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Abstract

Solid-state NMR experiments benefit from being performed at high fields, and this is essential in order to obtain spectra with the
resolution and sensitivity required for applications to protein structure determination in aligned samples. Since the amount of rf power
that can be applied is limited, especially for aqueous protein samples, the most important pulse sequences suffer from bandwidth limi-
tations resulting from the same spread in chemical shift frequencies that aids resolution. SAMPI4 is a pulse sequence that addresses these
limitations. It yields separated local field spectra with narrower and more uniform linewidths over the entire spectrum than the currently
used PISEMA and SAMMY experiments. In addition, it is much easier to set up on commercial spectrometers and can be incorporated
as a building block into other multidimensional pulse sequences. This is illustrated with a two-dimensional HETCOR experiment, where
it is crucial to transfer polarization from the amide protons to their directly bonded nitrogens over a wide range of chemical shift fre-
quencies. A quantum-mechanical treatment of the spin Hamiltonians under high-power rf pulses is presented which gives the scaling

factor for SAMPI4 as well as the durations of the rf pulses to achieve optimal decoupling.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

It is now possible to obtain well-resolved spectra of pro-
teins in biological supramolecular complexes, such as virus
particles or membranes, by using the methods, instruments,
and theories of high-resolution solid-state NMR spectros-
copy. High magnetic fields are essential to obtain the requi-
site sensitivity and chemical shift resolution, however the
resulting large spans of frequencies place these experiments
at the edge of feasibility using currently available methods
and instruments. In order to study larger and more complex
proteins the bandwidth limitations of the experimental
methods have to be dealt with. This requires consideration
of the most fundamental aspects of the averaging of nuclear
spin interactions by radiofrequency pulses. Since the
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proteins in these complexes are immobile on the relevant
NMR timescales (10* Hz), motional averaging through
molecular reorientation cannot be invoked, and in the case
of magic angle sample spinning, which can be extremely
effective with polycrystalline solids, there is an unwanted
averaging of the orientational parameters that are the
source of structural information in solid-state NMR of
aligned samples.

In solid-state NMR spectroscopy it is essential to deal
with many-body systems of strongly interacting spins. In
most cases, these pair-wise interactions can be reduced
to heteronuclear and homonuclear dipolar couplings. To
obtain tractable high-resolution NMR spectra of such
systems, it is necessary to manipulate these interactions in
order to eliminate the homonuclear dipolar couplings,
which would otherwise broaden the resonance linewidths
due to spin diffusion. A variety of methods have been devel-
oped to eliminate or reduce the broadening effects of homo-
nuclear dipolar couplings, including: magic-angle spinning
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(MAS) [1-3], magic angle radiofrequency irradiation
[4-6], multiple pulse-sequences that utilize discrete radiofre-
quency pulses such as WAHUHA [7], MREV [8], BR-24 [9],
BLEW-12 [10], the recently developed HIMSELF sequenc-
es [11-13], T-MREYV [14], Magic Sandwiches [15,16], and
HOT [17] versions of BLEW-12 and Magic Sandwiches.
In rotating solids, composite pulse sequences have been
developed that compensate for offset effects and rf ampli-
tude imperfections [18]. The theoretical basis for the design
of such homonuclear pulse sequence is provided by average
Hamiltonian theory (AHT) as pioneered by Waugh and co-
workers [19,20].

The situation is more complicated for heteronuclear spin
systems where in addition to the “abundant” I spins (i.e.
'H), the properties of individual “dilute” S spins, e.g.
N or '3C, are essential components of the system; this
makes the network of interactions much more diverse,
and the rigorous AHT methods quickly lead to unwieldy
mathematical expressions. This is especially true for sta-
tionary solid samples, where the strong proton—proton
interaction Hamiltonian does not commute with the others.
It complicates the theoretical analysis and pulse-sequence
design for the measurement of resolved heteronuclear
dipolar couplings in the presence of homonuclear decou-
pling as in separated local field spectroscopy [21]. Another
factor is that in solid-state NMR of stationary solid sam-
ples heteronuclear spin exchange is usually implemented
through cross-polarization under Hartmann—Hahn match-
ing conditions, which introduces an additional radio-
frequency (rf) Hamiltonian for most of the evolution of
the system. In order to further develop solid-state NMR
spectroscopy of proteins, a framework is needed for treat-
ing the homonuclear and heteronuclear interactions in the
presence of continuous radiofrequency pulses where the
J-pulse approximation is invalid.

In this Article, we describe an approach to treating the
complex homo- and hetero-nuclear spin systems found in
proteins using simple symmetry principles and the truncat-
ed Hamiltonian approximation under the assumption of
high-power rf pulses. As a practical matter, this approach
enabled us to rationalize and improve the pulse sequence,
SAMMY [22], which is complementary to PISEMA [23],
as a method for obtaining high resolution separated local
field spectra of proteins. In addition, this method of treat-
ing the interaction Hamiltonians under high-power (but
finite) pulses has the potential to be useful in developing
new pulse sequences for strongly coupled spin systems.

