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ABSTRACT: We present a family of homonuclear "*C—"3C
magic angle spinning spin diffusion experiments, based on R2,,”
(n =1 and 2, v = 1 and 2) symmetry sequences. These
experiments are well suited for '*C—"2C correlation spectros-
copy in biological and organic systems and are especially
advantageous at very fast MAS conditions, where conventional b j .u._\_‘ 9, ka4
PDSD an DAIRR experlrznents fail. At very fa'st MAS frequenctes _‘ bl Rpfofle el Sty

the R2,, R2,", and R2,” sequences result in excellent quality * J
correlation spectra both in model compounds and in proteins. Under these condltlons, individual R2,,” display different polarization
transfer efficiency dependencies on isotropic chemical shift differences: R2," recouples efficiently both small and large chemical Shlft
differences (in proteins these correspond to aliphatic-to-aliphatic and carbonyl-to-aliphatic correlations, respectively), while R2,"
and R2,” exhibit the maximum recoupling efficiency for the aliphatic-to-aliphatic or carbonyl-to-aliphatic correlations, respectively.
At moderate MAS frequencies (10—20 kHz), all R2,” sequences introduced in this work display similar transfer efficiencies, and
their performance is very similar to that of PDSD and DARR. Polarization transfer dynamics and chemical shift dependencies of
these R2-driven spin diffusion (RDSD) schemes are experimentally evaluated and investigated by numerical simulations for
[U—"3C,"*N]-alanine and the [U—"C,"*N] N-formyl-Met-Leu-Phe (MLE) tripeptide. Further agphcatlons of this approach are
illustrated for several grotelns spherlcal assemblies of HIV-1 U—="*C,">N CA protein, U—"C,"*N-enriched dynein light chain
DLCS, and sparsely "°C/uniformly '°N enriched CAP-Gly domain of dynactin. Due to the excellent performance and ease of
implementation, the presented R2,,” symmetry sequences are expected to be of wide applicability in studies of proteins and protein
assemblies as well as other organic solids by MAS NMR spectroscopy.
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B INTRODUCTION

With the recent developments in decoupling and recoupling
techniques, solid-state NMR has become a powerful tool for
determining molecular structure and dynamics in biological
solids, ranging from amyloid fibrils to membrane proteins to
intact viruses to protein assemblies.' '® Magic angle spinning
(MAS) recoupling methods, both dipolar and scalar based,
have emerged as an essential tool for structural and dynamics
characterization of uniformly and extensively enriched bio-
polymers."' ~>* With the recent breakthroughs in probe technol-
ogy, very fast MAS frequencies of the order of 40—70 kHz are
now accessible to the experimentalist,”>>” and these fast MAS
conditions result in greatly enhanced spectral resolution due to
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efficient averaging of the homonuclear "H—"H dipolar interac-
tions at splnnmg rates above 30 kHz and due to efficient
heteronuclear "H—X decoupling that can be achieved at high
rotation frequencies. The narrow 'H lines under very fast MAS
also permit proton detection, and indeed, several investigators
have recently demonstrated the benefits of proton-detected
experiments in proteins, both in terms of greatly enhanced
sensitivity and the additional information that can be gained by
incorporating the proton dimension into the spectra.”®>' In the
heteronucleus-detected experiments, the narrow lines attained
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at very fast MAS frequencies also give rise to significant
sensitivity enhancements, and therefore, very fast MAS condi-
tions are in principle advantageous across the board for
structural and dynamics studies of proteins and protein assem-
blies. However, implementation of fast-MAS protocols for
protein structure determination requires the development of
modified homo- and heteronuclear recoupling methods*®** 3¢
because many of the recoupling techniques that are commonly
employed at MAS frequencies below 20 kHz do not work above
30 kHz.

Types of experiments that do not work in their original
implementation under very fast MAS conditions comprise homo-
nuclear spin-diftusion-based recoupling methods, such as proton-
driven spin diffusion (PDSD)*”*® and dipolar-assisted rotational
resonance (DARR)>** or RF-assisted diffusion (RAD).** These
techniques are ubiquitously used in structural analysis of proteins
and protein assemblies at moderate MAS frequencies (10—20
kHz), both for resonance assignments and for deriving long-range
distance constraints as well as for quantitative CP/MAS
measurements,"®”! 12222341757 Thege sequences are some of
the very few homonuclear recoupling methods (along with
PAR*****? and CHHC®*®') that do not suffer from dipolar
truncation®***>~%* and are thus particularly advantageous for
extracting distance information in uniformly and extensively
enriched proteins.

In PDSD experiments, the recoupling efficiency depends
strongly on the line broadening due to the residual "H—X
dipolar couplings and on the spinning frequency, and in some
cases it is hard to achieve broad-band homonuclear correlation
spectra. This limitation is alleviated when a weak radio frequency
(xf) field irradiation is applied on the protons during the mixing
time, such as in DARR (RAD) experiments. For DARR (RAD)
irradiation, the 'H rf field strength is W,y = nw,, satisfying the
rotary resonance matching condition and resulting in broad-band
rotational resonance recoupling. During the mixing time,
3C—"3C polarization transfer is driven by the reintroduced
'"H—"C and '"H—"H dipolar couplings, and the transfer effi-
ciency for the coupled *>C spins is somewhat less dependent on
MAS frequency than in the conventional PDSD experiment.
While dependence of polarization transfer efficiency on the MAS
frequency in DARR (RAD) experiments is not as dramatic as in
the PDSD sequence, the dependence on the chemical shift
difference between the coupled spins is very strong.®> This
chemical shift difference dependence is particularly severe at
very fast MAS rates (>30 kHz), resulting in lower and nonuni-
form polarization transfer efficiencies across the spectrum, and at
frequencies of 40 kHz or above DARR/RAD would not be a
method of choice for '>C correlation spectroscopy.

