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The homonuclear radio-frequency driven recoupling (RFDR) experiment is commonly used in
solid-state NMR spectroscopy to gain insight into the structure of bio 'chnqples due to its ease of
implementation, stability towards fluctuations/missetting of radio-&:@y (rf) field strength, and in

general low rf requirements. A theoretical operator-based Flog tagg_{lg n is presented to appreciate

the effect of having a temporal displacement of the m-pulses ist RFDR experiment. From this

description, we demonstrate improved transfer efﬁcw@fo the RFDR experiment by generating an

adiabatic passage through the zero-quantum (\ @hng condition. We have compared the

mediate efficient °CO to "°C, polarization

performances of RFDR and the improved e%&g
%x
~

uniformly "*C,"’N-labeled at the F résidues. Using numerically optimized sweeps, we get

transfer for uniformly *C,"’N-labeled d for the fibril forming peptide SNNFGAILSS

experimental gains of approximk\\ﬁ)\"o for glycine where numerical simulations predict an
improvement of 25% relativg to tltgstandard implementation. For the fibril forming peptide, using the
same sweep parameters fo,und glycine, we have gains in the order of 10 to 20 % depending on the

spectral regions of 1 er

ORD§ Sohd state NMR spectroscopy, homonuclear dipolar recoupling, RFDR, Floquet Theory,

P \rryﬁgn transfer, adiabatic passage.
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Iﬁl!shin g Homonuclear dipolar recoupling techniques are essential building blocks in biological solid-state
magic-angle-spinning (MAS) NMR spectroscopy.'™ These techniques provide access to important
structural information which is otherwise averaged by MAS* that is required to obtain high-resolution
spectra. In multidimensional experiments, the dipolar recoupling blocks are routinely used to identify
nuclei which are close in proximity, thereby facilitating resonance assignmentwr gathering of distance
restraints’. This approach has been used as a key component in stguctie determination of numerous
biological macromolecules.®”’

A large variety of homonuclear dipolar recoupling technigues have been developed over the
years' . Many of these sequences rely on the reintrofuction of a so-called effective double-quantum
(DQ) Hamiltonian, like the homonuclear rotary resonange (HORROR)® sequence, different symmetry-
based experiments’ and the back-to-back (BaBa) cxpériment'® to mention a few. Each of these
experiments has different properties, making the*particular experimental conditions the decisive factor
for which sequence to use. An important criterion for the recoupling element is the overall transfer
efficiency, which generally can be improved by generating an adiabatic passage through the recoupling
condition''. An example whére such a passage has increased the efficiency is the dipolar recoupling
enhancement through andplitude mgdulation (DREAM) experiment'”. In DREAM, the radio-frequency
(rf) field amplitude i§ Swept theough the HORROR® matching condition, thereby allowing a theoretical
transfer efficiency«f 100% compared to 73% for the HORROR experiment in powder samples.

Another_ €lass, of homonuclear recoupling sequences reintroduces a zero-quantum (ZQ)
Hamiltontan. While the DQ Hamiltonian gives negative peaks for the direct transfer and consecutively
positiye and‘egative peaks for relayed transfers, the ZQ Hamiltonian always gives positive correlation
peaks and, hence, avoids the risk of cancellation of signal in case of overlapping resonance frequencies

for relayed transfers. Radio-frequency driven recoupling (RFDR)"*""?

is a commonly used technique for
generating a ZQ Hamiltonian since it is easy to implement and has relatively low demands on the rf-

field amplitude.
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AllP

‘and it is important to optimize each individual step. In particular, the >CO to *C,, transfer has been a
Publishing
limiting step when the MAS frequency is lower than the chemical-shift difference between the two
carbon resonances of interest. Under these experimental conditions, the rotational resonance tickling
scheme'® (R,T) cannot be employed as the CSA tensor will also be rec?dpled. Thus, the polarization
transfer is often done by employing second-order schemes like proto -%\Nn diffusion (PDSD)"’
and variants hereof or by dipolar recoupling techniques like RFD[&Kband-selective homonuclear
18 .
CP (BSH-CP) ° experiment. ‘)‘"--..
In this paper, we present a modification of the RFD sequensce ith improved transfer efficiency
mediated by an adiabatic passage through the resona@com)iitlon, hereby, ideally achieving transfer

efficiencies up to 100%. This is conceptually di@ﬁ})ﬁﬁhe previous modification to improve the
the h

stability of the RFDR experiment which repl cehg ard m-pulses by adiabatic inversion pulses." Such

\
a modification will only change the effictenc the inversion pulses but not the efficiency of the
"
RFDR experiment. We have embedde R sequence in a 2D experiment as illustrated in Fig. 1a.

The original sequence employs on&x\'u\m&n the center of every rotor period as seen from Fig. 1b. A
XY-4 or XY-8 phase-cyclin&%ﬁzo’21 of the pulse train leads to improved stability of the experiment
towards chemical-shift“offséts and pulse imperfections since certain higher-order terms of the
Hamiltonian are averaged’'. Additionally, we have implemented 'H decoupling with constant x-phase

for all 'H pulsgé bisgVith rf field strength of @_, /27 during the °C n-pulses and @, /27 during the

pul
£
windows @ 1@!{1 which has been shown to improve the transfer performance.