Solid-state NMR of proteins is a burgeoning area of
research; membrane proteins are of particular interest,
since they comprise about 30% of the human genome,
and their structure determination poses substantial chal-
lenges to the standard X-ray crystallography and solution
NMR methods. Solid-state NMR of aligned samples is
particularly well suited for membrane proteins in lipid
bilayers, since the immobilization and alignment of the
protein are naturally imposed by the membrane environ-
ment itself. In this approach, the protein structure is

calculated from the constraints resulting from the orienta-
tion-dependent NMR observables (e.g. chemical shift and
heteronuclear dipolar coupling frequencies) measured in
separated local field [21] and other high-resolution solid-
state NMR experiments. This information can be obtained
not only for immobile systems but also in MAS studies of
oriented samples [24,25]. The structures of gramicidin [26],
the transmembrane M2 domain of the acetylcholine recep-
tor [27], the transmembrane domain of the M2 protein
from the influenza A virus [28], the membrane-bound form
of coat protein [29], the transmembrane domain of Vpu
[30], and the mercury transport membrane protein MerFt
[31] have been obtained in bilayers mechanically aligned
on glass plates or in magnetically aligned bicelles [32,33].

Further advances in structure determination of aligned
membrane proteins by solid-state NMR require improved
pulse sequences that will enable high resolution spectra to
be obtained over the entire frequency span of the relevant
spin interactions at high magnetic fields. This requirement
arises not only from the increasing size and complexity of
the proteins under investigation, but also the increasing
use of high fields to improve sensitivity and chemical shift
resolution. We are particularly concerned with the large dis-
persion of the amide 'H chemical shift ranges (~13.5 kHz at
900 MHz compared to ~7.5 kHz at 500 MHz) in uniformly
SN labeled proteins. The frequency-switched Lee-Gold-
burg (FSLG) scheme [5] constitutes one of the principal
methods for obtaining high resolution separated local field
experiments and is implemented in PISEMA [23]. Since this
pulse sequence relies on off-resonant irradiation of the 'H
spins at theoretically calculated offset frequencies, it is sen-
sitive to the frequency offsets resulting from large 'H chem-
ical shift dispersion found in proteins at high fields. This
leads to variations of the scaling factor, line shape distor-
tions, and loss of resolution for some of the signals in the
spectrum. Recently, an improved PISEMA sequence has
been demonstrated [34,35], which involves a refocusing
180° pulse to compensate for the proton chemical shift dis-
persion. It was shown to work in partially ordered dilute
spin systems such as liquid crystals or under magic-angle
spinning conditions. However, in strongly coupled oriented
spin systems, such as membrane proteins in lipid bilayers,
the finite 180° pulses interfere with the overall scaling factor
resulting in incomplete averaging of the proton dipolar cou-
plings and consequently loss of spectral resolution.

There is a need for more robust pulse sequences, which
are less sensitive to the 'H chemical shift dispersion at the
moderate rf power levels that can be realistically applied to
aqueous protein samples at high fields. In a recent commu-
nication [22], we described an initial version of such a pulse
sequence, SAMMY, which works by averaging out the
homonuclear spin—spin interactions using modified magic
sandwiches [15,16]. SAMMY is less sensitive to the 'H
chemical shift dispersion than PISEMA and generally
yields spectra with more uniform spectral linewidths and
intensities over a relatively broad range of "H~'°N hetero-
nuclear dipolar coupling and >N and 'H chemical shift
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frequencies. However, the linewidths for most resonances
in the heteronuclear dipolar coupling dimension of two-
dimensional SAMMY spectra are typically about 50%
greater than the best linewidths obtained for some reso-
nances by PISEMA. An obvious goal is to combine the
broadband capability of SAMMY with the line-narrowing
capability of PISEMA in a single experiment. The develop-
ment of a pulse sequence designed for this purpose, as
described in this Article, required a thorough analysis of
the averaging of spin interactions by rf pulses. An
improved version of SAMMY, which we call SAMPI4,
yields linewidths similar to those of PISEMA (<200 Hz
in the heteronuclear dipolar coupling frequency dimension)
with the advantage of covering the broad ranges of fre-
quencies encountered in aligned samples of proteins at high
fields. The spin dynamics of FSLG and PISEMA have been
described elsewhere [5,36,37]. Here, a detailed analysis of
the spin Hamiltonians of SAMPI4 is presented and the
scaling factor for this pulse sequence is derived. In addi-
tion, SAMPI4 can be used as a building block for other
multidimensional solid-state NMR pulse sequences, and a
SAMPI4-based heteronuclear correlation (HETCOR) is
demonstrated, including on a uniformly '°N labeled mem-
brane protein in aligned bicelles.

2. Theory

The SAMPI4 pulse sequence diagrammed in Fig. 1 is a
further evolution of the experimental methods used for
obtaining high resolution separated local field spectra. On
the one hand, SAMPI4 appears to be a relatively minor
improvement on the original SAMMY sequence [22] in
that there is only one phase alteration on the low (e.g.
>N or '*C) channel, which improves the performance by
decreasing the number of phase transients. On the other
hand, its development required consideration of the most
fundamental aspects of the averaging of spin interactions
discussed in Section 1. Thus, this pulse sequence provides
an example of the integration of theoretical aspects of

cP odd t1 dwells | even t dwells to
1 2 3 ,

Iy x x I plx [ x | [l x [ oec |
2n-§; 2m-6, 2n-9;

S | X X | X X | X AcQ

Fig. 1. Timing diagram for the SAMPI4 pulse sequence. Only one phase
alteration on the low side is used, which decreases the number of phase
transients. The length of each interval corresponds to the durations of the
rf pulses as shown. The phases of the even ¢; dwells are 180° phase shifted
compared to that of the odd dwell. To compensate for the finite Y90
pulses in the middle of each dwell, §; and J, are chosen as: §; = nt/(4w,),
(32 = Tr/(2w1)

NMR spectroscopy and the practical aspects of using sol-
id-state NMR for structure determination of proteins.

