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We demonstrate an approach to efficient excitation and detection of high-order multiple quantun¥gVQ)
NMR signals in solids under high-speed magic angle spinning (MAS). This approach combines homonuclear
dipolar recoupling by the finite-pulse radio-frequency-driven recoupling (fpRFDR) pulse sequence with multiple
guantum excitation pulse sequences developed for static solids based on time reversdC MEIR
spectroscopy is demonstrated on the model compolidés-L-alanine,3C.-L-methionine, andJ-13C >N-
L-valine, at an MAS frequency of 20.0 kHz. MQ signals resulting from coherences 1 8pins are observed
experimentally in the singly labeled model compounds. The fpRFDR-based MQ NMR technique is also applied
to both singly labeled and multiply labeled peptides in the form of amyloid fibrils. Additionally, the competition
between the dipolar recoupling mechanisms of fpRFDR and delta-pulse RFDR is explored by numerical
effective Hamiltonian calculations.

I. Introduction organization off3-sheets in amyloid fibrils associated with
Alzheimer’s disease?!®
With few exceptions, MQ NMR measurements in solids have
been carried out under static sample conditions, i.e., without
magic angle spinning (MAS). Although important information
about the structural, dynamical, and electronic properties of
certain materials can be obtained fré#8 NMR measurements
ithout MAS, as demonstrated in the case of alkali fullerides

Multiple quantum (MQ) nuclear magnetic resonance (NMR)
is a form of NMR in which signals arising from coherences
between spin states that differ by more than one quantum of
angular momentum are detectetin systems of coupled spin-

1/, nuclei, MQ NMR signals must arise from coherences
involving multiple spins. In solids and anisotropic mesophases,

MQ NMR spectroscopy is advantageous as a means of spectra| y Tully and co-workerd! most'3C NMR measurements on

J L 5
simplificatior’ and as a_structural toét. ) . organic and biochemical solids are currently carried out with
In systems of many dipole-coupled nuclear spins, observation\ as pecause of the very significant enhancements in spectral
of high-order MQ NMR signals (i.e., signals from coherences yagoytion and sensitivity that MAS produces. Techniques for
involving many quanta) is generally precluded by destructive MQ proton NMR spectroscopy of solids under MAS have been
interference among unresolved MQ transitions with random demonstrated by Meier and EafiSpiess and co-worket3; 17
phases. In 1983, Yen and Pifieemonstrated that this problem 4 ping and McDowel® but these techniques are not effective
could be overcome by the use of MQ excitation pulse sequencesy, MQ 13C NMR. Levitt and co-workef§-2°have reported MQ
that produce an effective dipotelipole coupling Hamiltonian 13C NMR spectra of solids under MAS, but only signals up to
which is time-reversible, in other words an effective Hamiltonian 3-quantum were observed.
of W.hiCh t_he overall sign can be reversed by an expgrimental The principal difficulty with MQ3C NMR of solids under
manipulation such as a radio frequency (rf) phase shift. Pulse MAS is the need to generate a time-reversible effectig-
sequences that produce time-reversible Hamiltonians which areia- dipole—dipole coupling in the presence of large chemical
either 2-quantuthor 1-quantur_ﬁ selective have been demon- g iterences and CSA. Although many rf pulse sequeficEs
strateq. Early MQ NMR experiments in solids were qarrled out for restoring thel3C—13C couplings that would otherwise be
exclusively on homogeneously broadened systems, i.e., system veraged out by MAS have been developed (i.e., so-called

in which the dipole-dipole couplings were large compared with “di =
. i . . . . ipolar recoupling” sequences) and some of these can produce
chemical shift differences and chemical shift anisotropies (CSA). effective dipole-dipole coupling Hamiltonians that are time-

('\)Anozﬁn rg?gcg?g;ﬁoh;\lﬁigg%gée_?ag];e'\g%rintgﬁzngﬁouciZ&??edreversible under ideal conditioR%;26 in practice the time
9 reversibility is destroyed under more realistic or desirable

galst?r/ns;e_rzs \r’)\”é?] Lugogg%\ezeggggs k:r:%aggneq ;ge((::(t)ra_, -€-:conditions. In this paper, we demonstrate an approach that partly
?/in <9 V\I/e \rllva\l/e demonstrate)éj the utilit olfdemGC NMIg overcomes this difficulty. Our approach takes advantage of the
piings. Wy finite-pulse radio-frequency-driven recoupling (fpRFDR) effect
spectroscopy as a structural probe of biological macromolecular recently elucidated by Ishii and co-work@® Under high-
assemblies, specifically in investigations of the structural speed MAS, the fpRFDR sequence creates an effective dipole
- — - — dipole coupling Hamiltonian with the same operator form as a
Part of the special issue “John C. Tully Festschrift”. . static coupling, even in the presence of substantial chemical
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solids?83.7.36-32 yjelding pulse sequences that we refer to as (a)
high-speed magic-angle spinning multiple quantum (HSMAS-

MQ) excitation sequences. In the following sections, we
demonstrate the effectiveness HSMAS-MQ sequences for MQ

13C NMR both through numerical simulations and through p(2.0)
experimental spectra of singly and multiply labeled model
compounds and human Alzheimegfsamyloid peptides in the (b)

form of amyloid fibrils. The experiments are carried out at MAS 90, -
frequencies~20.0 kHz and a magnetic field strength of 9.4 T, 'H|| cp,
realistic conditions for solid-state NMR studies of many organic
and biochemical systems. The experimental spectra illustrate
the enhancements in sensitivity and spectral resolution (and
therefore information content) that result from the ability to PCICP,|! Twepn || MQ() MQ(180)|| Toepn FID(8)
perform MQ3C NMR spectroscopy with high-speed MAS.

