<€11).

Several mechanisms contribute to the line narrowing i
the PISEMA experiment. It has been attributed that th
decay of spin exchange is governed by the spin—lattic
relaxation time in the rotating framé,,,, which is usually
much longer thanT, (6). The study here focuses on the
dipolar couplings from the neighboring protons and thei
contribution to the linewidth in PISEMA and SLF spectra
In the SLF experiment, each of these protons adds a splittil
to the dipolar spectrum and the superposition of variot
weak couplings from numerous surrounding protons effe

but also on the orientation of the internuclear vector to ti&/ely broadens the spectral lines. In the PISEMA exper
applied magnetic fieldp;. For polycrystalline samples, thement, the linebroadening effect from neighboring protons
superposition of the dipolar coupling ovéy yields the well- not straightforward. In the flip-flop form, the dipolar cou-
known Pake patternlj from which the internuclear distancePlings from various protons do not commuted, Hg] # 0
can be measured. For oriented samples, the dipolar couplingdfl the spin exchange cannot be generally solved for mt
a spin pair with known bond length, e.g°C—H and *N-*H, tiple spin systems. In the following, the spin exchange i
yields directly the orientation of the bond vector to the magimple XH, XH,, XH; (X = *C or *N) spin systems is
netic field. For the measurement of the heteronuclear couplifiggated analytically and computer simulations are used
proton homonuclear decoupling is required as the spin paiudy the spin exchange in many-spin systems. The col
usually strongly interacts with a proton coupling netwo2k ( parison between the resulting PISEMA spectra and tf
Furthermore, the separated-local-field (SLF) experiment caarresponding SLF spectra reveals drastic differences in lil
separate heteronuclear dipolar coupling by chemical shift inbsoadening between the two experiments. The effects fro
two-dimensional (2D) spectrum and the dipolar couplings t¢iie proton resonance offset and the mismatch of the Ha
numerous spin pairs can be measured from a single 2D expean—Hahn condition are also studied along with experime

iment 2—4). tal results using model single-crystal samples.
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2. THEORY t, t,
| |
2.1. Spin Hamiltonian 90°%,  36%,
In a NMR experiment, the spin Hamiltonian generally con- L % |[FGx[LCx] waa d&%ﬁg{le
sists of the interaction with the applied radiofrequency (RF)
magnetic field and the internal Hamiltonian of the spin sys- a -
tems,
S +X AX| X | auwn \
H = Hge + Hine [l] v/\\/
For anS spin interacting with a group of protom)(spins, the Bo off
internal Hamiltonian includes the chemical shift, the hetero- L _ _ "B
nuclear dipolar coupling, and the homonuclear dipolar cou- A LG, |y
pling among thd spins, b Aw, l
0 |
Hiw = Hes + Hg + Hyy,
t CS Sl 1 m” .:l «
Hes= AwsS, + 2, Awill,
i LGy
Hsi= 2 Ds2S/l},
o o o 20787
Hy = 2 Dyl210% — (11 + 101, [2]
= oilt)
) LG, LG,y
whereD;; = (woy:y;h/87°r}) P,(cos;) are the dipolar cou C . 28 | >
pling frequencies. The RF Hamiltonian can be generally writ- 1 2T
ten as
. . el
Hgr = 015(COSpsS, + SingsS)) %0
i . i FIG. 1. (a) PISEMA pulse sequence. (H) effective field during FSLG
+ E wy( cospls + sing)l Iy)' 3] homonuclear decoupling sequence. (c) Phase ramp which can be usec
! generate the FSLG sequence.
wherew,s = —y{Bisandw, = —+v,B,, represent the applied
RF irradiation with phaseps and ¢, to the S and | spins, the effective fields of thé and S spins by the frequency and
respectively. phase shift. Under strong RF irradiation, the internal spi

The PISEMA pulse sequence shown in Fig. 1 combines th@mmiltonian is truncated by the RF Hamiltonian and only th
frequency-switched Lee—Goldberg sequenge8) with the terms which commute with the RF Hamiltonian remain in th
Hartmann—Hahn cross polarizatiob2( 13 for measuring the average Hamiltonian. Thus, the off-resonddtRF irradiation
spin exchange under proton homonuclear decoupling. Duriggales the proton chemical shift by égs
the FSLG sequence, thiH effective field is tilted by the
frequency offset. It is convenient to rotate the reference frame Hes= > cofyAmil, [5]
through substituting the spin operatéts— col, + sinfy i
1L, 1y, = 1y, I, — coshyl, — sindyl, such that the effective
field is along thez axis. In this tilted frame, the RF Hamiltonianand the homonuclear dip0|ar interaction By(coﬁM),
becomes