In the timing diagram of SAMPI4 in Fig. 1, the phases
of the even ¢ dwells are shifted 180° compared to those of
the odd dwells. Such 180° phase cycling removes the 'H
chemical shift evolution, further reduces the number of
phase transients, and greatly reduces the deleterious effects
of using finite Y90 pulses in the middle of each dwell. Previ-
ously [22], we found semi-empirically that by slightly short-
ening the lengths of each of the three SAMMY subperiods
narrower linewidths could be obtained in the dipolar cou-
pling frequency dimension of the resulting spectra. For
example, we found that 6, =0 and 6, =2 ps for a 4.2 us
duration 90° pulse gave very good results. Here, we demon-
strate that a quantum-mechanical derivation for the general
case yields the optimal values for the parameters d; and J-.

The analysis of spin dynamics for composite-pulse
sequences, such as SAMMY and SAMPI4, necessitates
simplifications of the many-body Hamiltonians involved.
First, we derive the SAMMY scaling factor under the
assumptions of infinitely short Y90 pulses and
01 = 9, = 0. In the next subsection, we calculate the lengths
of 0; and 9, that compensate for finite Y90 pulses. In sub-
sequent derivations we consider only the right-hand side
exponential propagators for each of the nth subperiod of
the overall dwell. The exponential propagators are then
used to calculate the free induction decay (FID) signal
from the solution of the stationary density-matrix equation
for the matrix p

p(.[nz) — e iflmi(m _Tnl)p(fnl )eiHn21 (tm2—1m1) , ( 1)

where H, is the average Hamiltonian between the periods
7,1 and 7,5 in the pulse sequence. The FID signal in the
rotating frame after the total time ¢ is then calculated in
the standard manner as

G(t) = Trace[S,p(?)]. (2)

In order to derive analytic solutions, we use the doubly tilt-
ed frame [38], in which

G(t) = Trace[S.YsYp(t)YsY/]. (3)

Here Y and Y; are the rotation operators corresponding
to a 90° rotation about the Y-axis applied to either the S
spin or all 7 spins at the same time, and a bar denotes in-
verse rotation.

2.1. Derivation of the scaling factor in the limit of é-pulse
approximation

We derive the scaling factor for the simplified pulse
sequence shown in Fig. 2 in the limit of the d-pulse approx-
imation for the Y90 pulses in the middle of single SAMMY
t; dwell and no phase cycling. We also assume that both the
low spin S and the high spins / are on resonance and
the amplitudes of their radiofrequency fields exactly
match the Hartmann-Hahn condition [39]. The interaction
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Fig. 2. Timing diagram for the SAMMY pulse sequence, [22] in the J-
pulse approximation. The length of each interval corresponds to the
durations of the rf pulses as shown.

Hamiltonian describing the heteronuclear couplings
between the S spin (e.g. N or '*C) and the I spins (i.e.
'H) is defined as

N
HUS — ZaiSzIS)a (4)
i=1

and the homonuclear couplings among the / spins are given
by

N
Bij o)1 el
He=3  SHBIOY — (AV17)]. (5)

i<j

For the first subperiod of the SAMMY cycle when all spins
are irradiated the overall Hamiltonian is transformed as

o1 (Sy +1,) + H" + H.. = YsY |- (S- + 1)
+Hy —3H..|YsY. (6)

Only those terms that commute with the dominant radio-
frequency irradiation term w;(S. + I.) are retained whereas
the higher order terms are left out by truncation. There-
fore, the leading term for the heteronuclear interaction
consists of only the spin flip-flop terms

N
a; i i
He=Y" g5t 511, (7)
i=1

We assume that the heteronuclear evolution is governed by
the largest coupling a = a,,x between spin S and the neigh-
boring spin /. For the two-spin case there is no homonucle-
ar interaction H.. and, therefore, it can be omitted from the
calculations until the next subsection. Choosing 7, = 2n/
w1, the overall SAMMY dwell in the doubly tilted frame
becomes

eltl HiYSelrz(mlS\.+aSzlz)elrz(—(;)ISXJraSZI:) YSem Hy ) (8)
Using the transformation

. . 0 .0
e 0S5 05 = g c0s 5 + 25,1 sin 7, ©)

where tan(0/2) = am./(2w,), the dwell propagator is
expanded as

: = = ; ; 22 ; ; )
emH: YSXSeﬂHSZIZ ei™21 [ ©7 +agx /4Sx e2165;1267112 \/ O Haax /4Sx
X €716S:I:Xsyse”lHi. (10)

Here the 90° rotation operator Xg ; (and subsequently Zs ;
in the following subsection) is defined similarly to Ys ;. To
achieve cancellation of the homonuclear terms in the
many-spin case, 7, must be chosen as 1, = n/w;. At suffi-
ciently high levels of radiofrequency irradiation w? >
a’. /4, and 0 ~ a,,,/w,, which simplifies the propagator to

max

it Hx _4105y1:eirlHi ~ eZin(Hi—H“;(a"SyIZ)-%—O(r?) (11)