Initial state Detection

p(0)] I, (#) select  P(9) M

1, select FID

Decoupling Decoupling

905, 90,.9 9

<?

Il. Theory and Simulations (C)

General Considerations.Figure 1a illustrates the general A5y e 905+4 4%

+0
form of a phase-incremented MQ pulse sequéfAc&he MQ(p) = HV RFDR($)| | fPRFDR($)| | foRFDR(6) HV
technique consists of preparation of an initial state, evolution N
under a MQ preparation pulse sequence (P), evolution under arigure 1. (a) Conceptual description of a phase-incremented multiple
MQ mixing pulse sequence (M), and signal detection. A MQ quantum (MQ) NMR experiment. Preparation of an initial sia(0)
spectrum is obtained by incrementing the phasé the initial (proportional to eitherl, or Ix cos ¢ + |y sin ¢) is followed by
state and the P excitation sequence in a two-dimensional (2D)Preparation of MQ coherences during P, reconversion to observable
fashion, with¢ = 0, 27/m, ..., (m — 1)27/m. The technique is magnetization during M, and detection of a selected magnetization

. X ; . L component (proportional to eithéror ). The phase is incremented
performed starting with and detecting either longitudimgldr in a second dimension as described in the text. (b) Experimental

transversel() magnetization. The sign&l(¢,0) at the start of  jmplementation of the double-resonance pulse sequence fof3Q

detection for any crystallite may be written as solid-state NMR with preparation and detection of transverse magne-
tization (o(¢,0) O Ix cos¢ + |y sin ¢ while detectingly). 6 alternates
S(¢,0) = Tr{1, UyUp(¢)p(#,0)Up (#)Uy, '} (1a) between 0 and 180 to remove T relaxation effects during thé,

selection block as described in the text. (c) High-speed magic-angle
spinning multiple quantum (HSMAS-MQ) excitation sequence resulting
=Tr{ [UM_1IXZUM][RZ(¢)UP(O)I XZUP(O)_lRZ(-¢)]} from the incorporation of finite-pulse radio-frequency-driven recoupling
' ' (1b) (fpPRFDR) blocks into the short two-spin, 1-quantum MQ excitation
sequence designed by Suter ef &r MQ NMR measurements on
. nonspinning solids. This excitation sequence is called “sequence A”
= Tr{ CbgPan) oy nAyn€ )} (1c) in the text. “Sequence B” is based on the longer MQ excitation sequence
of Suter et al., with eight®C #/, pulses in the pulse cycle.

= Eq,nb*q,naq,ne_i ne (1d) Um = Up)) is used*s 783234 pecause the destructive interfer-
ences among the-quantum coherences for differeqtare
= Zq’nRe{ b*qvnaq’n} cosfip) + Im{ b*qvnaq’n} sin(ng) eliminated. In the limit of perfect time reversibilitgn = agn

(1e) andS(¢,0) = =qn|aqnl’cosfig), for which the cosine transform
is maximal and the sine transform is zero. For imperfect time
making use of the fact that the spin density operator may be reversal, the cosine transform amplitudes will be reduced and
decomposed at any time into a linear combination-gliantum the sine transform amplitudes may be nonzero.

coherences, i.eg = ZqnagnAgn Where the indexy represents Time reversal is usually achieved by the use of excitation
the differentn-quantum operators for a multispin systéhhe sequences for which the sign of the effective Hamiltonian can
{Aqn} are n-quantum operators that satisfy{PfqnAqn} = be reversed by an overall rf phase shift, in which case P and M
OnnOaqs Algn = Aq—n, and R{p)AgnRA—¢) = Aqne ™. Ad- are identical aside from this phase shift. Other time-reversal
ditionally, becaus&JI, U1 is Hermitian,a* qn = aq—n. R(¢) methods can be used, however. For example, Michal and

is the operator describing a rotation abatiy ¢, andp(¢,0) is Tycko®® recently demonstrated high-order MQ excitation in a
the initial spin density operator at the beginning of the excitation static solid using a single weak rf pulse for P and a sequence
pulse sequence P. In the last step, the imaginary part isof hard pulses designed to reverse the spin evolution under a

identically zero after the sum over n sinag;, = ag—n. weak pulse for M.