)

-~ Figure 1
&M\V)rying the temporal placement of the m-pulses, we can selectively reintroduce the chemical-

~
shifts, with a variable scaling factor during the homonuclear dipolar recoupling period. A schematic

representation of the sequence is given in Fig. 1c. Here, we are using two rotor periods as basic unit

with the two m-pulses time-shifted by A7 in opposite directions relative to the times + and 3%,
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Publi §hmq§ being positive if the first pulse is shifted to start after % and vise versa for the second pulse. A

specific time-shift is repeated four times to use the XY-8 phase-cycling scheme (x,y,x,y,y,x,y,x) for the

n-pulses.”’ To mimic an adiabatic passage through the recoupling condition, the time-shift Az is

changed gradually. Note that for A7 =0 us, we reproduce the RFDR expt@

We first address the theoretical background, then we dem ?rate improved performance

through numerical simulations and finally we present supp iﬁ% experimental results obtained by
—~

focusing on the “CO to "*C, polarization transfer on lq;g- beled glycine and for the fibril
forming peptide SNNFGAILSS uniformly *C,"°N-labefed at t AIL residues® (henceforth referred
to as FGAIL). \\ L:_)

\
Theory \

T

For a theoretical description LK eriment, let us consider two homonuclear coupled spin-
(Z

1/2 nuclei, 7, and L. In the usual eman) frame, the time-dependent Hamiltonian including

isotropic and anisotropic che 'eaJ-\shift interactions and the dipole-dipole coupling of the system under
MAS and rf irradiation 1 gi\gm‘\
¢ V.
/\ H(t)=+H,(t)+H,(t)+H, () (D

with
= £ . 2 2 o
kﬁ ()= 2 el I,.. @)
q=1 n=-2

2 A A A A
w B H), (t) = Z a’ll};z)emrt (2]12122 ~Ai Dy, - II«V]ZY) ’ )
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Publishing a)l(l'g the dipolar coupling, @, the spinning frequency, ¢ denotes either spin 1 or 2, and I o

(j=x.y,z) denotes the different spin operator components for spin q. For simplicity, we will restrict the
description to the case of ideal m-pulses. In the rf toggling frame, the dipolar coupling Hamiltonian in

Eq. (3) is unchanged but the chemical-shift Hamiltonian in Eq. (2) can b iften as
A 2 2
H ( ) Z Z a); mwt t

7 , \ @
l.h

.
where d)( ) denotes the sign of the chemical-shift Ham(@lsat a given time. It depends on the

number of applied n-pulses, M, as @ () =(-1)

As discussed in previous papers on t eﬁ‘ll\‘perlment13 ' it is the isotropic chemical-shift

difference which recouples the dipolar c U{l% miltonian. Thus, we rewrite the effective isotropic
"

A

chemical-shift as a)l(IO)CD (t)flz + a)l(f)CD QD (t)fZZQ +2Q0 (t)]?Q with (a)[(]o) - a)l(zo)) =AQ and

( (©) +a) ) 2.Q denoting the dlffx\e or the sum of the isotropic chemical-shift, respectively. We

have also introduced thefficti DZQ and DQ operators for the terms in relation to the isotropic

:%(ilz _izz) and i?Q :%([Alz +i22)23'

chemical-shift intera@

The ial;atl DR experiment is implemented by a time-shift of the m-pulses such that the
position ¢f the firstag-pulse (in the first rotor period) is at 7, / 2+ Az and the second (in the second rotor
-
period) at Trs/ — A7 . The time-modulation of AQ(I)(t) due to the m—pulses is shown in Fig. 2a. Before

tr Mng the description into the ZQ chemical-shift interaction frame, it proves worthwhile to

separate AQ® (t) into an average, time-independent part and a time-dependent part with zero net phase

over a full cycle. The same description has recently been proposed to analyze amplitude-modulated rf
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Publishiag he bar denotes the time average. Schematically, the average, time-independent shift is shown on

the right in Fig. 2b. The time-dependent component with zero net phase angle is then given by

AQ, (1) = AQD(t)—-AQ,, and is shown to the left in Fig. 2b. Using these definitions, Eq. (4) takes the

form
H,(t)=AQ, ()70 + AQu I +Z Q@ (1) 1> + (5)
-
In Eq. (5), the chemical-shift Hamiltonian is split iv%/r al ‘terms which commute and can be
treated separately in an interaction-frame transforma on. interaction-frame transformation by the

time-dependent component of the isotropic chemigcal-shi é{'ﬁ'ference Hamiltonian, AQ (t)f 72 can be

described by the transformation operator l‘

Q :e—iﬂ(t)iZZQ (6)

with cos(B(1) = D aje" ™ and}ﬁ(t)) > ale" , where A(t) defines the phase angle
k=—c0 k=—c0

calculated by direct infegration AQ (¢), and a; and a] are the Fourier coefficients of the

interaction-frame tranWti n and k& is an integer. The interaction-frame dipolar coupling

Hamiltonian cafi th }e written as a Fourier series with two characteristic frequencies as

£
Y. o
ks H, (1) =U'(OH, (OU (1)
R ) A A A .
QS - elﬂ(t)IZQ Z a)l(ﬁz)emwrt (2112122 _le 2x _11y12y )eilﬁ(mzq (7)
n=-2

2 0 A
S ~ _ Z Z ﬁ}]n,k)einwrteikwmt.
n=-2 k=-—w

The Fourier components 15151” ) are given by

~
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where we express the dipolar coupling interaction using the fictitious ZQ operators™ with

A A

and /=1 I, —1I I, . For n =0, we have ﬁ},‘“‘) =0 due to the setting of the

X Ix"2x 1y®2y y 1y~ 2x Ix"2y*

magic angle.