€ €

Due to the symmetric nature of the product of the expo-
nentials, Eq. (11) represents a second-order symplectic inte-
grator [40] and the system evolves under the sum of the
Hamiltonians up to the third order in time. This approxi-
mation becomes increasingly valid as the times 7; and 1,
become shorter (or, alternatively, when the applied radio-
frequency power is increased). The Hamiltonian can be
explicitly diagonalized in the two-body case, which yields
the following eigenvalues:

\ T+ V2 + 4 anax
A=t ————
21 2

- 11.0927% or 10.0927%. (12)

This means that during the middle part of the SAMMY se-
quence additional evolution of the heteronuclear coupling
takes place, which affects the observed dipolar couplings
and adds an additional smaller doublet to the spectra. For-
tunately, the second doublet is of low intensity, and nearly
disappears in the many-body case. This is illustrated in
Fig. 3. Fig. 3A shows the result of a two-body simulation
of the “ideal” SAMMY spectrum (cf. Fig. 2) with apax
set to 10 kHz between a 'H and a '°N. Fig. 3B shows the
corresponding result for a many-body simulation of a 12-
spin system consisting of one '°N, one directly bonded
'H, and 10 distant 'H for the pulse sequence of Fig. 1.
The spatial coordinates for the nuclei are those of an ideal
o-helix tilted at 30° relative to the direction of the applied
magnetic field. In both cases, the matrix exponentials in
Egs. (1) and (2) are calculated by numerical diagonaliza-
tion using a MATLAB (www.mathworks.com) script. In
Fig. 3A, two doublets can be seen, the main doublet is at
45450 Hz and the secondary one is at £450 Hz. This is
to be compared with the theoretically predicted values
(from Eq. (12)) of 45464 and +464 Hz. In the 12-spin case
(Fig. 3B) the main doublet is observed at +5508 Hz.
Therefore, the observable splitting in SAMMY is approxi-
mately 9% greater than the real coupling, which means
that the apparent dwell (211 = 41/w;) should be adjusted
accordingly.

2.2. Compensation for finite Y90 pulses—SAMPI4

In practice, it is necessary to deal with finite Y90 pulses
during which some homonuclear and heteronuclear
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Fig. 3. Simulated spectra corresponding to the heteronuclear dipolar coupling frequency dimension of separated local field spectra. (A) Two-body
simulation of idealized SAMMY. (B) Twelve-spin many-body simulation of SAMPI4. In both cases, a.x Was set to 10 kHz and a 5 ms exponential decay
function was applied to the calculated FID in the dipolar dimension. The magnitudes of the observed doublets are approximately 9% larger, which agrees

with the scaling factor of Eq.

evolution can occur. Using the truncation principle of Eq.
(6), during the finite Y90 pulse the Hamiltonians at suffi-
ciently high rf power are transformed as

o1(S, +1,) + H™ + H..

%Z]YSY][—CO](SZ-FIZ)—FHi—%HZZ]Ys7]Z[. (13)

While higher-order terms may be significant in general, in
the present case the magnetization in the tilted frame is
mainly along the Z-axis, so the same truncation as in Eq.
(6) is justified for Eq. (13) as well. For the duration of
the 90-degree pulse, 199, the Y90 propagator of an odd
dwell is written as:
Y,XSZIYSYlexp I:ifg()(Hi )]Y5Y]Z]

= Y[YSZSZ]YI eXp [lfgo(Hi — *sz):l YsYIZI

= Y] YSYIZSZI eXp [1‘590 (Hi )]ZSZSYSZ[XI

=Y, YsX exp [itog(H: — EHZZ)]X,ZSYS. (14)

(Since the effective Hamiltonian, H, — 1/2H,, does not

evolve under the ZgZ; transformation.) Similarly,
the —Y90 propagator is written as:
Z1YsY; eXp [i‘590 (Hi - %sz)]YSYIZIYI)_(S

= Yszs)_(I eXp [iTgo(Hi — %HZZ>]X1YSY1. (15)

For the even dwell Y90 propagator:

Y XsZYsY exp [itog(Hy — 1H. )]YSY,Z,

=Y YsZsZY exp [itog (Hs —3H..)|YsY,Z;
=Y, YsXZsZ; exp [itoo (Hi - -sz)]Z,ZSZSYSX,
=Y, YsX;exp [itog(—H: — 3H..) | X, ZsYs, (16)
and similarly for the —Y90 propagator of an even dwell:

Z]Y5Y] €xXp [i‘[g()(Hi — %HZZ)]75Y[Z]Y[XS

= YSZSY] eXp [iTgo(—Hi — %sz)]X]YIYS. (17)
For the purposes of this subsection, the small (about 9%)
heteronuclear evolution during the middle part of SAM-
MY can be neglected. Combining the first and last subpe-
riods with the +Y90 evolution and the middle part

(12). Note that the small doublet present in the middle of the spectrum disappears in the many-body case.

(during which the system mainly evolves as H,,) the overall
odd-dwell propagator in the doubly tilted frame can be
written as

. Ly 1— 1 . . 1
eltt [*w1(5z+1z>+1‘11*7sz]X131T90(Hi 72H;;)Xle2nszzXIengo (Hi—3H:)
x X, eir,[wl(sz+12)+Hf%H:] ~ eirl[—rul(Sz+IZ)+Hi—;H::]

5 @0 (5H 2 —3H ) (2itaHe gitoo (3H . —3H ) it [ (S+12) +H o —3Hz=] (18)
Only the zero-coherence heteronuclear terms have been re-
tained, and the term H,, is obtained from Eq. (5) by the
substitution z — y. For the even dwells

eirl [w1(Sz+12)+H + *%sz]YI ( 1 So)yleirgo(—Hi 7% ZZ)XIeZirzHZZYI

« e”9°<’Hi’%H”)X1 Y;(1 SO)ei” [~ (Sz+:)+H . —3H 2]

ity [ (S-+1)+H . —1H ] it (H=—3H ) Q2it2H ei™o (H=—3H,y)

~ ¢ €

N (S-+12)+H L —1H) .