A complex Fourier transfornfr(n,0) of ¢,0) with respect The expression fo§,0) given above is relevant when all
to ¢ contains the maximum amount of information that can be spins in a coupled system have equal initial polarizations and
known about the system. For each MQ ordeRe[F(n,0)} = unresolved NMR frequencies in the signal detection period. If

ZRe(b*gnagn} and IM{F(n,0)}= Z¢Im{b*qnaqn}, hereafter the spins have resolved NMR frequencies in the detection period

called a MQ spectrum, represents the probability amplitude for but have equal initial polarizations, the detected opefator

exciting and detecting each setmfjuantum coherences, with  Ziliy, in eq la is replaced by the individual spin angular

the realization that destructive interference between the variousmomentum operator, ,, while the initial density operatqgs-

g nrquantum coherences may have occurred. In the absence of¢,0) is unchanged. Then, even in the limit of perfect time

zero filling in the ¢ dimension, Fourier transformation results reversaljpgn = agn and the imaginary part of the MQ spectrum

in “stick” spectra in both the real and imaginary parts. is nonzero. However, the imaginary part of the MQ spectrum
Observation of high-order multiple quantum signals is most must sum to zero in the case of perfect time reversal, because

successful when a time-reversible MQ excitation sequence (i.e.,of the result derived above.
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Finite-Pulse RFDR-Based MQ NMR Excitation. Time-
reversible MQ excitation sequences with effective Hamiltonians
that are two-spin, 1-quantum operafaad two-spin, 2-quantum
operators;® have been developed for static solids. In an infinite
system of dipole-coupled spiit; nuclei, a two-spin, 1-quantum
Hamiltonian permits the excitation of all orders of multiple
guantum coherences, while a two-spin, 2-quantum Hamiltonian
permits the excitation of either all odd orders or all even orders,

depending on whether transverse or longitudinal spin magne-

tization is prepared initially and detected. In a syster spins,
the observable multiple quantum orders are further limited by
selection rule$:833When transverse magnetization is prepared
initially and detected, all orders from 0 throubjhare observable
in principle under a two-spin, l-quantum MQ excitation
Hamiltonian.

The shortest version of the two-spin, 1-quantum excitation
sequence developed by Suter etial45—(—7,—90—17'—90—

[,—)n—45-y, hereafter referred to as sequence A (this sequence

combined with fpRFDR is shown in Figure 1c¢). When the only
important internal spin interactions are homonuclear dipole
dipole couplings, this sequence is sufficient to create an averag
dipole—dipole coupling Hamiltonian of the fortdp© = 5-d;-
(2l + 1xil5). A 180 rf phase shift (producing a rotation of the
average Hamiltonian by 18(bout thez component of total
spin angular momentum) changes the sigrHef®. A longer

version (sequence B) often used in experiments on static solids

is 45— (—"—90—7'—90,—7—90—7'—90—7—90 x—7'—90_x—
7—90 x—7'—90_,—"/>—)n—45-,. Sequence B is simply a su-

percycle of the shorter sequence A that additionally averages

resonance offsets and chemical shifts to zero. The total MQ
excitation time fwg) is a multiple of the cycle time of either
sequence A or B. In static solids, durimgandt’ (r = 2t +
790, Whereryg is the length of thé/, pulse) the system evolves
under the static internal Hamiltonian of which the dipetipole
component is proportional to the spherical tensor operBigr
Recently, Ishi#i®2°pointed out that a simple rf pulse sequence
could be used under high-speed MAS to create an averag
Hamiltonian for a dipole-coupled spin system that is also
proportional toT, o. This sequence consists of a singl@ulse
(or compositer pulse) in the middle of each rotation period,
with rf phases following the XY4 pattern (or higher XY
pattern)® The pulse sequence is identical in form to the radio-
frequency-driven recoupling (RFDR) sequence introduced by
Gullion and Veg#&® and by Bennett et afL2” but is executed
in the regime where the pulse lengths, are a significant
fraction of the MAS rotation periodgr and where the MAS
frequencyvr is larger than chemical shift differences and CSA.
In this regime, the pulse sequence is called finite-pulse RFDR
(fpPRFDR).

QOyler and Tycko

Effective Hamiltonians under RFDR and fpRFDR. If the
effective Hamiltonian of the fopRFDR sequence deviates from
T20, the HSMAS-MQ excitation sequence will not be time-
reversible by a phase shift. In the limit of finite pulses with no
chemical shift differences, the average Hamiltonian is propor-
tional to T, o as described by Ish# On the other hand, in the
limit of delta pulses with significant chemical shift differences,
the average Hamiltonian for RFDR is the “flip-flop” Hamilto-
nian reported by Bennett et &l.which is proportional torl, o
+ «/ETO,O. Frequently, neither limit is achieved experimentally,
so that a combination of the two Hamiltonians is involved. The
exact experimental conditions determine the relative contribu-
tions of the two recoupling mechanisms.