, Hy = X Py(cosy) Dy[2140, — (151 +1111)].  [6]
Hge = s(t) (@S, + 2 wfMy), (4] i<ij

The homonuclear dipolar coupling becomes zero whenl the
wherew{™ = —v,B". The signs(t), denotes the inversion of spin effective field is at the magic angle, &ah= w,/Aw, =
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V2. The repeated inversion of tHel effective field with an Liouville space such that the relaxation effect from the lattic
interval 7 = 2wV w?i + Aw! further suppresses the high-can be considered. The base operats,= (S, — 1,)/2,
order terms in the average Hamiltonian of the FSLG puld, = (S.1_ + S_1,)/2, andB; = —i(S.|_ — S_1,)/2, are
sequence §). Figure 1 also shows the phase ramp whicbufficient to describe the evolution in the Liouville space unde
generates the FSLG decoupling sequence. A frequency shiftie HamiltonianH = Hg + Hcs,
equivalent to a time-dependent RF phase,(t) =
JoAw (t')dt".

The heteronuclear dipolar interaction remains when the am- gra = > Wiay(t), [12]
plitudes of two effective fields are near the Hartmann—Hahn i

. _ eff . H H iNn- ~
conditionw,s = w;". The dipolar Hamiltonian takes the flip T (iH[B, B] + BB}

flop terms and it is scaled by €ip, =
p y s W; Tr{B3
) (S, +S.1Y) -R; 0 sind, Dy,
Hs| = EI: SlneMDsi f . [7] _ 0 _R2 _Aw| CO§M . [13]
—SiI’IOMDS| A(()| CO$M _R3

Small mismatch of the Hartmann—Hahn condition can be taken
into account by a mismatch term in the RF Hamiltonian. T
phase and frequency switching alters the sigft), and it

averages the mismatch term after a complete FSLG cycle.

Fig. 1a, a 90°8, pulse is applied immediately before thethe decay of spin polarizatio§, — I,, andR, = R, is the rate

evolution period in the PISEMA pulse sequence. This pU|seé§)nstant for the decay of two-spin coherences. A simple sol

used to maximize the_ difference of polarization betweerﬁhetion can be obtained wheR, ~ R, = R,
and thel spins for spin exchange,

hl% Egs. [12] and [13]a(t) are the expansion coefficients of the
ensity operator and’ is the relaxation superoperatot4j.
ﬂ)ng the diagonal of the rate matrik, is the rate constant for

a(0) « S, - F,. [8] s(t) = s(O)[sinzg + cog’é Coﬁ(% t)]em, [14]

In the SLF experiment, the heteronuclear dipolar coupling
takes the 3,1} term and it is scaled by cak, with the FSLG where tan{ = Aw,cos,/Dgsing,. The proton resonance

sequence used for homonuclear decoupling, offset introduces a constant component,’&irin the time
domain signal which corresponds to a central peak in tt
HEF = S cog,Ds2S, . 9] dipolar spectrum. The offset also changes the oscillation fr

: quency to\V/(sindyDs)? + (Aw,cos,)’ and it makes the
. ) ) splitting larger. The transient oscillation of spin exchange |
2.2. Spin Exchange in a Two-Spin System damped byR. In addition to the spin-lattice relaxation in the
First we consider the spin exchange in an isolated two-sgfating frameT,,, of theS spin, the spin diffusion among the
IS system. The evolution under the heteronuclear dipolar cd?fotons also contributes to the rate constants. Depending on

pling Hg, = sindyDs (S.I_ + S_1,)/2 can be obtained homonuclear decoupling efficiency, proton spin-diffusior
analytically, caused by the residual homonuclear coupling can becor

dominant in the contribution to the damping of spin exchang
o(t) = e Mg (0)esita (S, — |,)cogsingyDgit)
+ i(S.1_ — S_l,)sin(sinfyDgit). [10]