Recently, several amplitude- and phase-modulated DARR/
RAD experiments were developed to improve the spin diffusion
efficiency under very fast MAS conditions.***>%® Second-order
rotational resonance conditions, w; = nw, *+ Aw,, were
introduced by Ernst et al.** Broad-band homonuclear dipolar
recoupling at very fast MAS frequencies can be performed by
various amplitude-modulated 'H rf field irradiation schemes,
referred to as mixed rotational and rotary-resonance (MIRROR)
technique. Tekely et al. proposed a phase-alternated recoupling
irradiation (PARIS)®*®” scheme to obtain more efficient polar-
ization transfer at very fast MAS, and the phase-alternated DARR
irradiation compensates efficiently for rf field inhomogeneity and
improves the magnetization transfer rate. Nevertheless, the
chemical shift offset sensitivity still remains an issue in these

sequences, and it is difficult to achieve uniform broad-band
polarization transfer.

In this work, we present a family of spin diffusion experiments
in which the magnetization transfer is driven by rotor-synchro-
nized R2,” symmetry-based recoupling. Such symmetry-based
approaches in MAS recoupling pulse sequences were originally
described by Levitt in a series of elegant studies that established
the general design principles for these sequences as well as
classified them as CN,” and RN, schemes depending on the
rotation properties of the spin angular momenta during the
rotor-synchronized train of rf pulses.”* "' RN,"-type sequences,
employed in this work, are designed to produce a net rotation of
the spin angular momenta by 77 around the x axis of the rotating
frame.® Following the Levitt nomenclature, n and v are small
integers and referred to as the symmetry numbers of the pulse
sequence. In the R2,” symmetry-based spin diffusion experi-
ments introduced here, all pairwise combinations of n = 1, 2 and
v=1,2 are emgloyed to produce four sequences, R2,', R2,%
R2,', and R2,>. The pulse element of the R2 symmetry
sequences can be either a basic 77 pulse or composite pulses
such as 90°,90°,90°,, 90°,270° _,, or 90°,180°,90°,. In these R2
sequences, the rf field amplitude and phase alternation are
defined according to the R-type symmetry. It should be noted
that the basic R2; ' symmetry scheme has the same pulse type as
the rotor-synchronized PARIS®® scheme and that the basic R2,>
symmetry scheme has the same pulse type as the conventional
DARR/RAD scheme. We demonstrate that these different R2-
driven spin diffusion schemes (RDSD) exhibit similar transfer
efficiencies at moderate MAS rates (<20 kHz) except that R2,"
and POST-R2," are advantageous for the recoupling of coupled
spins with large chemical shift differences. At very fast MAS
frequencies, the individual R2 irradiation schemes display dis-
tinct dependencies of the polarization transfer efficiencies on the
chemical shift differences between coupled carbon spins. Experi-
ments and numerical simulations in [U—"*C,"*N]-alanine and
[U—"C,"*N] N-formyl-Met-Leu-Phe (MLF) tripeptide indicate
that under very fast MAS the polarization transfer in these R2,"
spin diffusion experiments is driven by the broadened second-
order rotational resonance condition (@, + nw, — K,wpp <
Awio < 0 £ nw, + K wpp), and we present the theoretical
treatment of these sequences that correctly accounts for the
polarization transfer dynamics and for the observed chemical
shift dependence of the individual R2,” schemes. Our results
further indicate that due to these distinct chemical shift depen-
dencies it is advantageous to employ a specific R2 sequence for a
given correlation experiment, e.g., CACB vs CACO.

We further demonstrate that these R2,” spin diffusion se-
quences perform very efficiently in proteins and protein assem-
blies using three examples: spherical assemblies of U—"C,"*N-
enriched HIV-1 CA protein, U—">C,"*N-enriched dynein light
chain DLCS8, and sparsely-'>C/U—""N-labeled dynactin CAP-
Gly domain. We anticipate that the approach presented here for
R2,” spin diffusion under fast-MAS conditions will be broadly
applicable to studies of proteins and protein assemblies by MAS
NMR spectroscopy, which is a rapidly growing area of research.

B EXPERIMENTS AND METHODS

Samples. [U—"3C,'*N]-alanine and [U—"3C,"*N] N-formyl-Met-
Leu-Phe (MLF) tripeptide were purchased from Cambridge Isotope
Laboratories. Both powder samples were used in the subsequent
NMR experiments without any further purification or recrystallization.
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The sample of spherical assemblies of U—"3C,"*N-enriched HIV-1
capsid protein (CA) was prepared according to established procedures.®
CAP-Gly sparsely enriched in **C and uniformly labeled with "N was
prepared from E. coli, grown in minimal medium containing 1,3-"*C
glycerol (Cambridge Isotopes) as the sole carbon source and SNH,Cl
as the sole nitrogen source, as described previously.”>~”* The solid-state
NMR sample of CAP-Gly was prepared by controlled precipitation from
polyethylene glycol,36’44’62‘63 slowly adding a solution of 30% PEG-3350
to the solution of 24.3 mg of CAP-Gly (38.5 mg/mL), both dissolved in
10 mM MES buffer (10 mM MgCl,, pH 6.0), as described previously.”
U—"3C, "*N-enriched dynein light chain protein (DLC8) was expressed
in E. coli and purified as described previously.”® The solid-state NMR
sample of DLC8 was prepared by controlled precipitation, slowly adding
a solution of 30% PEG-3350 to the solution of 11 mg of DLC8 (30 mg/
mL). Prior to the precipitation step, both PEG-3350 and DLC8 were
dissolved in 10 mM MES buffer (10 mM MgCl,, pH 6.0) and doped
with SO0 mM EDTA—Cu(II). The protein samples were packed in 1.8
mm MAS rotors for solid-state NMR experiments.

Solid-State NMR Spectroscopy. All NMR experiments were
carried out on a Varian InfinityPlus solid-state NMR spectrometer
operating at a Larmor frequency of $99.8 MHz for 'H and 150.8
MHz for "*C. Solid-state NMR experiments were performed using
either a 3.2 mm Varian triple-resonance T3 probe (spinning rates of up
to 25 kHz) or a 1.8 mm MAS triple-resonance probe developed in the
Samoson laboratory (spinning rates up to 50 kHz).