To investigate the interplay between the different contribu-
tions to the effective Hamiltonian under an RFDR-type se-
qguence, a series of simulations were performed wherein an
effective coupling HamiltoniarHe# was calculated for the
sequence and decomposed into irreducible tensor operator
componentd| . Heft Was obtained by calculating a numerically
exact spin propagator, taking its logarithm, and multiplying by

a/,, wherer is the total pulse sequence tintd, was calculated

in the MatLal§” computing environment for a two spin system
with isotropic chemical shifts and a dipolar coupling constant
of 200 Hz. The spinning speed, chemical shift difference, and
7 pulse lengths were varied as described below. The propagator
was calculated for each crystallite orientation by (i) dividing a
single rotor period into 100 increments, (i) calculating a
“minipropagator” for each increment (including asphase RF
field where appropriate for a total flip angle of), (iii)
multiplying the minipropagators together in a time-ordered
fashion to obtain the propagator for one rotor period, (iv) rotating
the resulting propagator by €72z to obtain a similar propaga-

tor for a 'y phaser pulse, and finally (v) multiplying the& and

y phase single rotor period propagators in a time-ordered fashion
to obtain a single RFDR propagator that incorporates 3¥Y8

ephase cycling. For delta-pulse simulationsxgrhase delta pulse

was inserted in the middle of a rotor period of free precession,

and the full XY8 propagator was calculated in the manner

described above. The logarithm of the propagator was evaluated

with the MatLab functionlogm(). The coefficientsA i, of the

T,m components iHes were evaluated through the expression
m= TI’{TLmTHeﬁ}/TI'{ T|,mTT|’m}.

A measure of the magnitude of the delta-pulse RFDR
recoupling effect i$Aq o= s Which represents the root-mean-
squared coefficient ofy o for 500 randomly oriented crystallites.
(A, s has contributions from both the fpRFDR and delta-
pulse RFDR recoupling mechanisms. Figure 2 shds® ;s
and A, s as a function of the difference in isotropic shifts

Because the average Hamiltonian under fpRFDR has the samdOr the two spins, for several values of/zr and two MAS
operator form (but different spatial orientation dependence) as SPeeds. As expected, in the delta-pulse limit (Figure 2a), no

the homonuclear dipotedipole coupling for a static sample, a

recoupling is observed when the chemical shift difference is

time-reversible sequence compatible with high-speed MAS can zero. As the shift difference increases, the effective Hamiltonian

be created by replacing and 7' in the excitation sequences
described above byN and M rotor periods of fpRFDR

respectively 1 = 8 in the experiments below). It is immediately
obvious thatr andz’ may no longer be continuous variables at

assumes a flip-flop form, and bot o & s and A s
become nonzero. The magnitude of the recoupling effect is
maximal near the rotational resonance conditiod€S ~
mvr).2” As tp/Tr increases, the value &, Fls at 6CS= 0

any particular spinning speed, but this constraint does not increases whildA "l remains equal to zero. This is the

significantly limit the technique’s usefulness. Because fpRFDR fpRFDR contribution. One expects the effective Hamiltonian
already averages chemical shifts and CSA to zero, the shortesto be time-reversible as long as the fpRFDR contribution
version of the excitation sequence (sequence A) is sufficient. dominates. From the simulations in Figure 2, time reversibility
We refer to fpRFDR-based MQ excitation sequences that areis degraded fodCS > 0.3vr. This result is supported by the
compatible with high-speed MAS as HSMAS-MQ excitation simulated and experimental HSMAS-MQ spectra described
sequences. below.
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3CS (kHz) Figure 3. (a) Simulated HSMAS-MQ NMR spectra for a seven-spin

system representir'3C-L-alanine for the indicated values of the MQ
excitation time. (b) Simulated HSMAS-MQ spectra for a seven-spin
system representing®C.-L-methionine, observing one of the two
crystallographically inequivalent sites. Line shapes are Gaussians,
multiplied by the simulated MQ signal amplitudes. Simulation condi-
tions: vg = 20.0 kHz, sequence B (described in the text) wWith= 16

and XY16 phase cycling, fpRFDR pulse= 20 us, */, pulse= 4 us.

Figure 2. Effective dipole-dipole coupling Hamiltonian components
(Ao, s (dashed line) and, s (solid line) as a function of the
isotropic chemical shift differenc&CS under a radio-frequency-driven
recoupling (RFDR) pulse sequence, whigkg£[ins represents the root-
mean-squared coefficient of the irreducible tensor operitgin the
effective Hamiltonian for 500 randomly oriented crystallites, numeri-
cally calculated for a two-spin system as described in the text.
Simulations are shown for two values of the MAS rotation perigd

and forzy/tr equal to 0.0, 0.1, 0.2, 0.3, and 0.4 (partsed, wherer, Tva = 0.0 ms 1.2 ms 03 2.4 ms
is the RFDRx pulse length. The dependence of the dipolar scaling 1 1 '
factor for finite-pulse RFDR (fpRFDR) omy/tr is given by the 0.8
magnitude of A, *" ;s at 6CS= 0. Part a represents a pure “flip flop” — 0.2
Hamiltonian with operator form—(x/%)('rz,o + «/ETO,O). In general, 8 o6
the coefficient of the “flip-flop” term is given by— +/3/4 ¢ Ghs o o4 Hﬂﬂ n o1 I ﬁ
0.2 S oo L