V

The resonance conditions, based on the interaction-frame Hamiltonian from Eq. (7), is generally

given by” T

&

no, +kaf =0, )

9

where the values of n are restricted to +1 and £2 whilé\/t can take any integer value. For the basic

element consisting of two m—pulses (two rot@ the modulation frequency is given by o, =1 o,
25

and we obtain from an operator-based Fl h “.description the first-order effective dipolar coupling
ferenti

Hamiltonian in the time-modulatededif Q chemical-shift frame as

77Q (n) x |, 72Q (n) .y _  72Q eff | 7ZQ _eff
—I o) a +17° Y o) a) =—1°0" +17°0" (10)
2n+k=0 2n+k=0

£
where the sum is ta@ l/possible values of n and k that contribute to the resonance condition

. . : eff eff : n) x n
given in Eq. (9). aarlables . and @ are short-hand notations of Z a)I(IIZak and Z wl(llza,f ,
2 2
£
o dete

n+k=0 n+k=0

respectively=I wfhine the effective dipole-dipole coupling strength, we define

-

<

Figure 2c¢ displays the calculated magnitude of the first-order effective dipolar coupling

2 2
5 a’eﬁ(aPmﬂPRJPR):\/( Z a’l(ﬁfa?] +£ Z a)l(gzalfj . (11)
0

2n—k= 2n—k=0

Hamiltonian as a function of the time shift Az relative to the effective dipole-dipole coupling strength
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1 .
a)eff = 871-2 .[Ct)eff (aPR Y ﬁPR B ]/PR ) SlH(ﬁPR )daPRdﬁPRd}/PR (12)

where the three Euler angles o,y , B, and y,; denote angles defining ({é&{sformation between the
principal axis system and the rotor-fixed frame. The calculation h%l accomplished by setting

|AQ| /27 =120, /27 =12 kHz which corresponds to about 1 I%Wical-shift difference for two
T~

—
C nuclei on a 400 MHz spectrometer at 10.0 kHz MAS. From Fi% , it can be seen that the effective

dipolar coupling strength is zero when % =10.5. The@onditions correspond to having both w-pulses

-
on top of each other or separated by two rotor per&% o recoupling will happen. By setting ﬁ—f =0,

N

the normal RFDR sequence is recovered. It clear that for small time-shifts, the effective dipolar

coupling strength is not changing significa %nd\t at the mean scaling factor is symmetric around the

standard RFDR condition (A7 = (g)."\?’rqu d also be mentioned that aiming for the highest transfer

efficiency does not necessarily. match the, condition for the strongest effective dipolar coupling as, for

instance, the interplay b éi\the esidual differential chemical-shift interaction and the recoupled
£

dipolar coupling inte?/ctio omplicates the picture. Furthermore, the profile is highly dependent on the

relative ratio of t e‘cSemi -shift difference and the spinning frequency and, hence, new calculations

have to be done w}len anging the before-mentioned parameters.

— V.
Ks Figure 2

—
K&thx point, we can write up the effective first-order Hamiltonian containing both the time-

indépéndent isotropic and anisotropic chemical-shift, and the dipolar coupling Hamiltonian

A

HY = 0Q0, 170+ 2Q0(1) 17 =" 112 + 0 110+ H, (13)
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evident from Eq. (13) that by changing the time-shift Az and thereby changing

AQ., = (a)l(l ) a)I(2 )) 227 proportionally, the effective axis of rotation in a ZQ subspace will change with

AQ.,, being the size of the z-axis component and the powder dependefit effective dipolar coupling

being the size of the x,y-plane component. In principle, this change £an %’uenﬂy slowly to drag

the polarization via an adiabatic passage through the recoupling con stuch the density operator can
be changed from f to f . In reality, a compromise for th q@@umg time is needed in order to

get the highest transfer efficiency as relaxation effects @ oc

The size (or scaling factor) of the recoupled (N Hamiltonian in Eq. (10) is highly dependent

on the ratio between the chemical-shift differ nce\qg the-spinning frequency via the a; and a; Fourier

/

coefficients which take the maximum val \fe} k being around the value a0y ( )‘ for the normal RFDR

sequence as discussed for xix d@%\i:{ ence, by having found good sweep parameters at a

particular MAS frequency and chemical*shift offset setting, e.g. for 10 kHz MAS and 12 kHz chemical-

shift difference for *CO <S{}fer on a 400 MHz spectrometer, one may use these parameters to

find an approx1mately setphg at 20 kHz MAS and a chemical-shift difference of 24 kHz on a 800

MHz spectromet ere recoupled dipolar Hamiltonian will have the same scaling and then the

individual ti e-slpft should be half to keep the ZQ subspace and the dragging in a similar fashion.