The pulse schemes for RDSD 2D experiments are shown in Figure 1.
During the mixing period, a series of R2,,” symmetry pulses is applied on
the 'H channel, as illustrated in Figure 1b—e for each specific R2,"
experiment. For R2,"” symmetry irradiation, the rf field strength equals
the MAS frequency and one rotor period contains two 7 pulses. For R2,"
symmetry irradiation, the rf field strength equals one-half the MAS
frequency and one rotor period contains one 77 pulse. For POST-R2,”
symmetry irradiation, the basic 77 pulse is replaced by a composite pulse,
(7/2)0(371/2) 180, and the tf field strength is twice that of the R2,”
symmetry irradiation, as shown in Figure 1f for POST R2,".

NMR experiments on the MLF sample packed into a 3.2 mm rotor
were recorded at room temperature and a MAS frequency of 16 kHz.
Typical 90° pulse lengths were 2.8 us for 'H and 4.0 us for *C. The
cross-polarization contact time was 1.4 ms, and the recycle delay was
3.0 5. Two-pulse phase-modulation (TPPM)”® "H decoupling with an
if field strength of 96 kHz was performed during the acquisition, and
continuous wave (CW) "H decoupling with the same rf field strength
was applied during the ¢, evolution time. "H irradiation with an rf field
strength of 16 and 8 kHz during the mixing time was applied for 2D R2,"
and R2," (v=1,2) correlation experiments, respectively. The 2D spectra
were collected as (1000 X 256) (complex X real) matrices with 8 scans;
the TPPI (time proportional phase incrementation) scheme was used
for phase-sensitive detection in the indirect dimension.”” A series of
experiments with different mixing times ranging between 1 and 50 ms
was performed.

NMR experiments on an alanine sample packed into a 1.8 mm rotor
were performed at the MAS frequency of 40 kHz. To reduce sample
heating during fast MAS spinning, nitrogen gas at 0 °C was used for
cooling, resulting in a final sample temperature of 20 °C. The rf field
strength on the "H channel during the mixing time was 40 and 20 kHz
for R2," and R2," experiments, respectively. CW 'H decoupling with a rf
field strength of 9 kHz was employed in the ¢, and t, dimensions. The 2D
spectra were collected as (2000 x 512) (complex X real) matrices with 8
scans; the TPPI scheme was used for phase-sensitive detection in the
indirect dimension. A series of experiments with different mixing times
ranging between S and 500 ms were performed.

NMR experiments on protein samples packed into a 1.8 mm rotor
were performed at the MAS frequencies of 10 and 40 kHz. To reduce the
sample heating due to fast MAS spinning at 40 kHz, a stream of cooling
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Figure 1. (a) The general pulse sequence for 2D *C—"C R2,’
homonuclear correlation experiments. An RF field irradiation is applied
on proton spins during the mixing time. RG irradiation represents rotor-
synchronized R2-type symmetry pulses: (b) R2,% (w5 = w,), (c) R2,"
(wrf: wr)f (d) I{2’22 (wrf = 1/2 a)r)f (e) 1{2’21 (wrf = 1/2 a)r)f and (f)
POST R2,! (w,s = w,).

nitrogen gas at —20, —25, and —35 °C was used for the HIV-1 CA, CAP-
Gly, and DLC8 samples, resulting in final sample temperatures of 0, —S5,
and —15 °C, respectively. For all 2D R2,” *C—"C correlation
experiments, the TPPI scheme was used for phase-sensitive detection
in the indirect ¢; dimension. The other parameters were the same as
those used for the experiments on alanine. For all RDSD NMR
experiments conducted at the MAS frequency of 10 kHz, a 96 kHz 'H
TPPM decoupling was applied during t; and t,. Detailed acquisition and
procession parameters are shown in the Supporting Information.

Numerical Simulations. All numerical simulations were per-
formed in SIMPSON.”® One hundred sixty eight REPULSION (a, 3)
angles and 16 y angles were used to generate a powder average. The
atomic coordinates for the model spin systems employed in the
simulations were taken from the SSNMR structure of the leucine residue
in the N-EMLF-OH tripeptide (PDB ID 1Q70).*° These atomic
coordinates are generally regarded as a valid representation for spin
systems of other amino acids. For C,—C’ spin diffusion simulations, a
spin cluster containing two carbons and one proton was used. For C,—
Cg spin diffusion simulations, a spin cluster containing two carbons and
three protons was employed. The one-bond dipolar coupling constants
for "H—"C and *C—"C were 22 690 and 2251 Hz, respectively. In all
simulations, all possible pairwise dipolar couplings were taken into
account. ] couplings were ignored as their effects are negligible given
their small size. Other parameters used in simulations were the same as
in the corresponding experiments.

B RESULTS AND DISCUSSION

Symmetry-Based Spin Diffusion Experiments at Moderate
MAS Frequencies. R2,” symmetry-based pulse irradiation on
protons can be used to reintroduce hetero- and homonuclear
dipolar couplings, which in turn allow for spin diffusion among
carbon spins. The space-spin selection rules for the symmetry-
allowed first-order average Hamiltonian terms have been
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(a) |

Heteronuclear
Recoupling

Homonuclear !
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Figure 2. Space—spin selection diagrams for the first-order average dipolar Hamiltonian in the R2,' symmetry sequence for recoupling of 1—S$

heteronuclear terms (a) and I—I homonuclear terms (b).

Table 1. Total Number of Symmetry-Allowed First- and
Second-Order Average Hamiltonian Terms in the R2,” (n,
v =1 and 2) Symmetry Sequences

no. of symmetry-allowed terms

symmetry sequences 1245 2P A s AP s
R2,% 6 10 96 208
R2,! 6 10 96 208
R2,” 0 20 96 208
R2,' 8 12 96 208