Simulations of HSMAS-MQ NMR Spectra. Simulations ollll . ottt - [I i e o
of HSMAS-MQ NMR spectra were performed using home-built T 2 3 4 5 1 2 3 4 5 1 2 3 4 5
C/C++ code that calculates the full spin density matrix 04 02 01
evolution during the simulated experiment. The internal Hamil- 03 0.05
tonian is approximated as piecewise-constant with-@@ o) 0.2 01 E iﬂ
increments in a single rotor period. All pulses in the MQ & o4 ol EH.. oo o ul
excitation and mixing sequences are treated as finite pulses. The= off.;, - . . . u H 0.05
code is general tdN spins and is capable of performing the -0.1 Hﬂ 01
pseudo-2D experiment, where thelimension is the phase shift -0.2 0.2 -0

1.2 3 4 5 1 2 3 4 5 1 2 3 4 5

¢, that is required for a phase-incremented MQ N¥IR
; o e rder

technique. Only the first signal point iais calculated to save _ _ _ n (quantum 0_ de _)

time. Simulations for up to seven spins can be carried out before Figure 4. Simulations of the real and imaginary parts of the HSMAS-

processing time becames prohibitively long. The simulated dataMQ signal amplitudes for a five-spin system, similar to the %6

Fourier t f di identical fashion to th . sites inL-valine, including all terms in the internal Hamiltonian (dipolar
are ourier transtormed in an iaenucal tashion 1o the experi- interactions, CSA, chemical shift differences ahdouplings) for the

mental data. The simulations included only #€ spins in all indicated MQ excitation times. The simulated signals detected at the
cases. carbonyl, G, Cs, and the two ¢ carbons are presented as bar plots.
Figure 3 shows simulated MQ NMR spectra for polycrys- Simulation conditions:vg = 20.0 kHz, sequence A (described in the
talline 1-13C-L-alanine and3C,-L-methionine, containing car-  text) withM = 8 and XY8 phase cycling, fpRFDR pulse= 20 us,
bonyl and methyf3C labels, respectively. The simulations are /2 Pulse= 5us.
based on the crystal structures for alad$neith one crystal- compounds, despite the large difference in CSA. The total signal
lographically inequivalent molecule and methiorftheith two intensity for 13C.-L-methionine is slightly reduced compared
inequivalent molecules. The minimum distance between labeledto 1-13C-L-alanine due to the effect of the 1.5 ppm chemical
sites in1-13C-L-alanine is 4.16 A8 In 13C.-L-methionine, the shift difference between the two resolved crystallographic sites.
minimum distance is 3.77 A Seven labeled sites are included Simulations for!3C,-L-methionine without the chemical shift
in the simulations, contained within a sphere with radius difference were nearly identical to those fbi3C-L-alanine,
A. Only signals of the central atom are detected, to minimize indicating that the HSMAS-MQ excitation sequence is insensi-
edge effects. The CSA tensor values were measured on the twdive to the CSA.
samples and included in the simulations. The CSA tensor Simulations forU-13C>N-L-valine are shown in Figures 4
orientation for the alanine carbonyl (anisotropyt30 ppm) is and 5, based on one of the two inequivalent molecules in its
based on values measured previously by Naito éf dhe crystal structuré® The CSA tensor values of the carbonyl carbon
methionine methyl CSA (anisotropy15 ppm) orientation is were measured by slow-spinniddC MAS NMR experiments
assumed to have its largest component along the methyl rotoron unlabeled polycrystalline L-valine, and its orientation is
axis. The simulations assumed a 9.4 T magnetic field, a spinningassumed to be similar to that for L-alani¥%elhe other carbons
frequency of 20 kHz, a 26s x pulse for the foRFDR sequence, in valine have small anisotropies for which accurate determi-
and a 4us "/, pulse. The simulations used excitation sequence nation of the CSA asymmetryy) values is difficult. From visual
B with M = 16, yielding a cycle time of 9.6 ms. The simulated inspection of slow-spinningC MAS NMR spectra, the values
buildup of MQ signal amplitudes is similar for the two all appear close to one. The simulations assume thadttifie
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04 02!kl n (quantum order)
02 Eﬂ EEH 0.1 E EHH Wl o Figure 6. (a) Real part of the experimental HSMAS-MQ spectra for
S 0 — '”;“ 4 = 0 PR 4' 5 1-13C-L-alanine corresponding to 9.6, 19.2 and 28.8 ms MQ excitation

times, obtained at 100.4 MHZC NMR frequency with 64 increments
n (quantum order) in ¢ and 120 scans pep value. (b) Real part of the experimental

Figure 5. Simulations of the real part of the HSMAS-MQ signal ';'SMAS'MQ spectra for*C.-L-methionine, obtained at 100.4 MHz

amplitudes for a five-spin system, as in Figure 4, but including only -C NMR frequency with 64 increments ihand 96 scans pefr value.