(19)

As can be seen from Eq. (19), the 180° phase cycling is
highly beneficial because it results in a 180-degree rotation
about the Y-axis in the middle part of the pulse sequence,
denoted by Y;(180), which refocuses any chemical shift
evolution that may occur when the 'H are not irradiated.
For 7, = (2r — n/4)/w;, the combination of the odd and
even dwells yields an extra ZsZ; transformation, which re-
sults in the following effective odd-dwell propagator

@71 (H —4H=) glvon G ~3H ) g2ita s giton (- —3H) girr (e —4H=) (00
And the effective even dwell becomes
it (Hx ) ™ (H+—3H ) 2inaH== giten (H+—H ) it (Hx %Hﬂ). ( 21)

Using the equality H,, + H,,+ H.. =0, the even and odd
dwells can be combined in a single simplified propagator,
which describes the effect of the finite Y90 pulses

el (s —1H..) e (3

e H s +3H.)

2ityHz giton (3H 1 +3H=2) ity (H +—3Hz)

e e (22)

The cancellation of the homonuclear terms occurs when
71 =21 — n/4)/w, = Tn/(4w;) and 1, = (1 — 7/4)/w; =
3n/(4w,). Because the m/4-pulse lengths compensate for the
finiteness of the 90Y-pulses we refer to the pulse sequence
as SAMPI4. Note that in both SAMPI4 (Fig. 1) and the ideal
SAMMY (Fig. 2), the heteronuclear interactions still sum up
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to the apparent 4m/w; dwell. This dwell must be corrected by
the factor 1.093, as described in the previous Section due to
incomplete heteronuclear decoupling when the protons are
not irradiated.

2.3. Incorporation of SAMPI4 into heteronuclear
spin-correlation (HETCOR) experiment

The broad bandwidth of SAMPI4 makes it a valuable
building block for other pulse sequences, including the
solid-state NMR "H-'N HETCOR experiment [41], which
correlates '"H and "N chemical shift frequencies in two-
dimensional spectra. The modified HETCOR sequence is
shown in Fig. 4. The first part of this pulse sequence still
consists of FSLG for 'H chemical shift evolution in the
presence of homonuclear decoupling. After the ¢; evolution
period and the X;(90) pulse the density matrix is (under the
conditions of complete decoupling and high rf power)

p(t1) =1, cos (G—\/Hgtl) — I, sin (%tl),

where ¢ is the proton chemical shift scaled by FSLG by a
factor of 0.58. SAMPI4 is used to achieve selective polari-

(23)

Nsam
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pf x
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Fig. 4. Timing diagram for the HETCOR experiment incorporating
SAMPI4 to achieve selective polarization transfer. During the ¢, period,
the 'H chemical shifts evolve under conditions of FSLG decoupling and
high-power continuous rf irradiation of '*N. The third intermittent Y90
pulse after the #; evolution pulse interleaves real and imaginary parts. The
optimal number of SAMPI4 cycles is between 4 and 10 in this application.

zation transfer for the amide 'H to the covalently bonded
I>N. The optimal number of SAMPI4 dwells Ngan (With
the appropriate 180-degree cycling as in Fig. 1) to achieve
the transfer for all peaks depends on the orientation and is
typically found to be between 4 and 10. To measure both
the real and imaginary components of the "H chemical shift
evolution, an intermediate Y; (90) pulse is used. If the
polarization in the laboratory frame is along the Z-axis,
it does not evolve under SAMPI4. Therefore, when pres-
ent, the intermediate Y; (90) pulse selects the cosine term
by placing the 7. term along the X-axis; when it is absent,
only the sine term evolves.

3. Results and discussion

In order to work with spectra containing relatively few
resonances spread over a broad range of frequencies we
used a “multicrystal” sample consisting of three small crys-
tals of '>N-acetyl-leucine, each at an arbitrary orientation.
Fig. 5A is a SAMPI4 spectrum obtained with rf power
corresponding to a 4.4 ps 90° pulse (56.8 kHz B; field
strength). Since each single crystal has 4 amide sites at dis-
tinct orientations, a total of 12 signals are expected. The
experimental spectrum contains 11 signals, with two over-
lapped resonances contributing to the signal near
110 ppm (as shown in subsequent PISEMA and HETCOR
spectra). The signals are numbered 1-12 in descending
order of their chemical shift frequencies. The contour line
corresponds to the two-dimensional powder pattern defining
the span of frequencies for the 'H and '°N interactions at the
amide sites. The powder pattern was calculated by a Monte-
Carlo simulation using consensus parameters (except Gly
and Pro) for the '°N chemical shift tensor (a,; = 64 ppm,
02> = 77 ppm, 633 = 220 ppm, f = 18.0°) and rnpy = 1.05 A.
A representative slice through the indirect dimension is
shown. A notable feature of spectra obtained with SAMPI4
is a significant reduction in the amplitude of the zero-fre-
quency artifact, which is often observed in PISEMA spectra.