reported elsewhere.®® Figure 2 demonstrates space—spin selec-
tion diagrams for the interaction Hamiltonians in the R2,*
sequence. It can be seen that both the "H—">C heteronuclear
dipolar couplings and the "H—"H homonuclear dipolar cou-
plings are reintroduced by the R2, symmetry irradiation, with 6
heteronuclear dipolar coupling terms Hys” and 10 homonuclear
dipolar coupling terms Hy Y of the first-order average Hamilto-
nian being symmetry allowed. Even though spin diffusion
between coupled '*C spins is primarily determined by the
3C—"3C coupling strength and the first-order rotational reso-
nance conditions (nw, = Aw,, ), the reintroduced "H—">C and
"H—"H dipolar couplings represent an essential contribution,
resulting in greatly broadened RR matching conditions. Further-
more, these dipolar couplings also contain the second-order
average Hamiltonian terms. Even though the recoupled second-
order average Hamiltonian terms are much smaller than the first-
order contributions, they can also drive the 'H—">C and '"H—"H
cross relaxation and assist the '>C—">C spin diffusion. Table 1
summarizes the number of the first- and second-order average
Hamiltonian terms in the R2,” symmetry sequences. These
recoupled hetero- and homonuclear dipolar Hamiltonian terms
would drive the polarization transfer (see the Supporting In-
formation for details on the recoupled terms for each R2,”
sequence). The first-order rotational resonance conditions
would be broadened greatly by R2,,” reintroduced dipolar inter-
actions, and these can be expressed as nw, — K, .wpp < Awjo <
+ nw, + K. wpp, where K, .wpp denotes the size of the
recoupled dipolar interactions by R2,” and K is the correspond-
ing scaling factor.

It is obvious from Table 1 that the number of the symmetry-
allowed Hamiltonian terms is different for each recou}aling
sequence, except for R2;* and R2,". Even though for R2,” and
R2,' the same number of first- and second-order Hamiltonian
terms are symmetry allowed, the nature of these recoupled
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Figure 3. Polarization transfer in the 2D R2,"-driven (n, v = 1 and 2)
spin diffusion experiments as a function of the mixing time for (a) Co—
Cp of Leu residue and (b) C,—C’ of Met residue in [U-"3C,"*N] N-
formyl-Met-Leu-Phe (MLF) tripeptide. The sample was spun at a MAS
frequency of 16 kHz. The cross-peak intensities in each spectrum were
normalized to those of the corresponding diagonal peaks in the
following way: I,o;m=(2Isp)/ (Ins + Ipp), where I, is the normalized
cross peak intensity, Ixp is the non-normalized cross peak intensity, and
Iaa and Ipp are the non-normalized intensities of the corresponding
diagonal peaks. The build-up curves corresponding to the different
recoupling sequences are color coded as follows: R2 12, black; R2, ! blue;
R2,% red; R2,", green; and POST-R2,", purple.

Hamiltonian terms {l, m, A, u} as well as the corresponding
scaling factors are totally different (see the Supporting In-
formation), suggesting that different polarization transfer dy-
namics might be observed in the corresponding spin diffusion
experiments. To examine the *C—'>C transfer rates in each
specific sequence at moderate MAS frequencies, we recorded a
series of two-dimensional R2,” (n, v = 1 and 2) correlation
sgectra with varying mixing times in the MLF tripeptide. The
3C—"3C polarization transfer build-up curves acquired at the
MAS frequency of 16 kHz are illustrated in Figure 3a for the Co,—
Cg correlation of Leu residue and in Figure 3b for the C,— c
correlation of Met residue.
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(a) Ca-Cp

(b) Ce-C’

Figure 4. Spin models for numerical simulations of the polarization
transfer dynamics in the R2,,” symmetry-driven sequences: (a) Co—Cg
spin system (three protons and two carbons) and (b) Cu—C’ spin
system (one proton and two carbons). The atomic coordinates were
obtained from the SSNMR structure of MLE.>® The interatomic
distances are indicated in the figure. The oxygen atom was not taken
into account in the simulations.

The results demonstrate that despite the different number of
symmetry-allowed Hamiltonian terms in each of the R2,”
symmetry-based schemes, all of these sequences exhibit similar
polarization transfer efficiencies and polarization transfer rates
for Co—Cpg correlations at moderate spinning frequencies. On
the other hand, for the Cq—C' correlation, the R2,' scheme
shows a slightly higher polarization transfer rate than the other
sequences. We also note that as expected, the POST versions of
sequences in which the basic 77 pulse of the R element is replaced
with composite (904270,50) pulses, display improved transfer
efficiency in the "*C—"2C correlation experiments, especially for
coupled *C spins with large chemical shift differences.

Symmetry-Based Spin Diffusion Experiments at Very Fast
MAS Frequencies: Alanine. Either proton-driven or dipolar-
assisted spin diffusion can be used to perform broad-band
homonuclear correlation experiments, but both of these recou-
pling methods display low tolerance to large resonance frequency
offsets, which are most pronounced at fast and very fast MAS
rates (>30 kHz). Since we found that at moderate MAS
frequencies the performance of the R2,” symmetry-driven se-
quences is largely independent of the chemical shift offset
between the coupled spins, we proceeded with examining the
spin diffusion behavior of these sequences at very fast MAS
frequencies. Two idealized models of dipolar-coupled spin net-
works were constructed that represent the smallest coupled C—
C spin systems in proteins using the atomic coordinates of the
leucine residue in N-f-MLF-OH, as shown in Figure 4. We used
these models in the numerical simulations to evaluate the
13C0__13Cﬁ and BC,—"3C’ polarization transfer dynamics.

Figure 5 demonstrates the "*C—">C polarization transfer
dynamics by basic (solid curves) and POST (dotted or dashed
curves) R2,,” symmetry sequences simulated for the above model
spin systems at the MAS frequency of 40 kHz. The build-up
curves for the C,—Cp and C,—C’ correlations are shown in
Figure Sa and Sb, respectively. As can be appreciated, under the
very fast MAS conditions, the various R2,” symmetry-driven
schemes exhibit very different polarization transfer dynamics,
depending greatly on the chemical shift difference between the
coupled "C spins. For the C,—C’ polarization transfer by the
basic R2,”, the R2,” sequence with an rf field irradiation of 20
kHz exhibits the fastest polarization transfer rate. On the other
hand, there is almost no C,—C' polarization transfer observed
for the R2," (v = 1, 2) sequences with rf field irradiation of 40
kHz. At the same time, for the C,—Cp recoupling, the RrR2,!
symmetry scheme yields the most efficient polarization transfer.
Even though the C,—Cpg polarization transfer can also be