selected terms of the internal Hamiltonian. (a) Dipetépole couplings Each sample (approximately 8 mg) was restricted to the center 60% of
only. (b) Dipole-dipole couplings and chemical shift differences only. the MAS rofor to minimize rf inhomogeneity effects. Each experiment
(c) Dipole—dipole couplings and couplings only. Simulation condi- ~ réquired 5-6 h of spectrometer time. Experimental conditions: =

tions were identical to those in Figure 4. 20.0 kHz, sequence B (described in the text) with= 8 and XY8

phase cycling, fpRFDRr pulse= 20 us, 7/, pulse= 3 us.

and y carbons havep = 1 CSA tensors with measured
anisotropies and estimated orientations. Isotropic chemical shi
differences were measured from MAS spectra. Joeuplings
were assumed to be the following: €Q, = 50 Hz, G—Cy

= 40 Hz, and G—C, = 30 Hz. The carrier frequency is the
same as the £frequency in the simulations shown in Figures
4 and 5, which also assume a 9.4 T magnetic field, a spinning
frequency of 20 kHz, a 20s & pulse for the fpRFDR sequence,
and a fus pulse. The MQ excitation sequence shown in Figure
1c (sequence A) was used in these simulations, Witk 8,
giving a 1.2 ms cycle time.

Figure 4 shows the real and imaginary parts of the HSMAS-
MQ signals from simulations including all terms of the internal
Hamiltonian (dipole-dipole couplings, CSA, chemical shift
differences, and couplings). Because thE€C—13C dipole-
dipole couplings between directly bonded carbons are lar@e ( I . ) .
kHz), the spin system is nearly fully excited after only 1.2 ms of the HSMAS,'M,Q C NMR technique. F!gure 1a. is the
of MQ excitation. Significant 1-, 2-, and 3-quantum signals are conceptual depiction of the sequence described earlierlThe

observed. Amplitudes of 4- and 5-quantum signals are small, selection sequences are. requin_ed to ensure that only one
presumably due to the relatively small number of possible 4- component of the magnetization is observed or prepared. The

and 5-quantum transitions. In a uniformly labeled molecule such lo selection sequence (POraepi—90.,) relies on § relaxation
asU-13C 15N-L-valine, isotropic shift differences artouplings processes, which act faster without proton decoupling, to
both interfere with the time-reversibility of the MQ excitation dePhase the transverse components of the magnetization during
sequence. The effects of isotropic shift differences and  Tdeph Phase alternation of the2 pulse at the end of the MQ

couplings are explored in Figure 5, which shows the real parts MiXing period and alternate addition and subtraction of FID
of simulations with only the dipoledipole couplings (Figure signals were employed to cancel out signal contributions from

5a), the dipole-dipole couplings and chemical shift differences magnetization that develops durim@phthroqgh h relaxation.
(Figure 5b), and the dipotedipole couplings and couplings In the case of gnn‘orm_ly labeled sam|_ole§ (F'gu“?s 8 an&fg)T_
(Figure 5c). Both the chemical shift differences and the 13C spin diffusion duringrgepncan redistribute spin polarization

couplings dampen the MQ signal amplitudes noticeably. In the 2MONY the inequivalent carbon sites, distorting the MQ signal
case of the shift differences, this is because the shift differences@MPlitudes. For these samplegepnwas set to zero.

are not very small compared with the MAS frequency, resulting ~ Figure 1b depicts the experimental implementation of the
in an effective Hamiltonian that deviates significantly from the Phase-incremented technique in which transverse magnetization
ideal fpRFDR average Hamiltonian. THecouplings are not is prepared and detected. Cross polarization is used to generate
averaged to zero by the fpRFDR sequence and are not time-an initial *C magnetization along theaxis, followed by flip-

reversed by a phase shift of either sequence A or sequence BUP pulse of fixed phase y. After dephasing of any residual
transverse magnetization, a flip-down pulse of phaget ¢

provides transverse magnetization with phas&he two-spin,

1-quantum excitation sequence incorporating fpRFDR is applied
Sample Preparation. Polycrystalline 1-13C-L-alanine and with the overall phase shif, followed by the same sequence

U-13C 15N-L-valine were purchased from Cambridge Isotopes applied with a fixed 180phase shift for time reversal. Finally,

ftLaboratories. Polycrystallin€C,-L-methionine was purchase
from Sigma Chemical Co. The 40-residue humamyloid
peptide associated with Alzheimer's diseaseS{Ag) was
synthesized, purified, fibrillized by incubationf@a 1 mM
aqueous solution at pH 7.4, and lyophilized as previously
described. A 1-13C-L-valine residue was incorporated syntheti-
cally at position 39 in the amino acid sequence (Val39).
Unfibrillized Afi1-40 was purified and lyophilized without
incubation. The seven-residue peptidgi&, comprising
residues 1622 of AB;_4 with amide- and acetyl-capping
groups at the N- and C-termini, was prepared and fibrillized as
described®19The AB16-22 peptide was uniformly®N- and*3C-
labeled at five successive residues, namely Leul7, Vall8, Phel9,
Phe20, and Ala21.