_—
AS the anifotropic chemical-shifts also contribute to the sweep according to Eq. (13), the optimal

—
sweeps are s}ifﬁcult to predict and a numerical approach can be pursued to optimize these. In the
S Wtary Material,”® a script that can be executed via SIMPSON to find the best sweeps via a grid

searchhas been provided. Here, the finite pulse effect of the m-pulses is incorporated by making them

last a time 7_ and calculation of the temporal placement is realized by allowing a sweep in a tangential

10
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form of A7 {hrongheusuddipseausrested i whenapamctis deciding theveniegpiicerand form and one

Pub li&Hamsfer governing the number of XY-8 elements in total. The displacement can be calculated

according to

xz(—1+2i)tco, i=1,.,N (14)
N-1

J/’\

Toweep  tan(x)

AT= 2 tan(tco) ’ \ (13)

T~
the tangential cut-off angle“denoted 7co and N refers to the number of

)

block repetitions. Here, we have used same notation fof the pa ters as given by Chandran et al.*” If

)

N=1,then A7 =0 us is chosen as in standard RFDR: o

with the sweep size denoted 7

sweep ?

To find the first delay, z'"™", up to the\\{\useln the first rotor period in the i'th block, we
\

e nt-pulse should start at

.
\: [2+Ar—7_/2 . (16)

To account for a finite n-pulse, hal%ﬁon is subtracted. Initially (i = 1), Az is negative in Eq. (16)

calculate initially A7 . Equipped with Az

when having positive valies T and tco as seen in Egs. (14) and (15). However, in general it

sweep
£
should not matter if s%) 's/in one direction or the other. The delay up to the second rotor period is
" Ti

2,prior

then given by 7 af‘“)rr -

period can beé@lt as
—

the finite m-pulse duration into account. The residual delay in the second rotor period is

* —7_. The second delay, 7 , up to the m-pulse in the second rotor

=1 J2-Ar-7_/2, (17)

_ 2,prior

T —7_ . Since the general idea dictates to temporally shift the relative placement of only

two m-pulses, we can extend the above delays according to the phase cycling, e.g., the XY-8 scheme. To

get a feeling of the calculations, we have listed the calculated delays for the initial two rotor periods for

11
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Publishing » —¢_—ghter 2Pt g 20" =46 25 s — 5 s — 48.75 s —48.75 s — 5 us — 46.25 us . (18)

It should be mentioned that for N equal to 1, 2, and 3, the tangential cut-off angle has no effect,

i.e., the form of the sweep is immaterial. For N= 1, then Az =0 ps; for N= 2, then Ar=—7r___ /2 and

sweep sweep

/ sweep
At = /2;for N= 3,then At =—r /2,AT=0usandAr=rwea)/x

Numerical Simulations ~—
-~

All simulations were done using the open-source SI SON;S’2 software. Powder averaging was

accomplished using the REPULSION® scheme wit gQaC,aBCR crystallite angles and 9 y, angles.

| -
The "H Larmor frequency was set to 400 MHz n&KM frequency to 10 kHz. The simulations were

based on a representative *CO-">C,, spin-pa m-esp.qypeptlde with the °C chemical-shift parameters

(5CS é‘

150 ? amso’

S ass, B vss) set as 13 O 7 ppm, -76 ppm, 0.9, 0°, 0°, 90°) and *C, (50 ppm, -20
ppm, 0.43, 90°, 90°, 0°) and the d1 ouplmg parameters (b,, /27, By, 7p) set as (-2142 Hz,

90°, 120.8°)*". The subscript ﬁes the transformation from the principal axis frame to the peptide

plane. The carrier Was et 1 );1 1ddle of the spectrum (at 110 ppm). The starting operator and

detection operator set 0 longitudinal spin order (I —)I ), m-pulses lasting 5 us were

thesX'Y-8 phase scheme, and perfect 'H heteronuclear decoupling was assumed in all

£
simulations, Ti -shiffing was realized as described in the Theory section.

implemented 1

_er eara‘l optimizations were performed to get the most suitable zyeep and fco parameters for a
fixed mbe}N of XY-8 block repetitions. The resulting parameters are displayed in Table 1. Specific
adi?ic\RF DR time-settings are provided upon request. To get an idea of the robustness of the
sequence against the isotropic chemical-shifts, grid calculations were performed for a mixing time of 24

rotor periods (N = 3) and 80 rotor periods (N = 10) by varying the shift of ?CO by *10 ppm and the

12
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Table 1: The optimal adiabatic parameters (7weep, fco) obtained in a ?{d search as function of the
number of XY-8 element blocks (V). Note that the sweep form, i.e. ¢ o,%%\erial for N=1, 2, and
3, \

L=
Experimental 3

Parameters common to all experiments ar gdgresseji initially followed by sample-specific
parameters for uniformly '*C,'°N-labeled glycﬂ\\ ubsequently for the fibril forming peptide
SNNFGAILSS uniformly °C,""N-labeled at \I residues (FGAIL).