2.3. Spin Exchange in a Many-Spin System

Spin exchange in two kinds of many-spin systems will b
Thus the dipolar coupling converts the difference in polariz}:tr—e"’lted analytically: a_rSIz three.-spm systgm and & spin
tion into two-spin ordeS, |, — S,I,. The spin exchange Ieadscoupled toN magnetically equivalent spins. For theSl,
to the signal Y * three-spin systentlg, is a sum of the heteronuclear dipolar

couplings from the two protons,

s(t) = Tr[S,o(t)] = s(0)cogsindyDst), [11] . (Dgl® + Dgl?)
Hg = sindy| S, — 5
which yields a doublet separated by ZkjD 4, in the frequency
domain. S (Dglt + Dol i)]

The treatment of the two-spin system can be extended to the S 2 [15]
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For the matrix presentation of the Hamiltonian, the proton spin f
states, sia|+ —) — cosy|— +), [+ +), sine|+ —) + cos|— +), ST (S) e 1 Hent [(S),, — (F,),JeitHsint
and|— —) with tanoe =Dg/Dg are chosen as the base kets. The me—f+1

| spin operators ifHg, can then be explicitly written as
f

= > 2codD\(f+m)(f—m+1t). [20]

0'0 0 O
Dal!+Dgl2 |00 1 0 m=—f+1
D% +D% |0,0 O 1f ,
Vst 2 00 0 0 In the case of theSl, three-spin systemk = 1, the two
- - oscillating componentsn = 0, 1, have the same frequency,
. , 00 0O
Dalt+Dgl?2 |00 0 O _ ino. DZ + D2
ﬁ =10 10 ol [16] s(t) = s(0)cog (sinfy D5 + D)t]. [21]
0010

A Fourier transformation of the signal yields a doublet sep:
The Hamiltonian contains only the elements within the threere;;eud bt)rllezﬁle?gromii ;rr ([;Szolgrolzaa:n irl?c?;(ijarrloct::tr:nt?e fgft?éllsq
spin states]+ +), sine|[+ —) + cosy/— +), |- —). The group, p press

h . L8
corresponding 3x 3 subspace can be expressed by a spllrr]1a subspace of a8 spin coupled to af = 3 spin and two

o . N Subspaces of aB spin coupled to afF = % spin. From Eq.
?:vsrri?ttgrrmyis_ 1. Therefore, the dipolar Hamiltonian can b(TZO], the spin exchange in tfe = 3 space has two frequencies,

V3singyD (m = %, —3) and 2sim,D (m = %), with an
amplitude ratio of 2:1. In thee = 3 subspaces, the spin

He = sindy (D% + D%)/2 M [17] €xchange has one frequency,®&iD. Therefore, the PISEMA
2 spectra of a methyl group shows six peaks in Fig. 2.
In the case of a® spin coupled tdN proton spins with an equal 3. RESULTS AND DISCUSSION

coupling frequency, the heteronuclear dipolar coupling Ham-
iltonian can also be expressed in the form of Eq. [17] Withp Figure 2 shows the comparison between PISEMA and Sl
to N. spectra ofSl, Sl,, andSl; spin systems. For an isolated spin
The spin exchange under the Hamiltonials, = pair, the two experiments yield similar spectra differing onl
D(S,F_ + S_F.), can be obtained analytically for arbitraryby the scaling factor which favors PISEMA by tap= V2.
F. The Hamiltonian is diagonalized in the following eigenfor anSl, group, the SLF spectrum shows four peaks corre
states with their corresponding eigenvalues, sponding to the four spin states of the two protons; howeve
the PISEMA spectrum remains as a doublet with splitting

|am) = [Bm — 1) 2siny VD3 + D3%. The spectra are also different between th

af) - 2 ce B =1, two experiments for a methyl group. The splitting in t8&
\ case can be used to estimate the effect from one neighbor
0 - -=DJ(f+m(f-m+1) -0, [18] proton to the PISEMA spectrum of a strongly coupled spi

pair. The neighboring proton does not cause any addition
where|a) and|B) represent the tw spin states andh runs  splitting and, wherDg, > D, it merely perturbs the splitting
from —f + 1 tof for the F spin. The spin operators which areby (D3%/2Dg)sind,, which is a second-order effect.
relevant to the spin exchange have matrix elements exclusivelyFigure 3 shows the simulations of spin systems with up t
within the pairs of eigenstatesom) + |8 m — 1))/V2, five protons and it further demonstrates the difference in lir
broadening from neighboring protons between the PISEM