POST1: 90,270, POST2: 90,90,90,

(a) CerCpy

:
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Figure S. Simulated polarization build-up curves for different R2,” and
POST R2," recoupling sequences for (a) C4—Cp and (b) Co—C’
correlations. Spin models shown in Figure 4a and 4b were used for Co—
Cgand Co—C’ simulations, respectively. The 'H Larmor frequency was
599.8 MHz. The MAS frequency was 40 kHz. The solid build-up curves
corresponding to the different basic R2,,” recoupling sequences are color
coded as follows: R2,", red; R2,? black; R2,", blue; and R2,%, green. The
dotted and dashed curves correspond to POST-type symmetry se-
quences with composite pulses 90°,270°_, (POST1), and 90°,90°,90°,
(POST2), respectively.

accomplished with the R2,> sequence, the transfer rate is
significantly slower. Confirming the experimental results, the
current numerical simulations indicate that DARR (referred to as
R2,” symmetry sequence here) is inefficient for polarization
transfer at high MAS frequencies; furthermore, it is very sensitive
to the chemical shift differences, rendering DARR experiments
impractical under these conditions.

As discussed above, replacement of the basic 7 pulse by
composite pulses gives rise to the various POST R2,” symmetry
sequences, and some of these are expected to yield higher transfer
efficiency with the appropriate selection of composite pulses. For
example, for Co,—Cp polarization transfer, POST R2," symmetry
sequence consisting of (90,90,90,) composite pulses, exhibits
transfer efficiency much higher than the basic R2;" scheme. In
the case of Cq—C' recoupling, the POST R2,” symmetry
sequence, consisting of (90,270_,) composite pulses, exhibits
a much higher transfer efficiency than the basic R2,” scheme. It
should be noted, however, that not all POST R2,” sequences
perform better than the basic R2,” schemes. For instance, the
POST R2,' symmetry sequence, consisting of (90,270_,)
comlposite pulses, has a lower transfer efficiency than the basic
R2," scheme for the C,,—Cp polarization transfer.

In order to understand the behavior of the R2,” symmetry-
driven sequences as a function of the MAS frequency and the
chemical shift difference, one needs to further consider the
various factors important in the polarization transfer dynamics.
For example, at low or moderate MAS frequencies, DARR (or
R2,” symmetry sequence) can be regarded as a broad-band
rotary resonance (RR) based recoupling technique, since the
first-order RR matching conditions are broadened greatly by the
reintroduced "H—">C dipolar couplings. Following this logic,
one might think that at very fast MAS frequencies, the transfer

3947 dx.doi.org/10.1021/ja108650x |J. Am. Chem. Soc. 2011, 133, 3943-3953



Journal of the American Chemical Society

U-'3C,"N-Ala; o, = 40 kHz

0=
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Figure 6. 1D "*C CP/MAS spectra of [U—"°C,"*N]-alanine spun at 40
kHz. These spectra were recorded with (a) R2,% (b) R2,", (c) R2,", and
(d) R2, irradiation applied to the protons during the acquisition period.

efficiency in the DARR experiments may be poor since the partly
recoupled heteronuclear dipolar interactions are not strong
enough to satisfy the first-order RR matching condition. To
investigate this possibility, we examined the extent of dipolar
broadening by DARR and by other R2,,” symmetry sequences at
the MAS frequency of 40 kHz. Figure 6 shows the experimental
3C CP/MAS spectra of alanine spun at 40 kHz, recorded with
the '"H rf field irradiation during the acqiuisition period by
(Figure 6a) R2,* (DARR), (Figure 6b) R2,", (Figure 6¢c) R2,’,
and (Figure 6d) R2,” symmetry pulses. The results show that '>C
NMR lines are strongly broadened in the 1D R2,” experiments
(Figure 6 a and 6b) and that the line shapes for these two cases
are similar because both sequences have the same number of
symmetry-allowed Hamiltonian terms (see Table 1). Interest-
ingly, even though the R2," symmetry scheme retains the largest
number of symmetry-allowed "H—"C and "H—"H Hamiltonian
terms, the broadening of the 13C NMR resonances by the R2,'
irradiation is much smaller than that by the R2,' and R2,?
sequences. This is the result of the smaller scaling factor for
recoupling of the heteronuclear dipolar couplings by R2,". Since
no first-order average "H—">C dipolar Hamiltonian terms are
allowed in the R2,” symmetry scheme (see Table 1), the *C
MAS spectrum exhibiting the least broadening in the presence of
the "H rf field is obtained.

It is clear from the above discussion that '*C MAS spectra
acquired with the various R2,” irradiation sequences are broa-
dened to different degrees, and in the case of R2,” irradiation, no
broadening from the recoupled first-order average Hamiltonian
interactions ensues. However, these reintroduced dipolar cou-
plings cannot broaden efficiently the first-order rotational reso-
nance conditions (nw, = Aw;,,) under very fast MAS, and the
polarization transfer profile depends to a greater extent on the
second-order rotational resonance conditions (w; = nw, +
Awiso).Sé The strength of the rf field irradiation and the size of
the recoupled dipolar couplings would jointly dominate the
polarization transfer. The degree of broadening in the different
R2,” symmetry sequences, therefore, does not directly corre-
spond to the polarization transfer efliciencies, indicating that the
dipolar broadening is not the dominant factor in spin diffusion
experiments.

Figure 7 provides the experimental *C—">C polarization
transfer dynamics in the various R2,” symmetry-driven spin
diffusion experiments for U—"C, *N-alanine, spun at 40 kHz.
The Cy—Cgand C,—C’ build-up curves are plotted in Figure 7 a
and 7b, respectively. The results demonstrate that the R2;'
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Figure 7. Experimental build-up curves for polarization transfer in
U—"C, "N alanine: (a) Co—Cg and (b) Co—C' by R2,% R2,},
R2,', and R2,” symmetry-based sequences. The sample was spun at a
MAS frequency of 40 kHz. The cross-peak intensities in each spectrum
were normalized to those of the corresponding diagonal peaks in the
following way: Ijorm= (2Iap)/(Iaa + Inp), where Lo, is the normalized
cross peak intensity, Ixp is the non-normalized cross peak intensity, and
Ina and Iyp are the non-normalized intensities of the corresponding
diagonal peaks.

sequence exhibits the most efficient polarization transfer for
the C,—Cg spin diffusion experiments. For the C,—C’ polariza-
tion transfer, the R2," sequences yields much higher transfer
rates than the R2," symmetry sequences. This finding is con-
sistent with the simulation results shown in Figure 5 except for
the differences in the transfer rates, which can be attributed to
relaxation effects. Various cross-relaxation times, such as T,
T,"€, and T, contribute to the magnetization transfer process
and were not taken into account in SIMPSON simulations.
However, disregarding these relaxation times in the numerical
simulations does not affect the comparison of the performances
of the different R symmetry sequences, as demonstrated experi-
mentally on protein samples (see below). Despite the difference
in the absolute transfer rates between the experimental and the
simulated data the relative polarization transfer dynamics be-
tween the different R2 sequences is captured correctly in the
simulations.