All experiments were conducte %ker 400 Avance II NMR spectrometer (Bruker
BioSpin, Rheinstetten, Germany) usiM ard triple-resonance 2.5 mm MAS probe. The magic-
angle setting was done on KBr’” and S frequency was set to 10 kHz. Referencing of resonances
was done relative to tetram Isilang (TMS) using adamantane as a secondary reference with BClow-field

at 38.48 ppm’ and 85 ppm™. In general, data were obtained with the 'H carrier at 1.75 ppm and

he "°C carrier at 1 using 3 s repetition delays in the pulse sequence presented in Fig. la. m-
pulses of 5 us urat were used in the XY-8 phase scheme to mediate polarization transfer. The XY-8
phase cy I’gset prior to each scan. The specific delays prior and after the m-pulses were

impl 51 g the in-built variable pulse-list feature of the Bruker pulse programmer and used to

fine w}dth of the window 'H decoupling periods with rf field strength of o, /2. To enhance

-
Wity, cross-polarization (CP)* was used with a ramp® from 70-100% on the 'H channel. All °C

n/2-pulses had a duration of 2.5 ps. During acquisition, unified two pulse decoupling UTPD(9,11,.1,)"’

was applied. The actual setting can be read in the parameter set in parenthesis with the first parameter

13
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PUintSL ei rf]"léﬁ and second pulse, respectively. TPPI was used to make the 2D experiments phase sensitive.
Processing was done in Topspin 3.2 (Bruker Biospin, Rheinstetten, Germany) and zeroth- and first-
order phase corrections were imposed manually after Fourier transformation.

The experimental data presented in Fig. 4 were extracted from 2?data for uniformly "*C,""N-
labeled glycine obtained at ambient temperature. The 'H excitation pu e.(5ura iQn was set to 3.0 us and
CP was used with a contact time of 0.5 ms and average rf field ampﬁd&(f 85 kHz ('H) and of 75 kHz
(**C). The adiabatic sweep timing (Zsweep) Was 2.5 ps, cf. Eqs! 1&0\71 n Fig. 4a and 4b the RFDR

-

mixing time was increased in steps of four rotor periods frgm 0 t32 while 'H decoupling during the

-

mixing elements was applied fulfilling @,, /27 =15 kHZAﬁjld @, /27 =90 kHz. In Fig. 4c the rf

{ -
field strength of the 'H decoupling pulses durinj%es on *C channel was varied while keeping

the windowed 'H decoupling elements with &\  field strength of @,;, /27 =90 kHz. The mixing
time was 1.2 ms for the normal RF Dl§;p hen-t.and 2.4 ms (N=3) for the adiabatic RFDR sequence.
1

In Fig. 4d, the rf field strength o\h&\jkoupling during the window between the mt-pulses on °C
cons

t rf field strength for the decoupling during the w-pulses of

channel was varied while kegpi
@,, /27 = 150 kHz. Thedmixi ti)e was 1.2 ms for the normal RFDR experiment and 2.4 ms (N=3)
£

for the adiabatic R sequegce. During acquisition, UTPD(170°,0.971,, 1.031,) decoupling with rf
amplitude of 87 z)las applied. Each 2D spectrum employed 180 increments and a spectral width of
240 ppm (#1 ma eqﬁal }) .7 ms) in the indirect dimension. § transients (and 8 dummy scans) were used
to fulfill e‘:OIﬂgIe e phase cycling in 8 steps. During processing, the 2D data sets were zero-filled to
4096 1:3 Skg in the direct and indirect dimension, respectively, and no line broadening was applied.
R \fh}gs\m Topspin 3.2 were applied to extract a slice at 176.7 ppm in the indirect dimension.

Likewise, Topspin 3.2 procedures were used to calculate integrals in the extracted slice after having

performed automatic baseline correction. The integral regions covered 20 ppm, each centered at the

14
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Publia hr{)ﬁsg nore spectra was rendered possible by normalizing all integrals against a specific value.
The experimental data presented in Fig. 5 were extracted from 2D data for FGAIL obtained at a
temperature of approximately 278 K. The 'H excitation pulse was set to 3.25 us and CP was used with a

contact time of 1.0 ms and average rf fields of 85 kHz (‘H) and of 75 kHz ("°C). In total, four

experiments were recorded. For the normal RFDR and the adiabatic ersm mixing time was 12

and 24 rotor periods, respectively, which were experimentally %K:) give the highest transfer

efficiencies and data from these are presented in Fig. 5. The a Mm n used a Tyweep Of 2.5 ps. 'H

—
decoupling during the mixing elements was applied fulﬁll% 27 =150 kHz and a,,, /27 = 90

kHz. In the Supplementary Material® two additio aLﬁceﬁre presented from spectra which were

{ -
recorded under same conditions but by employingghe notgal RFDR experiment with a mixing time of

2.4 ms and one without any mixing element%quisition, UTPD(170°,0.971,,1.031,) decoupling

with rf field strength of 87 kHz was applie \E'gz]Q spectrum employed 248 increments and a spectral

width of 440 ppm (¢ max = 11.6 ms) in\b{n irect dimension. 32 transients were used to fulfill the
=

complete phase cycling in 16 ste ared to the glycine experiments, an additional phase cycle of

the last °C n/2 pulse w 1@urmg processing, linear prediction using LPfc was applied with

NCOEF=100 and t172 ata /sets were zero-filled to 4096 and 1024 in the direct and indirect

dimension, respe 1 the signals were apodized with a squared cosine function (SSB = 2.5).