1 1 1 and the SLF experiments. In the simulatiobs; = 10 kHz
0 2 m-s -3 represents a typical strongly coupled spin pair and variol
Sn=11 | (FIn= 1 1| weak dipolar couplings are used to simulate the effect from tt
5 0 ) m — > neighboring protons. The weak dipolar couplings cause mul

plets in the SLF spectra and they broaden the dipolar spectri
of the Dg = 10 kHz spin pair. In contrast, the PISEMA
spectra are merely perturbed by the various weak coupling
The linewidth of the doublet remains narrow and spectr:
Therefore, the evolution of th8 spin magnetization has theexpansion is required to see the multiple spin effect in Fig. .
following oscillating components: The center frequency of the multiplet is slightly shifted by th

(He)m=D(f+ m(f—m+ 1) [é _ ﬂ [19]
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FIG. 2. Simulations of SLF (left) and PISEMA (right) spectra®f, Sl,,
andSl; spin systems. The frequency axes are scaled b§ycand siréy, in the
SLF and PISEMA spectra, respectively, because of the F$.Bomonuclear

decoupling.

Ds1=1 OkHz

a SLF

weak couplings. The shift, estimated at abdut, (D3/
2D )sin 0, makes the apparent splitting slightly larger, and i
could have an effect on the measurement of dipolar splittin
The addition of weakly coupled protons also causes sm:
peaks near the zero frequency in the PISEMA spectra.

The line-narrowing mechanism in PISEMA can be ex
plained by the truncation of the weak dipolar couplings fron
the neighboring protons by the much larger dipolar Hamiltc
nian of the strongly coupled spin pair. In the SLF experimen
the heteronuclear dipolar coupling Hamiltonians from variou
protons commute with each other and no truncation tak
place. Each addition of a proton causes a splitting with i
dipolar coupling frequency. In the PISEMA experiment, the
flip-flop terms of the dipolar Hamiltonian do not commute witt
the dominant term from the strongly coupled spin pair. Thu:
the weak coupling terms from the neighboring protons al
effectively truncated resulting in much narrower lines in com
parison with that in the SLF experiment.

Figure 4 shows the spectrum of a glycine single-cryst:
sample to demonstrate the PISEMA experiment of a, Ch
group. The unit cell of the single crystal has four molecule
which are related in pair by inversion symmetiyp), therefore
there are two magnetically inequivalent methylene and ce
boxyl sites in the single-crystal sample. The spectrum in Fig.

b PISEMA

10 // ‘\m‘kHz

Dgp=1.2kHz

D33=0.8kHZ

(I
|-
| T

—

Dg4=0.5kHz

Dgs=0.2kHz

Jqu

EF%}

-10 kH205

05 kHZ 8.3 kHz

FIG. 3. Comparison of (a) SLF and (b) PISEMA spectra simulated, from top to bottom, for 2-, 3-, 4-, 5-, and 6-spin systems. The spectra were ca
numerically using the Hamiltonian including only the heteronuclear dipolar couptigg,= X, cos6y DS,ZSZI andHF..SEMA 2isinfyDg (S:1. + S_14)/2
with the coupling frequencieB g listed in the figure. In the PISEMA spectra, the expansions near the main doublet and the central region are plotted.
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‘ ' i ‘ The match of the Hartmann—Hahn condition is critical fo
S0t 4 spin exchange. In the PISEMA experiment, the effective fielc
are repeatedly inverted and the alternation of the s@m, in

the RF Hamiltonian averages the mismatch of the two effecti

10', e : 6°8 o - fields. PISEMA spectra with a mismatch of RF fields up to 1
g : ]
5
o0 D . :
S 9
107 BREEE BB ° - 15} :
L 60 50 40 30 20 ]
10+ @ 1
201 1 @
1 I L 1 L i 1 it 5 . :: ‘: 9
200 140 80 20 i