It should be noted that although the R2,” scheme (DARR or
RAD) resulted in the largest broadening of the 3C lines
(Figure 6 and discussed above), the DARR polarization transfer
efficiency at very fast MAS frequencies is very low, especially for
the C*—C' correlation experiments, since neither the first-order
(nw, = Awy,) nor the second-order (w, = nw, + Aw;,) rotary
resonance conditions are fulfilled at the MAS frequency of 40
kHz. In other words, the "H—"3C heteronuclear dipolar cou-
}Iaiingsmare no longer the primary factor in creating uniform

C—"°C polarization transfer at very fast MAS frequencies,
and the polarization transfer profile depends on the rf field
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Figure 8. Simulated dependence of the "*C—"3C polarization transfer
efficiency on the isotropic chemical shift difference for various R2,”
symmetry sequences: (a) R2,', (b) R2,> (DARR), (c) R2,", and (d)
R2,% The simulations were performed in SIMPSON, and the model
spin systems contained 2 protons and 2 carbons. The MAS frequency
was 40 kHz, and the mixing time was 4 ms. Note that the simulated
resonance frequency offsets are £25 kHz covering the entire spectral
range for ">C at a magnetic field of 14.1 T.

strength, the chemical shift difference, and the size of the
recoupled dipolar interactions as well. On the other hand, even
though the other R2,,"” sequences also depend significantly on the
chemical shift differences of coupled carbons, each of these
experiments exhibits high recoupling efficiency for either Co—
Cpg or Cq—C' correlations, suggesting that with a pair of
experiments, R2,' and R2,% both types of correlations can be
recorded. Alternatively, if a single experiment is desirable to
achieve both C4—Cp and C,—C’ correlations, the R2, sym-
metry sequence can be used. Although this experiment does not
exhibit the highest transfer efficiencies for either C—Cgor Co—
C' correlations, the transfer efficiency is still high enough to attain
high sensitivity and uniform excitation for both spectral regions.

To further evaluate the experimental results, we examined the
dependence of chemical shift difference on the polarization
transfer dynamics at fast and moderate MAS frequencies by
numerical simulations. Figure 8 illustrates the simulated depen-
dence of the "*C—"3C polarization transfer efficiency on the
chemical shift difference for R2,% R2,', R2,% and R2,' se-
quences at the MAS frequency of 40 kHz. It can be noted that
the R2," symmetry scheme exhibits relatively high polarization
transfer efficiency for the coupled *C spins with small chemical
shift differences (of less than 47 ppm). This indicates that the
R2,' symmetry sequence is suitable for recording Co—Cp, Cp—
C,, and other side chain correlations in spin diffusion experi-
ments. On the other hand, essentially no polarization transfer is
expected for the coupled ">C spins with chemical shift differences
larger than 50 ppm in the R2, experiment, while DARR (the
R2,* sequence) results in very weak polarization transfer. At the
same time, the R222 and RZZ1 symmetry sequences give rise to
much higher transfer efliciencies for correlations between

coupled carbons with large chemical shift differences, such as
Cq—C’ spin pairs whose chemical shift differences are of the
order of 120 ppm, even multibond Cg/,—C’ spin pairs with
chemical shift differences of 120—170 ppm. This simulated
behavior agrees well with the experimental results presented in
Figures S and 7.

It is obvious from the above that the polarization transfer
under very fast MAS can be driven by the R2,,” recoupled dipolar
interactions when the second-order rotational resonance condi-
tions are fulfilled, w, & nw, — K,.wpp < Aw;so < 0, £ nw, +
K,.wpp, where K, wpp denotes the scaled dipolar couplings
reintroduced by R2,” symmetry sequences. However, even when
these conditions are fulfilled, it is still difficult to obtain a true
broad-band recoupling. The transfer efficiency is dependent on
the chemical shift difference, and it is therefore anticipated that
the polarization transfer profile will be dependent on the
magnetic field strength. Even though we have not yet performed
R-type spin diffusion experiments at magnetic field strengths
other than 14.1 T, the magnetic field dependence of the
performance of these sequences can be understood by the
analysis of Figure 8. The simulated dependence of the chemical
shift difference reveals the conditions where strong vs no
correlations would be observed for each R2,” sequence. For
instance, at the MAS frequency of 40 kHz, for the R2,' sequence
there will be no correlations for coupled "*C nuclei with chemical
shift differences of 9—14 kHz. Translating the CS difterence into
ppm, we realize that no correlations are expected between the
coupled *C spins with the chemical shift differences of 90—140
ppm at 9.4 T, of 60—90 ppm at 14.1 T (as confirmed experi-
mentally in this work), and of 40—60 ppm at 21.1 T. In other
words and considering that the R2-driven spin diffusion is
accomplished by the second-order rotational resonance condi-
tions, the above considerations imply that the correlation in-
formation for the desired chemical shift differences, i.e., aliphatic-
to-carbonyl or aliphatic-to-aliphatic regions in proteins, can be
obtained at each magnetic field by an appropriate setting of
the MAS frequency for each R2,” sequence, i.e., 30 kHz at 9.4 T,
40 kHz at 14.1 T, and 60 kHz at 21.1 T.