Routines in Fop })1 were applied to sum slices between 165.9 ppm to 178.0 ppm in the indirect

dimension’ Eikewi e,/ Topspin procedures were used to calculate integrals in the resulting 1D spectra
afterq,:hiljL rformed automatic baseline correction. Comparison of integrals across more spectra was

render ossible by normalizing all integrals against the diagonal region from the spectrum without

¢
any mixing element.
Results and Discussion

15
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Publigﬁﬂ‘?g 0.0 kHz MAS, the optimal sweep parameters were numerically found as described in the
Numerical Simulation section and the optimal parameters for different mixing times can be found in
Table 1. In Fig. 3a, the numerical calculated transfer efficiencies for RFDR (blue squares) and the
different optimal adiabatic RFDR (red squares) sequences are compar?d(. The *CO to "*Cg-transfer
efficiency is indeed increasing as expected when an adiabatic passagefthrough*the resonance condition

is getting closer to be realized and the curve clearly shows that an_adiabatic passage can nearly be

accomplished with approximately 79% transfer efficiency a
-
spectrometer, normal RFDR turns out in simulations to reach a It)ax mum transfer of 53.3% after 24

‘i}ng\time of 8 ms. At a 400 MHz

rotor periods (N = 3). For the same mixing time, the@ab ic version of RFDR transfers more than

66.7%, corresponding to an improvement of 25%@‘&&: standard implementation.
i\

.

During the adiabatic swe@ ive axis of rotation in ZQ subspace is given by a

combination of the induced isotropic and,anisotropic chemical-shift differences. Changing the isotropic
chemical-shifts relative to eéb@ will, therefore, provide some insight into the robustness towards
the chemical-shifts V?ﬁeg@e}lcountered in biological samples. The resulting contour plots are given

for RFDR in Fig, mploying a mixing time of 24 rotor periods (N = 3), adiabatic RFDR in Fig. 3c

employing a ixiBg e of 24 rotor periods (N = 3) and adiabatic RFDR in Fig. 3d employing a mixing
time of 80 rotor ic{ls (N = 10). From the plots based on the adiabatic RFDR sequences, it is evident
that epghli@tlon transfer is higher over the entire chemical shift region compared to the ordinary
DR u?nce. In addition, the variation of the transfer efficiency is very small in the plotted

~
chemical-shift regions. Combined, these observations illustrate that even though the effective z-axis of

rotations is changed in the ZQ subspace due to changes in the differential isotropic chemical-shifts, the

16
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Figure 4 presents a comparison of the experimental transfer efficiencies for ordinary RFDR
(blue squares and crosses) and the adiabatic RFDR sequence (red squares and crosses) which was
optimized for N = 3. The transfer efficiencies have been extracted as izdicated in the Experimental
section from slices of 2D spectra recorded on U-""C,"N -labeled glyei a\tw.\() kHz MAS on a 400
MHz spectrometer. In Figs. 4a and 4b are the peak intensities ofSgrosS\peaks and diagonal peaks as
function of mixing time presented. The mixing time has been i &edXteps of four rotor periods in
order to find the maximal transfer efficiency for the norma RF e uence which may not require the
full phase-cycling as the buildup time for the hlghes@mswn epends on the scaling factor of the

recoupled dipolar Hamiltonian. The peak mte sitie a\ﬂe—been integrated and normalized to the

diagonal peak intensity from a spectrum wit OIM g element. The adiabatic RFDR is recorded
e, 0

consistently with zeep €qual to 2.5 ps. nS

/

the last measured data point (after 24 rotor periods
with N = 3) exploits the entire sweep e given sequence which is different from what is presented in
Fig. 3a where individually transfer&f\ ies for full sweeps are simulated for different mixing times.
From the data in Fig. 4a, 1s seen that the transfer efficiency is increasing as more elements are
employed for the adiabdtic JlFD sequence and finally an approximately 55% transfer efficiency is
reached which correZ hw) gam of more than 20 % over ordinary RFDR which reaches a transfer
efficiency of app aately 45% after 12 rotor periods. The inset in right lower corner in Fig. 4a shows
spectrum sl‘i_ie eétra}:ted from the highest >CO to *C, cross peaks for RFDR (blue) and adiabatic
RFDR S.rf: It c%n be seen that the signal-to-noise ratio is really good, and, from the reference spectrum
(withaut an)&nixing time) the signal-to-noise ratio has been determined to be more than 6000. It can be
se } Fig. 4b that the diagonal peak intensity is continuously dropping throughout the entire adiabatic
sweep Whereas for the normal sequence, it is more like that the polarization is equilibrating between the

two carbon atoms. This equilibration after more than 12 rotor periods of mixing time is due to the

different effective dipolar coupling strengths for a powder sample where polarization will be transferred

17
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RFDR sequence (at 12 rotor periods) may be useful in case the element is used to mediate polarization

transfer among aliphatic carbon atoms where a strong diagonal peak may interfere and complicate peak

Figure 4 <\

From the experimental data presented in Figs. 4a and 4Kiabatic passage through the

assignment.