A B
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Fig. 5. Comparison of SAMPI4 and SAMMY of a multicrystal sample consisting of three single crystals of NAL at arbitrary orientations. (A) SAMPI4
spectrum. The contour line corresponds to the two-dimensional powder pattern calculated using the average '’N CSA tensor parameters: o;; = 64 ppm,
a2, =77 ppm, 633 = 220 ppm, § = 18.0°, and ryy = 1.05 A. Lorentzian linewidths for the peaks numbered 1-12 are: (1) 192 Hz; (2) 166 Hz; (3) 188 Hz; (4)
162 Hz; (5) 251 Hz; (6) and (7) 237 Hz; (8) 191 Hz; (9) 161 Hz; (10) 187 Hz; (11) 183 Hz; (12) 176 Hz. (B) SAMMY spectrum. Linewidths for peaks 1-12
are: (1) 228 Hz; (2) 315 Hz; (3) 256 Hz; (4) 350 Hz; (5) 234 Hz; (6) and (7) 204 Hz; (8) 193 Hz; (9) 165 Hz; (10) 185 Hz; (11) 184 Hz; (12) 202 Hz.
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Fig. 5B is a SAMMY spectrum, obtained with the same
power levels and carrier frequencies, using the original ver-
sion of the pulse sequence [22]; it is apparent that the reso-
nances with large heteronuclear dipolar couplings
frequencies (>6 kHz) are much better decoupled using
SAMPI4 than SAMMY. The SAMPI4 spectrum has line-
widths of <200 Hz for almost all resonances.

The performance of SAMPI4 depends on the amount of
rf power that is applied. Larger couplings (>5 kHz) are
more affected by inadequate rf power levels. For example,
for data acquired with a 50 kHz B, field strength (5 ps 90°

pulse, results not shown), the decoupling efficiency for peak
#3 (9.2 kHz coupling) is significantly deteriorated, whereas
peaks 812 still have linewidths <200 Hz. Fig. 6A contains
PISEMA spectra obtained under exactly the same condi-
tions as in Fig. 5; even though some of the linewidths are
narrower than those obtained using SAMPI4 (130 Hz vs.
160 Hz in the best cases) more than half of the peaks did
not evolve or decouple properly in the dipolar coupling
frequency dimension. This situation can be remedied to a
certain extent by shifting the 'H carrier frequency several
kHz during the #; evolution period. As an example,
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Fig. 6. Comparison of PISEMA spectra obtained with two different 'H carrier frequencies. (A) At the optimal decoupling carrier determined by the
t, evolution. Linewidths for peaks 1-4 are: (1) 149 Hz; (2) 149 Hz; (3) 130 Hz; (4) 130 Hz; whereas the remaining peaks did not properly evolve. (B) At
"H carrier shifted up by 4 kHz during ¢; acquisition. Linewidths for peaks 1-12 are: (1) 212 Hz; (2) 211 Hz; (3) 182 Hz; (4) 170 Hz; (5) 149 Hz; (6) 240 Hz;
(7) 141 Hz; (8) 205 Hz; (9) 176 Hz; (10) 195 Hz; (11) 253 Hz; (12) 228 Hz.
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Fig. 7. Representative slices through the dipolar dimension for peak #9 at 500 MHz at different 'H carrier offsets. First row: SAMPI4; second row:
PISEMA; third row: SAMMY. SAMPI4 shows good decoupling over the entire range rf frequencies studied (+5 kHz). Note that for PISEMA the optimal
decoupling condition is shifted by +2 kHz relative to SAMPI4/SAMMY for this peak.
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Fig. 6B contains a PISEMA spectrum obtained under con-
ditions where the 'H central carrier frequency was shifted
by 4 kHz during the FSLG irradiation interval. Because
the line widths are relatively narrow, this appears to
improve the broadband decoupling efficiency of PISEMA,
however, the signals with larger dipolar couplings actually
change their frequencies by as much as 600 Hz as a result of
the offset dependence of the scaling factor. In the case of a
protein, the resulting inaccuracies in the dipolar coupling
frequencies would make them unsuitable as input for struc-
ture calculations. Note that due to the greater sensitivity of
FSLG to 'H frequency offsets, the broad intensity at
140 ppm becomes split into two peaks, which is due to
the different chemical shifts of the directly bonded protons
(see below).

Representative slices through the (indirect) heteronucle-
ar dipolar coupling frequency dimension are shown in
Fig. 7 for peak #9, which corresponds roughly to the per-
pendicular orientation of the N—H bond. For this orienta-
tion, PISEMA turns out to be the most sensitive to the 'H
carrier offset. By contrast, SAMPI4 turns out to be relative-
ly insensitive to the positive offset and more sensitive to the
negative offset. Notably, for this peak the optimal decou-
pling conditions for PISEMA differ by about 2 kHz from
those for SAMPI4 of SAMMY.

The dependence of the scaling factor, as represented by
the measured dipolar couplings, as a function of 'H carrier

frequency is shown in the plots in Fig. 8 for SAMPI4 (solid
line) and PISEMA (dashed line). In the case of aligned pro-
tein samples, care must be taken to determine the 'H carri-
er frequency that provides optimal decoupling for the
observed signals. In practice, this often means obtaining
multiple spectra at different carrier frequencies.