NMR Spectroscopy.Figure 1 presents the various details

lll. Experimental Methods
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Figure 7. (a) Real parts of the experimental HSMAS-MQ spectra of
the human Alzheimer'$-amyloid peptide #8:-40 with a single*3C
label at the carbonyl site of Val39, obtained at 100.4 ME& NMR
frequency withtmg = 31.1. Spectra of unfibrillized Bq-40 (left) and
amyloid fibrils (right) are shown, each with 32 incrementsgirand
1600 scans pey value (approximately 28 h, approximately 8 mg
samples). Experimental conditions,r = 18.519 kHz, sequence B
(described in the text) witM = 8 and XY8 phase cycling, fpRFDR
pulse= 20 us, 7/, pulse= 4 us. (b) Simulated spectra for isolat&iC
labels with couplings to natural abundari®€ spins only (left) and
for 6 carbonyl'*C labels spaced linearly 4.8 A apart. Line shapes are
Gaussians, multiplied by the simulated MQ signal amplitudes.

MQ signal amplitude (arb. units)
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©
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Figure 8. Real and imaginary parts of the experimental HSMAS-MQ
spectra of polycrystallineJ-13C 1>N-L-valine for the indicated MQ
excitation times, 16 increments i, and 200 scans pep value.
Approximately 8 mg sample restricted to the center of the MAS rotor.
Experimental conditionsyg = 20.000 kHz, sequence A (described in
the text) withM = 8 and XY8 phase cycling, fpRFDR pulse= 20

us, ™, pulse= 3.7 us.

J. Phys. Chem. B, Vol. 106, No. 33, 2002387

T = 1.2 Ms 24 ms
©
Q x10 x10
o Jmm MW
B R _J_A..M...__‘.__

1 2 3 4 5 1 2 3 4 5

n (quantum order)

Figure 9. Real and imaginary parts of the experimental HSMAS-MQ
spectra of fibrillized A816-22 (residues 1622 of AB1-40, With amide
and acetyl capping groups at the C- and N-termini), with uniféith
and®N labeling of Leul7, Vall8, Phel9, Phe20, and A21. Obtained
at a'®C NMR frequency of 100.4 MHz with the indicated MQ excitation
times, 16 increments igh, and 512 scans pervalue. The 3 mg sample
was restricted to the center of the rotor. Experimental conditioms:

= 20.000 kHz, sequence A (described in the text) vith= 8 and
XY8 phase cycling, fpRFDRr pulse= 20 us, ™/, pulse= 3.7 us.

180 pulse lengths were 2@s. Spectral artifacts were minimized
by CYCLOPS phase cycling of the finai®C 7/, pulse.
Experiments on B;—40 samples were performed with pulsed
spin-lock detection for sensitivity enhancem&rthe phase shift

¢ varied over 360in either 16, 32, or 64 steps. Block averaging
of the 2D data sets was employed to minimize artifacts due to
spectrometer instabilities.

IV. Experimental Results

Singly Labeled Compounds.Figure 6 shows experimental
HSMAS-MQ 13C NMR spectra ofl-13C-L-alanine and!®C.-
L-methionine. A 10-quantum signal is observed 1ifC-L-
alanine, and 8-quantum signals are observed3@,-L-
methionine atrmg = 28.8 ms. The extent of high-order MQ
excitation is apparently similar to previously reported results
for the same samples under static conditibatthough longer
excitation times are required because of the reductidiGa-
13C coupling strengths due to the scaling factor of the fpRFDR
sequence. Comparison with the simulated spectra in Figure 2
is only relevant to the extent that the pattern of MQ intensities
is qualitatively similar since the simulations only included seven
spins, while coherences involving-80 spins are observable

thex component of the magnetization was selected for detection experimentally. For both samples, the 7-quantum signal intensity
as described above. Sequence A was used for uniformly labeleds about 1% of that for the 1-quantum signal, making this the
samples (Figure 1c.). Sequence B was used in the experimentgractical observable limit for similar intermolecular distances
on singly labeled samples. The fpRFDR blocks considief under less favorable circumstances (e.g., molecules with higher
8 or 16 rotor periods of fpRFDR subjected to XY8 or XY16 molecular weight). The experiments confirm the relative
phase cycling. insensitivity of the HSMAS-MQ technique to the anisotropy
Experiments were performed on a Varian/Chemagnetics of the chemical shift.

Infinity NMR spectrometer operating at a proton frequency of  The observation of two methyl carbon signals in each MQ
399.2 MHz, using a Varian/Chemagnetics 3.2 mm MAS NMR order for 13C.-L-methionine illustrates the enhanced spectral
probe. Cross polarization was achieved by applying a 70 kHz resolution, and in principle enhanced information content, in
rf field on protons and linearly ramping tA€éC rf field over a MQ 13C NMR spectra obtained under MAS conditions. In MQ
30% range centered at 50 kHz. Proton decoupling was main-NMR experiments on stati€&®C.-L-methionine, these signals
tained at 110 kHz during the MQ excitation and mixing from inequivalent sites are not resolv&dhese signals are also
sequences, and 75 kHz during signal detection. The fpRFDR not resolved when pulsed spin locking is used for line narrowing
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and sensitivity enhancement in MQ NMR measurements on significant sample with uniforrd3C labeling. Simulations of
static sample$! the dependence of the MQ signal amplitudes on molecular
As an application of the HSMAS-MQ technique to a system conformation (data not shown) indicate that the spectra in Figure
of biochemical interest, MGPC NMR spectra of fibrillized and 9 do not by themselves contain significant structural information,
unfibrillized AB1—40, 13C-labeled at the carbonyl site of Val39, i-e., they do not depend strongly on the torsion angles that define
are presented in Figure 7a. Previous solid-state NMR data'the conformations of individual residues. However, itis ||ke|y
including MQ NMR data on static samples, indicate that a thatimportant structural information may be obtained from MQ