resonance condition is not fulfilled as the mixing time is too s rt}gﬂlis. However, for N = 3 we still
receive a compensation of the angle-dependency as seen fi rr?%he gu erical simulations in Fig. 3a. By
increasing the length of the adiabatic version we did ﬁnd any additional gain in the experimentally
transfer efficiencies which in general is lower,than re§ented in the numerical simulations (55%
compared to 66.7%) in Fig. 3a. This may be exp \\sy several aspects that we have not discussed in
the Theory section. First of all, the nu 1ca1 ulations were performed for an isolated two-spin
system without relaxation which doe crlbe the full spin dynamics in a multi-spin system. In
particular, insufficient 'H decouph e mixing element will decrease the performance. It has
been discussed that better découpling performance may be achieved using moderate CW irradiation

during the windows between the wzpulses and strong CW during the - -pulses."” In Fig. 4c we present

experimental data fo/ eakMintensities of cross peaks as function of the 'H rf field strength @,/ 27

during the m-pulses the ’C pulses. In general, the performance is increasing with stronger decoupling
field duri g.th es and the increase is higher for the adiabatic version of RFDR compared to the
normy 1;43 1s finding may be caused by the fact that the overall mixing time is increased from 12
to 24 reter p)riods for the RFDR to the adiabatic RFDR sequence. In Fig. 4d, the cross peaks intensities
as fogCtion of 'H decoupling strength during the windows between the n-pulses are presented. The data
are recorded using a total mixing time of 12 rotor periods for RFDR and 24 rotor periods for the

adiabatic version with @,, /27 =150 kHz. From the data, it is seen that the transfer efficiency is indeed
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mixing element to reduce the overall rf consumption. A full theoretical description of decoupling

o achieve best performance it is worth to use different decoupling rf field strengths during the

performance is beyond the scope of this article.

Another reason for getting less transfer experimentally compagéd to that achieved in the
simulations may be that by changing the position of the m-pulses, w psr%ntroduce not only the
anisotropic chemical-shift but also heteronuclear dipolar couphng ns. By applying sufficiently
efficient '"H decoupling this will not pose a problem to th b t the >C-""N dipole-dipole
couplings will still be active. However, no experimental gain was ou d by applying low-power CW rf
irradiation on the '°N channel during the mixing elem nt en y, we are also investigating whether

pulse imperfections, i.e., phase transients and%er ﬁ‘htude rising times influence the transfer

efficiency. Compensation of such experi ent fections might make it possible to realize
additional gain in the efficiency of the (a t1 DR sequence.

The transfer performance of ad1 atlc RFDR sequence has also been compared to the
ordinary RFDR sequence on baSi%C BC correlation spectra of SNNFGAILSS amyloid fibrils
uniformly °C,"’N-labeled a@n IL residues. The pulse sequences were optimized for highest *C,,
cross peak intensities. ta are presented in Fig. 5. The 2D spectrum shown in Fig. 5a has been
obtained utilizing t( bati RFDR sequence with a mixing time of 24 rotor periods (N = 3). All
experimental para rs can be found in the Experimental section. From the spectrum it is seen that
polarizatio tr fer is' achieved not only for PCO to °C, and reverse but also among aliphatic side-
chaln carb arly illustrating the broadband features of the adiabatic RFDR sequence covering the
entire\’C sp§ctral region.

S ~ Figure 5

Elaborating on the *CO,"’C,-transfer, the integrated rows in the carbonyl region from 165.9

ppm to 178.0 ppm in the indirect dimension of the 2D spectra using either RFDR (with a mixing time of
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1[SUSﬁ or th¢ adigbatieRdrRvieadepttdpeFibleniopdirccliivkcompaseethe ersiomethadsd The resulting 1D
%[heﬁitrg are given in Figs. 5b and 5c, respectively, and the numbers highlighted in each spectrum relate
to integrated signal intensities for the regions marked by the arrows relative to the diagonal carbonyl

peak from a 2D spectrum without any mixing element. We note that we also recorded the normal RFDR

126

experiment using a mixing time of 2.4 ms. The result can be found in th?upplementary Material™ but

ntg,\hé\new adiabatic RFDR

technique shows gains in the order of 10-20% depending on the cikiK-:hift region of interest. Note

was found to be worse than using 1.2 ms of mixing time. Consis

that the peaks at around 20 ppm arising from transfer of carbon{/l po I}zﬁt n to side-chains nuclei have
-

not been included in the analysis, however, for these side-chains th%a tabatic sequence is improving the

intensity relative to the ordinary RFDR sequence, m in‘1‘y due t0 a longer mixing time. This clearly

illustrates why we choose a short adiabatic RFD s%‘wﬁh a mixing time of 24 rotor periods (N =

3) as to minimize relayed polarization transft r.lby\'nc mg the entire aliphatic region in the analysis,

\

the total transfer efficiency was found ube approximately 53% for the adiabatic RFDR sequence

<

compared to 43% for the RFDR sequefi¢egvhigh corresponds to a gain of around 20%.
Conclusions \
In conclusion, heye Sented an adiabatic variant of the RFDR experiment significantly

£
improving polarizati/m\z@Qfe y gradually changing the temporal positions of the n-pulses throughout

the mixing time. Qretically, the modifications can be understood by realizing that the non-averaged

another. Exﬂyrimentally, we have shown that the technique is indeed improving the transfer efficiency
fo MO ¢, polarization transfer compared to the conventional RFDR sequence. At present, the
optimal sweep parameters are found numerically as the sweep through the resonance condition is
affected by the isotropic as well as the anisotropic chemical-shift differences of the involved nuclei and,

therefore, depend on the particular characteristics of the spin system. However, the presented sweeps
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Publi Y]ﬁfg] ng the time-shift Az accordingly to keep the relative sizes of the x,y and z components in the

ZQ subspace the same.