>

W 18C chemical shift (ppm)

a

FIG. 4. 2D PISEMA spectrum of a glycine single crystal at an arbitrary
crystal orientation. The inset shows the spectral region of the methylene
groups. The spectrum was acquired at room temperature on a 300-MHz Bruker St
Avance DMX spectrometer equipped with a 4-mm MAS probe operated in
static mode. ThéH RF field,yB,/ 2, was set to 100 kHz during a 1-ms cross 0L
polarization and thé, period and was lowered to 82 kHz during theperiod.
The *C RF field, yB,¢/2m, was 100 kHz, satisfying the Hartmann—Hahn
condition during both the cross polarization and theperiod for spin ex 15 -
change. For better timing control of the phase and frequency shift, the FSLG
sequence was implemented by the RF phase ramp shown in Fig. 1c using the
waveform generator of the spectrometer. The generated frequency shift was
determined by the slope of the phase rathp, = (*2wcody)/7. A total of T T T ’ > - - ° ]
64t, increments were acquired for the 2D experiment with 128 scans for each L e @j‘?}}

-4

/27 (kHz)
(=)
;
<G

T K

t; increment and a 1-s delay between scans. The single crystal, abo@t2
5 mm in size, was grown from slow evaporation of an aqueous solution. 10k

3
O

e
@
o @ 9

(S
T

shows doublets along the, dimension for CH groups and it
is in agreement with the results from the theory and th%
simulations. Along thev, dimension, the methylene peaks are
split into triplets due to the dipolar coupling to the nearfiy
spin. The spacings within a triplet are slightly different due to ST
the large™N quadrupolar interaction16—25. The “C-*N © o o
dipolar coupling frequency, however, can be measured from  -10f g
order qUadupolar effecs are the <ame forhe <1, 1 | ®- Sy

) & = e 01 . .
N spin states. o 100 80 ) 40

The spectra of methyk-p-glucopyranoside in Fig. 5 dem- ®, 13C Chemical Shift ppm

onstrate the effect of line narrowing to the spectral resolution
of a system with many sites. The four inequivalent molecules

side single crystal at an arbitrary crystal orientation. The SLF spectrum w

per unit cell cause 28 lines for the single-crystal sample. Mag&{quired using the pulse sequence of 2D exchange experiment modified

peaks that are overlapped in the SLF spectrum become g8plying FSLG*H homonuclear decoupling during theperiod. The PISEMA
solved in the PISEMA spectrum. In the PISEMA spectrum, thepectrum was acquired using the pulse sequence in Fig. 1. In the SLF spectr
peaks with smaller splittings show more complicated Iineshaﬂ@ inclusion of chemical shift makes the dipolar spectra alepgonsym
than the peaks with larger splittings. This difference comé%etric' A 7-mm MAS probe was operated in the static mode for the measul

. . ment. The maximum RF fieldyB,/27, was 62 kHz. Other experimental
from the fact that the truncation becomes less effective Whﬁ@tails are described in Fig. 4. A total of 82ncrements were acquired for the

the dipolar couplings from neighboring protons are comparabj® piSEMA spectrum with 32 scans for eaghincrement and a 20-s delay
to that of the**C—"H spin pair. between scans.

®,/2n (kHz)
(=)
@)

COW
O Bis 1069

a

FIG. 5. (a) SLF and (b) PISEMA spectra of a methyle-glucopyrano-
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term of the strongly coupled spin pair. This truncation effec
is absent in the SLF experiment. In the PISEMA experi
ment, the mismatch of the Hartmann—Hahn condition i
compensated but thtH resonance offset and the multiple
spin effect can distort the dipolar spectra particularly fo
spin pairs with small dipolar couplings. Despite these e
fects, the narrow linewidth dramatically increases the res
lution of the PISEMA experiment and facilitates the use o
heteronuclear dipolar coupling not only for orientationa
information but also for resolving spectral overlap along th
dipolar dimension of the 2D experiment.

10| 4

W,/2x (kHz)
©

©
T

UITITIL

2 ‘ 0 2 4 6 8
H frequency offset kHz

FIG. 6. An array of contour plots of the peak at 112 ppm in Fig. 5b

showing the dependence of the PISEMA splitting on tHeRF frequency. ACKNOWLEDGMENTS
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