central segment and the C-terminal segment of tifk_4 13C NMR measurements that include an additional period of
peptide form paralleB-sheets in the amyloid fibrils, with an ~ SPIn evolution under heteronuclear dipstiipole coupling®43-4¢
“in-register” intermolecular hydrogen bonding pattéf.The or chemical shift$647-4° Such an evolution period would occur

previous MQ NMR measurements ofBA 4 were carried out betweqn thg P and M periods in Figure 1A. The experimental
on static samples with labels at methyl carbon sites. Signals upesults in Figure 9 set the stage for future structural measure-
to at least 4-quantum were observedrgh = 14.4 ms, in ~ ments along these lines.

guantitative agreement with numerical simulations for a parallel ) )

B-sheet structure with 4.8 A spacings between peptide clains. V- Discussion

Attempts to perform quantitative MQ NMR measurements on  The simulations and experimental results reported above
static AB1-40 samples with carbonyl labels were unsuccessful gemonstrate that high-order ME@C NMR signals can be excited
due to inefficient MQ excitation in the presence of large CSA g detected under high-speed MAS conditions through the use
(unpublished data). The M&C NMR spectra in Figure 7ashow  of 4 simple rf pulse sequence based on the combination of
significant 2- and 3-quantum signals in fibrillized3f 40, but  fpRFDR recoupling with time-reversal sequences developed
a weaker 2-quantum signal and no detectable 3-quantum signabyiginally for static samples. Excitation of high-order intermo-
in unfibrillized Af1-40. This result demonstrates the potential |ecular MQ coherences is possible with relatively long excitation
of HSMAS-MQ *3C NMR measurements as structural probes periods ¢yo > 10 ms) and is most successful when isotropic
of biochemical systems and the applicability of such measure- ghjft differences are small. The HSMAS-MQ sequences are
ments to samples that are labeled at sites with large CSA. Forye|atively insensitive to chemical shift anisotropy, permitting
comparison with the experimental spectra, Figure 7b shows experiments samples with labels at sites with large CSA.
numerical simulations for a SlnglégC label surrounded by Experiments on uniform|y labeled CompoundS, in which in-
natural-abundance carbons, as well as for six carbonyl carbonsramolecular MQ coherences are observed, require relatively
in a line with 4.8 A spacings. These simulations show that the short excitation perioda—lolQ ~1 ms)_ |mperfect time reversal
weak 2-quantum signal observed in experimental HSMAS-MQ due to isotropic chemical shift differences addcouplings
spectra of the unfibrillized £1-40 sample can be attributed to  reduces the MQ signal amplitudes at longer excitation periods.
13C-13C dipole-dipole couplings to natural-abundarié€ spins, Experimental observation of signals in the highest MQ orders
but that the 2- and 3-quantum signals observed in experimentalln = N — 1 andn = N in an N-spin system) is generally
spectra of the fibrillized sample arise from intermolecular precluded by the inherently low excitation probability amplitude
couplings between labels on neighboring peptide chains in thefor these signals.

p-sheets of the amyloid fibril structure. We attribute the absence HSMAS-MQ measurements have the potential to provide
of quantitative agreement between experiments and simulationsimportant structural constraints on biochemical systems and
for the fibrillized Sample to effects of pulse sequence imperfeC- other Comp|ex organic solids. Intermolecular MQ Signa| am-
tions and -spin-relaxation processes in the rather long (31.1 pjitudes provide information about supramolecular structure, as

ms) MQ excitation periods. demonstrated by the experimental results in Figure 7. Excitation
Uniformly Labeled Compounds. Figure 8 shows experi-  of intramolecular MQ coherences in uniformly labeled samples
mental HSMAS-MQ'C NMR spectra olU-13C,!>N-L-valine. may permit measurements of the conformations of monomer

Both the real and the imaginary parts of the spectra are shownunits in biopolymers when additional spectroscopic dimensions
for two values ofrvg. As predicted by the simulations in Figures — are added to the HSMAS-MQ technique. The development of
4 and 5, significant 1-, 2-, and 3-quantum signals are observed,a simple and efficient approach to MQ excitation under high-
but 4- and 5-quantum signals are small. MQ signal amplitudes speed MAS, as described above, opens the way for further
are maximized at the shortesiiq value and decrease rapidly investigations into the utility of MG3C NMR as a structural
with increasingruo. As discussed above in the context of the tool.

simulations, this behavior is a consequence of the large
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