Indeed, numerical simulations of the dependence of the
polarization transfer efficiencies on the chemical shift differences
for each R2,” sequence conducted for the magnetic field strength
0f21.1 T and the MAS frequency of 60 kHz demonstrate that the
transfer profiles (see Figure S4 of the Supporting Information)
are in agreement with the above analysis, which was made on the
basis of the simulations at 14.1 T and 40 kHz.

At moderate MAS frequencies (<20 kHz), the numerical
simulations indicate that the polarization transfer dynamics is
only mildly dependent on the chemical shift differences, except
for the rotational resonance conditions (see Supporting In-
formation). Therefore, broad-band homonuclear recoupling
can be easily achieved by each of the four R2,” schemes,
confirming our experimental observations. This behavior is
expected to hold at moderate MAS frequencies for any mag-
netic field strength practically accessible in a modern NMR
spectrometer.

Symmetry-Based Spin Diffusion Experiments at Very Fast
MAS Frequencies: Applications to Proteins and Protein
Assemblies. As discussed in the previous sections, at very fast
MAS frequencies where DARR (R2,7) experiment fails, the other
R2,” symmetry sequences are expected to result in efficient
?olarization transfer and therefore should be useful for
*C—"3C homonuclear correlation spectroscopy of proteins.
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Figure 9. 2D *C—"3C correlation spectra of spherical assemblies of U—">C,"*N-enriched HIV-1 CA, recorded at 14.1 T with the different R2,"
sequences: (a) R2,%, (b) R2.% (c) R2,', and (d) R2,% A mixing time of 250 ms was used to record each spectrum. The sample was spun at a MAS
frequency of 40 kHz. CW 'H decoupling (@, = 9 kHz) was employed in the ¢, and t, dimensions.

In Figure 9 we provide the 14.1 T "*C—"3C correlation spectra
using the various R2,” symmetry schemes for spherical assem-
blies of U—"C,"*N-enriched HIV-1 CA capsid protein, spun at
the MAS frequency of 40 kHz. We note that it is of great interest
to further characterize the structure and dynamic properties of
this morphology since it relates to the assembly in the immature
HIV-1 virions. At the same time, the inherently limited spectral
resolution of the spherical assemblies at moderate MAS frequen-
cies (see Supporting Information showing a 10 kHz DARR
spectrum) so far made their solid-state NMR studies challenging.

As illustrated in Figure 9 b, at 40 kHz the DARR spectrum
exhibits only a few cross peaks, even at a mixing time as long as
250 ms. Notably, even cross peaks for directly bonded carbons
are not observed in the spectrum, confirming that DARR fails
under very fast MAS conditions in proteins. On the other hand,
the R2," correlation spectrum displayed in Figure 9 a contains a
large number of cross peaks in the aliphatic region. However,
almost no aliphatic-to-carbonyl correlations are seen, illustrating
the inefficient recoupling of the carbon spin pairs with large
chemical shift differences by this sequence. Conversely, Figure 9
d illustrates that the R2,” symmetry irradiation results in very
efficient recoupling between the carbonyl and the aliphatic
carbons with large chemical shift differences, while the polariza-
tion transfer within the aliphatic carbons is very weak. The most
uniform polarization transfer is achieved by the R2," irradiation,
and the corresponding spectrum is provided in Figure 9 ¢,
exhibiting cross peaks over the entire spectral range. At the same
time, the polarization transfer efficiency for spin diffusion within
the aliphatic carbons is about 70% of that in the R2," symmetry-
driven experiment. This is consistent with the numerical simula-
tions presented in Figure 8 and with the model experiments on

alanine presented in Figure 7, which show the second highest
polarization transfer efficiency for the R2," symmetry scheme
among all R2,” sequences, for both aliphatic-to-aliphatic and
carbonyl-to-aliphatic carbons. Therefore, the combined results
provided in Figure 9 demonstrate that the R2,% R2,', and R2,’
symmetry-driven spin diffusion experiments are eflicient for
3C—"1C correlation spectroscopy in proteins and can be used
in place of DARR at very fast MAS frequencies.

Another observation made on the basis of the experimental
3C—"3C spin diffusion spectra of spherical HIV-1 CA assem-
blies acquired at 40 and 10 kHz is that the 40 kHz R2-based
spectra exhibit higher resolution (as illustrated in Figure S6 of
the Supporting Information). To further test this experimental
observation, we carried out R2-based experiments for u-"
C,"*N-enriched DLCS8 protein. The resulting 2D *C—"C
correlation spectra acquired with MAS frequencies of 10
(DARR) and 40 kHz (R2,") are shown in Figure 10. As can be
appreciated, the R2," correlation spectrum recorded at @, = 40
kHz (Figure 10 b) exhibits significantly higher resolution without
any loss of the correlation information, compared to the DARR
spectrum at 10 kHz. The 1D slices extracted along the w; and w,
frequency dimensions of the 2D spectra (Figure 10 c and 10d)
clearly demonstrate that the lines are narrower along both
frequency dimensions at the MAS frequency of 40 kHz, even
when low-power CW "H decoupling with the rf field strength of 9
kHz was performed. This resolution gain is also obvious in the
comparison of the frequency domains of the indirect (w)
dimensions of the 40 and 10 kHz R2 and DARR spectra (see
Supporting Information).

R2,"-driven spin diffusion experiments were also conducted
on the sparsely-'>C, U—"*N-enriched CAP-Gly domain of
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Figure 10. Comparison of the aliphatic region of the 2D *C—"C
correlation spectra recorded on U—">C,"*N-enriched DLCS. (a) R2,”
(DARR) spectrum of the sample spun at 10 kHz; high-power TPPM 'H
decoupling with w; = 96 kHz was employed in the t; and t, dimensions.
(b) R2," spectrum of the sample spun at 40 kHz; low-power CW 'H
decoupling (w, = 9 kHz) was employed in the #, and ¢, dimensions.
Mixing times of 20 and 200 ms were used to record the DARR spectrum
at 10 kHz and the R2," spectrum at 40 kHz, respectively. (c and d) 1D
slices extracted along the w, (I-III) and w; (IV—VI) frequency
dimensions of the 2D "*C—"3C correlation spectra. The first contour
in all spectrais setat S x o (0'is the noise rmsd) with a multiplier of 1.2.

dynactin in which only few neighboring "*C atoms are enriched
(for enrichment pattern, see refs 72—74). Figure 11 displays the
2D *C—"3C correlation spectra with the various R2,” symmetry
schemes at the MAS frequency of 40 kHz. As can be appreciated,
excellent resolution is seen and the correlation information as
well as the transfer efficiencies using the various R2,” sequences
for the sparsely labeled CAP-Gly sample are consistent with
those obtained for HIV-1 CA protein assemblies and DLCS8.
Interestingly, in the case of the sparsely enriched CAP-Gly
protein, no appreciable resolution enhancements were noted
for the MAS frequency of 40 kHz compared to the 10 kHz
spectra (see Supporting Information), suggesting that consider-
able contributions to the linewidths in the 10 kHz spectra of the
uniformly enriched proteins are due to '*C—">C dipolar and
3C—"°N scalar couplings.