Supplementary Material

See Supplementary Material at [URL]*® for a SIMPSON scri M grid search provides

optimized adiabatic sweep parameters. \

—
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Fig. 1. (a) Schematic representation of a 2 13é‘wxlierelation experiment using either (b) RFDR or

\
C) adiabatic to mediate polariz transier. (] clement consists of one m-pulse
diabatic RFDR di polari The RFDR el i f pul
~

centered in the middle of each rotor p&N is element is then repeated M times. In adiabatic RFDR,

two rotor periods are consideredwx\gﬂre temporal positions of the pulses are moved in opposite

directions with respect to th%y time At. A given time-change is repeated four times to employ a
7{-pu1

r
XY-8 phase cycling ? es. The element is then repeated with a new value for the time Art.

Black bars repre

HSNS while the gray bars represent Z-pulses. During the RFDR mixing

element, 'H COBpli with constant x-phase is employed with rf field strength of @, /27 during the

Ises 4nd @, ¢/

n-pulses a,;

“Q
b

\I<

during the windows between them.
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Fig. 2. (a) The time-ev utlon‘}e isotropic chemical-shift difference ( 110 a;l(zo))CD(t)zAQ(D(t)

between the two 0 terest can be separated into (b, left) a time-dependent component

AQ (1) =AQ t ? Q. and (b, right) an average, time-independent part AQ ., = AQCI)( ) where we

have cho n-a { At for the first m-pulse. This corresponds to the last part of the sweep in Fig. Ic.
In (c a-plo f powder averaged strength for the recoupled dipolar Hamiltonian (Egs. (11) and (12))

iy give nct10n of the relative time-shift At of the m-pulses. The strength is scaled to unity for

At he calculation is done by setting |AQ|/ 2r =120, /27 =12 kHz.
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Fig. 3. (a) Simulations for the transfer iencies for RFDR (blue squares) and adiabatic RFDR (red

squares) as function of mixing time. \gven number of blocks, N, the corresponding time-shifts and

h@ﬁciem adiabatic RFDR sequence has been selected. Dashed line at

i t/of ?mmum transfer efficiency of standard RFDR. The transfer efficiency

tangential sweep forms of

N=3 indicates the time
as function of chemi Ns or both involved nuclei are numerical calculated for (b) RFDR (with

DR (with N=3) and (d) adiabatic RFDR (with N=10). All simulations were done

tt{meter at 10.0 kHz MAS. The rf field strength of the n-pulses was set to 100 kHz

4
for a 400 S
and - as) cycling was employed. Additional parameters for all simulations and time-sweep for

the adi tir){FDR sequence are given in the Numerical Simulation section.

.
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Fig. 4. Extracted experimental peak intensities (relative tosinitfal diagonal peaks without any mixing

element) from 2D spectra on U-1C,'*N _1abeled%uﬁng RFDR (blue crosses and squares) and
W

adiabatic RFDR (red crosses and squares). In (a) St nsities of cross peaks and (b) diagonal peaks

as function of mixing time are presented. 1Hx;(upling was employed during the mixing elements

~
using @, /27 = 150 kHz and o, = kHz. Note, for the adiabatic RFDR points, the entire

pul

sweep is only executed at a mixing t1\0&4 rotor periods (N=3). The inset in right lower corner of (a)

est 9O to PC, cross peaks for RFDR (blue) and adiabatic RFDR (red).

In (c) cross peaks in?s igsdis f}n

90 kHz and (d) 93%@ intensities as function of 'H decoupling strength during the windows

shows spectrum slices for hi

ion of 'H decoupling strength during the n-pulses with @, /27 =

between the ulses'with @

pul

for RFDR{ and 24, 18¢r periods for the adiabatic version. All peak intensities have been scaled relative to

)

the diagonal from a 2D spectrum without any mixing element and recorded on a 400 MHz

)

agm at 10.0 kHz MAS. The rf field strength of the n-pulses was set to 100 kHz, a XY-8 phase
|

cycling was employed in all experimental approaches. Additional experimental parameters are found in

/2w =150 kHz is presented using a total mixing time of 12 rotor periods

the Experimental section.
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Fig. 5. (a) Experimental 2D "“C-"C conelatn@u of the peptide SNNFGAILSS uniformly

BC,°N-labeled at the FGAIL residues obtain ngthe pulse sequence in Fig. 1la with 2.4 ms (24
rotor periods) adiabatic RFDR mixin o@:ﬁbr most efficient *CO to "*C, transfer. The blue and
a

green color represents positive a%e ontours, respectively. Sum projections of the carbonyl

region in the indirect dimenﬁ%a dotted region in (a)) from 2D spectra using (b) 1.2 ms standard
£

RFDR mixing and (c) adiaba DR mixing show the integrated intensities against the diagonal

region from a 2D s@\iﬂfout any mixing element (Integrated signal from 165.9 to 178.0 ppm
n in

e indirect dimension). The mixing times for both experiments were

from a sum pr@éﬁ
optimized fo the/hig} BCO to C, transfer. All data were recorded on a 400 MHz spectrometer at

ﬁ
10.0 kHz% ecoupling was employed during the mixing elements using @,, /27 = 150 kHz

ﬁ
and &Qﬂ) =90 kHz. A XY-8 phase cycling of the 100 kHz rf amplitude n-pulses was employed for

bo hptsiments.
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