It has been shown previously [22,35,37] that for
PISEMA the optimal decoupling corresponds to the lowest
point of the scaling factor “smile” for each peak. In this
case the measured dipolar coupling corresponds to the
actual N-H coupling. However, as can be seen from
Fig. 8 this can be difficult to achieve simultaneously for
all signals in a PISEMA spectrum. This is perhaps most
pronounced for peaks #3 and #5, for which the difference
in their optimal 'H carrier frequency is 4 kHz. Moreover, if
the frequency is optimized for one set of peaks, some peaks
may not evolve at all. Interestingly, the likelihood of losing
peaks entirely increases at lower carrier frequencies; at
higher 'H carrier frequencies most of the peaks do evolve
during ¢,. However, the dipolar scaling factor may become
unreliable (cf. Fig. 6B). By contrast, SAMPI4 is much more
tolerant of sub-optimal 'H carrier offset frequencies, and
gives almost flat profiles across a +5 kHz range of 'H offset
frequencies. Moreover, all the peaks are evolved by
SAMPI4 in the dipolar dimension regardless of the offset.

The magnitudes of the measured dipolar coupling fre-
quencies for all eleven resolved resonances are plotted as
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lines) as function of "H carrier offset for peaks 1-12.
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a function of rf field strength in Fig. 9 for SAMPI4. The
measurements were performed at 500 MHz using five dif-
ferent rf field strengths, corresponding to 90° pulse lengths:
3.7us (67.6kHz B; field), 4.05ps (61.7kHz B; field),
4.45us (56.2kHz B, field), 4.75 us (52.6 kHz B; field),
and 5.05 us (49.5kHz B, field). The scaling factors for
the larger couplings (>8 kHz) are less reliable when the
90° pulse lengths are longer than 4.5 ps; whereas smaller
(<5 kHz) couplings are relatively insensitive to the B field
strength within the range studied.

HETCOR spectra provide valuable complementary
information about the 'H carrier offset dependencies, since
they show the distribution of 'H chemical shifts for the var-
ious '°N sites. Fig. 10 is a HETCOR spectrum obtained
using the pulse sequence in Fig. 4 on the same multicrystal
sample at the same orientation. The 'H carrier frequency
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Fig. 9. The observed dipolar couplings for SAMPI4 as a function of
applied rf power (length of the calibrated 90° pulse) for each resolved
resonance at 500 MHz.
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Fig. 10. HETCOR spectra obtained using SAMPI4 for selective transfer
at 500 MHz. The 'H carrier was set at 3.2 ppm. The observed range for 'H
chemical shifts is about 9 ppm or 4.5 kHz. The solid line denotes the
boundary of the powder pattern covering the chemical shift range
expected in proteins.

was at 3.2 ppm. At this orientation, four SAMPI4 dwells
were sufficient to selectively transfer polarization for all
peaks. While peaks #1 and #2 appear to have similar 'H
and "N chemical shifts, the other 10 peaks are clearly
resolved. The contour line corresponds to a two-dimen-
sional powder pattern correlating the "H and '°N chemical
shift frequencies using the average 'H principal values of
11 =3 ppm, o, =8 ppm, and o033 =17 ppm [42]. The
large difference in the optimal 'H carrier observed in
Fig. 8 for peaks #3 and #5 is most likely due to a difference
of more than 8 ppm between the chemical shifts of the
directly bound protons for these sites, which is revealed
by the HETCOR spectrum.

The potential to use SAMPI4 to effect broadband polar-
ization transfer at high fields was demonstrated at
900 MHz. Fig. 11 contains both SAMPI4 and HETCOR
spectra of the same multicrystal sample at 900 MHz; how-
ever, the orientations of the individual crystals could not be
preserved while transferring the sample between probes
and spectrometers, and this accounts for the differences
in resonance frequencies compared to Figs. 5, 6, and 10.
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Fig. 11. Spectra of the multicrystal sample at 900 MHz at a different
orientation. (A) SAMPI14. (B) HETCOR. The 90° pulse was 4.2 ps. The
'H carrier was set at 8.1 ppm. The observed range for "H chemical shifts is
now 11.5 ppm or 10.4 kHz. At 900 MHz it is more difficult to achieve
optimal decoupling in the dipolar dimension, especially for the larger
couplings. However, effective polarization transfer can still be achieved by
SAMPI4.
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The 90° pulse was calibrated at 4.2 pus (60 kHz B; field
strength). Compared to 500 MHz, even at higher B; field
strengths, it is much more difficult at 900 MHz to find a
single 'H carrier frequency that yields <200 Hz linewidths
for all signals. Furthermore, for this particular combina-
tion of crystal orientations, no single optimum number of
SAMPI4 dwells was found that performed adequately for
all resonances. The maximum number of peaks (10) that
could be simultaneously observed via polarization transfer
by 9 SAMPI4 dwells is shown in Fig. 11B. The linewidths
are constant in Hz, therefore they are effectively improved
from 1.8 ppm at 500 MHz to about 1 ppm at 900 MHz.
Despite the wide range of "H chemical shift frequencies
(11.5 ppm or 10.4 kHz), SAMPI4 provided selective polar-
ization transfer from the proton to its directly bonded
nitrogen, which enables '°N detection.