Overall, the above results on model compounds and on three
different protein samples demonstrate that R2,% R2,", and R2,"
experiments perform well at very fast MAS rates, while DARR
and PDSD sequences fail. These R2,% R2,!, and R2,* experi-
ments not only have high transfer efficiencies but also display
greatly enhanced spectral resolution for uniformly enriched
samples under very fast MAS conditions. Both of these features
are critically important in multidimensional experiments for
resonance assignments and measurements of distance restraints
in large proteins and protein assemblies in both uniformly labeled
and sparsely or selectively labeled samples.

B CONCLUSIONS

In summary, we describe a family of rotor-synchronized R2,”
symmetry sequences for homonuclear correlation spectroscopy
in rotating solids in which R2,%, R2,% R2,", or R2,” irradiation is
ag)plied to the proton spins during the mixing time to assist
C—"3C polarization transfer. Three of these R2-driven spin
diffusion sequences (RDSD), R2;", R2,", and R2,% work effi-
ciently at both moderate and fast MAS frequencies. Our results
indicate that RDSD sequences exhibit similar transfer efficiencies
at moderate MAS rates (up to 20 kHz) and that R2," and POST
R2,' sequences are superior for the recoupling of coupled spins
that possess large chemical shift differences, such as carbonyl-to-
aliphatic carbons. At very fast MAS frequencies (40 kHz), where
the PDSD and DARR (R2,%) experiments fail, the R2,% R2,,
and R2," sequences exhibit high polarization transfer efficiencies.
Since the broadened second-order rotational resonance condi-
tions (@, & nw, — K, wpp < Aw;, < @, £ nw, + K, wpp) are
dominated by the rf field strength and the size of the reintro-
duced dipolar interactions, these symmetry-based experiments
exhibit different dependencies on the chemical shift differences
between coupled spins. The R2," sequence is most efficient for
recoupling of the carbons with small chemical shift differences,
while the R2,” sequence shows highest polarization transfer
efficiencies for coupled spins with large chemical shift differences.
The R2," symmetry sequence displays high transfer efficiency
and uniform excitation for both aliphatic-to-aliphatic and carbo-
nyl-to-aliphatic correlations (see the summary figure in the
Supporting Information). With the replacement of the basic 7
pulse by various composite pulses, the appropriate POST R2,"
symmetry sequences are expected to give faster transfer rate and
higher transfer efficiency. Given the advantageous properties of
the R2,” symmetry-based spin diffusion schemes introduced
here, we believe that they will become indispensible for reso-
nance assignments and structure determination of proteins and
protein assemblies.

B ASSOCIATED CONTENT

© Supporting Information. Tables with (1) details of the
recoupled first-order average Hamiltonian terms by R2,” sym-
metry sequences and (2) detailed acquisition and processing
parameters for 2D *C—"3C RDSD experiments on HIV-1 CA
protein, DLC8, and CAP-Gly samples; Fi%ures displaying (1) 1D
3C CP/MAS experiments of [U—"*C,”>N]-MLF spun at 10
kHz with R2,,” symmetry irradiation, (2) 1D polarization transfer
experiments from C, and Cg to C' carbons of MLF with different
R2,” irradiation, spun at 10 kHz, (3) 1D polarization transfer
experiments from C, and Cg to the C' carbon of alanine with
different R2,” irradiation, spun at 40 kHz, (4) SIMPSON
simulations on the chemical shift offset dependence of the
polarization transfer efficiency at a MAS rate of 60 kHz and
magnetic field of 21.1 T, (5) SIMPSON simulations on the
chemical shift offset dependence of the polarization transfer
efficiency at a MAS rate of 10 kHz, (6) Comparison of the 2D
3C—"1C correlation spectra of spherical assemblies of U—"?
C,"*N-enriched HIV-1 CA protein acquired at 10 kHz and 40
kHz, (7) Stack plots of the aliphatic regions of the 2D *C—"C
correlation spectra recorded on U—"*C,"*N-enriched DLCS, (8)
Comparison of the aliphatic region of the 2D >C—">C correla-
tion spectra recorded for sparsely-'>C, U—"°N-enriched CAP-
Gly at MAS frequencies of 10 and 40 kHz, (9) Comparison of
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Figure 11. 2D *C—"3C correlation spectra of sparsely-'>C, U—"*N-enriched CAP-Gly domain of dynactin. The spectra were acquired at 14.1 T with
the different R2,” sequences: (a) R2,}, (b) R2,%, (c) R2,, and (d) R2,% Each spectrum was recorded with a mixing time of 300 ms, and the sample was
spun at a MAS frequency of 40 kHz. The 2D spectra were collected as (1000 x 200) (complex X real) matrices with 128 scans; TPPI scheme was used
for phase-sensitive detection in the indirect dimension. Low-power CW 'H decoupling (@, = 9 kHz) was employed in the ¢, and ¢, dimensions. The first
contour in all spectra is set at S X o (0 is the noise rmsd) with a multiplier of 1.2.

3C polarization delays along the t; time domain, extracted from
R2 experiments at 10 and 40 kHz on U—"*C,"*N-enriched DLCS,
(10) Summary of optimal applicability regimes for the various R2,”
sequences at a MAS frequency of 40 kHz. This material is available
free of charge via the Internet at http://pubs.acs.org.
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