High magnetic fields provide not only greater "H chem-
ical shift dispersion but also improved sensitivity. Fig. 12
compares two-dimensional SAMPI4 and HETCOR spec-
tra obtained on a sample containing 1 mg of a uniformly
>N labeled 37-residue polypeptide (the transmembrane
domain of Vpu) reconstituted in perpendicular (unflipped)
bicelles [32]. The 90° pulse was calibrated at 5.3 ps and 128
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Fig. 12. Two-dimensional solid-state NMR spectra at 900 MHz of a
uniformly "N labeled membrane protein in magnetically aligned bicelles.
(A) SAMPI4. (B) HETCOR. The 90° pulse was calibrated at 5.3 pus. The
contour lines show the powder patterns expected for amide resonances in
perpendicular bicelles including the bicelle order parameter of 0.8. The
signals that fall outside the contour lines are from sidechain resonances.

scans in the direct dimension were acquired for each of 64
t, points. Since all of the dipolar couplings are reduced by
~40% in perpendicular bicelles, the pulse sequences were
effective at the lower B fields available for aqueous protein
samples at high fields. The SAMPI4 spectrum shown in
Fig. 12A exhibits excellent resolution for at least 23 peaks.
The contour of the amide powder pattern was calculated
assuming a bicelle order parameter of 0.8 and fast uniaxial
diffusion for the amide N-H sites in the bicelles [43].
Fig. 12B shows the corresponding HETCOR spectrum,
which gives the distribution of 'H chemical shifts of the
protein.

4. Conclusions

The bandwidth limitations encountered in applications
of PISEMA and SAMMY for two-dimensional separated
local field spectroscopy are reduced with SAMPI4, which
is of crucial importance for studies of proteins in high mag-
netic fields. SAMPI4 can be readily implemented on com-
mercial spectrometers since it does not involve frequency
jumps or complex phase modulations. A SAMPI4-based
selective transfer can be used as a building block for other
two-dimensional pulse sequences such as two-dimensional
HETCOR as well as three-dimensional experiments. Inter-
estingly, while the FSLG scheme turns out to be very sen-
sitive to the 'H chemical shift dispersion when used to
measure the "H-'°N dipolar couplings, we have found it
to be noticeably more robust when used to measure the
"H chemical shifts themselves at resonance frequencies as
high as 900 MHz.

A detailed treatment of the spin dynamics of SAMPI4
and a derivation of the scaling factor for this pulse
sequences is presented. Justification of the correction
lengths, which compensate for the finiteness of the Y90-de-
gree pulses, d; and J, is given using quantum-mechanical
exponential propagators. The treatment of the effective
Hamiltonians is build upon symmetrization of the products
of exponential operators and truncation of higher-order
terms during the continuous rf irradiation. This method
becomes valid at high powers where the relevant time inter-
vals become sufficiently short and, as a result, the higher-
order terms arising from non-commuting operators can
be neglected. These power limits are determined by the
magnitudes of spin interactions present in the sample.

The method of treating the heteronuclear and homonu-
clear Hamiltonians under relatively high rf irradiation
powers has the potential to allow facile development of
new pulse sequences for high-resolution solid-state NMR
by eliminating the need to compensate for the imperfec-
tions of the sequences originally created under the d-pulse
approximation. This will improve the feasibility of deter-
mining the structures of larger and more complex mem-
brane proteins in their native phospholipid environments,
and more generally enabling NMR studies to tackle a
greater fraction of the proteins expressed from genomes
by overcoming the limitations resulting from the slow
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reorientation rates of proteins in biological supramolecular
assemblies.

5. Experimental section

The NMR experiments were performed on spectrometers
with 'H resonance frequencies of 500 and 900 MHz. The
500 MHz spectrometer was configured with a Varian
(www.varianinc.com) Inova console and a wide-bore Mag-
nex 500/89 magnet and room temperature shim coils. A
home-built lumped-element probe with a 5 mm inner diam-
eter solenoid coil double-tuned to the 'H and '°N frequencies
was utilized. The 900 MHz spectrometer was configured
with a Bruker (www.bruker.com) Avance console and a
standard-bore Magnex 900/52 magnet. A home-built dou-
ble-tuned probe with a 4 mm inner diameter solenoid coil
and Magnex room temperature shim coils were utilized.
The principal sample consisted of three small crystals of
15 N-acetyl-leucine (NAL) packed inside a single glass tube.
The sample of the membrane protein Vpu2-30+ was pre-
pared in bicelles as described elsewhere [30,32]. One hundred
and twenty-eight #; and 512 ¢, points were acquired in sepa-
rated local-field experiments (SAMPI4, SAMMY,
PISEMA) and 64 ¢, and 512 t, points in the heteronuclear
correlation experiments with an 8 s recycle delay. Due to
hardware limitations, a phase-modulated Lee—Goldburg
scheme [6]was used on the INOVA console instead of FSLG.
The number of scans was 16 at 500 MHz and 8 at 900 MHz
for the crystal sample and 128 for the protein sample. The B,
rf field strength was 56.8 kHz at 500 MHz (5 mm solenoid
coil) and 60 kHz at 900 MHz (4 mm solenoid coil) for the
sample containing crystals of NAL and 47.2 kHz for the pro-
tein sample. The SPINAL pulse sequence [44] was used for
decoupling during data acquisition at 900 MHz. In the HET-
COR experiments the '’N decoupling power was increased
by 50-60% to avoid the Hartmann—Hahn matching condi-
tion during 'H chemical shift evolution. The NMR data were
processed using nmrPipe [45] with 1 ppm Lorentzian line
broadening in the direct dimension followed by Fourier
transformation. No apodization function was applied in
the indirect dimension on the crystal sample.
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