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due to the efficient averaging of the dipolar couplings can be attained at
MAS frequencies of 40 kHz and higher with appropriate decoupling '\ smmewyrrruses 3 4 3 & 2 &y,

techniques, while proton detection gives rise to significant sensitivity gains,

therefore making fast MAS conditions advantageous across the board compared with the conventional slow- and moderate-MAS
approaches. At the same time, many of the dipolar recoupling approaches that currently constitute the basis for structural and
dynamics studies of solid materials and that are designed for MAS frequencies of 20 kHz and below, fail above 30 kHz. In this report,
we present an approach for 'H—">C/"H—"N heteronuclear dipolar recoupling under fast MAS conditions using R-type symmetry
sequences, which is suitable even for fully protonated systems. A series of rotor-synchronized R-type symmetry pulse schemes are
explored for the determination of structure and dynamics in biological and organic systems. The investigations of the performance of
the various RN, ’-symmetry sequences at the MAS frequency of 40 kHz experimentally and by numerical simulations on
[U-"*C,"*N]-alanine and [U-'C,"*N]-N-acetyl-valine, revealed excellent performance for sequences with high symmetry number
ratio (N/2n > 2.5). Further applications of this approach are presented for two proteins, sparsely '*C /uniformly '*N-enriched CAP-
Gly domain of dynactin and U-">C,"*N-Tyr enriched C-terminal domain of HIV-1 CA protein. Two-dimensional (2D) and 3D
R165>-based DIPSHIFT experiments carried out at the MAS frequency of 40 kHz, yielded site-specific 'H—"*C/'H—""N
heteronuclear dipolar coupling constants for CAP-Gly and CTD CA, reporting on the dynamic behavior of these proteins on time
scales of nano- to microseconds. The R-symmetry-based dipolar recoupling under fast MAS is expected to find numerous
applications in studies of protein assemblies and organic solids by MAS NMR spectroscopy.

B INTRODUCTION The majority of the currently existing recoupling techniques
perform best at moderate MAS frequencies, below 20 kHz.
With the breakthroughs in the MAS probe technology starting
in the late 1990s, fast MAS frequencies of the order of 40—70
kHz are now accessible to an NMR spectroscopist.””*° These fast
MAS conditions result in greatly enhanced spectral resolution
due to the efficient suppression of homonuclear "H—"H dipolar
interactions at frequencies above 40 kHz.>' 3 Moreover, under
fast MAS conditions, proton-detected experiments have become
a reality in uniformly isotopically enriched proteins. Proton detec-
tion provides further benefits due to both several-fold sensitivity
increase compared with the heteronucleus detection and the
additional information gained by incorporating the "H dimen-
sion into the spectra.327 S With these advances, detailed structural

Solid-state NMR spectroscopy has emerged as a powerful
method for determination of molecular structure and dynamics
in biological solids and materials, especially since the advent of
magic angle spinning (MAS) in 1950s by Andrew" and indepen-
dently by Lowe.” Various anisotropic spin interactions can be
averaged out partly or completely by a rapid rotation of a solid
sample around the “magic angle” axis, giving rise to greatly
enhanced sensitivity and resolution and yielding liquidlike
spectra.' > This suppression of the anisotropic portions of spin
interactions, while necessary and advantageous from the resolu-
tion and sensitivity standpoints, results in a loss of valuable
information about the geometric and electronic structure of the
solid under investigation. Therefore, multiple laboratories have
focused efforts on development of recoupling methods that per-
mit measurements of the anisotropic interactions under MAS Received:  April 24, 2011

conditions in order to gain structural and dynamics information.*”* Published: October 13,2011
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and dynamics analysis of very large proteins and protein assem-
blies containing either uniform or dilute isotopic labels is now
becoming feasible.”~** Therefore, development of recoupling
protocols that work under fast MAS conditions becomes parti-
cularly important at this time. Specifically, measurement of
heteronuclear (‘H—'>C and "H—"°N) dipolar couplings is
critical as these couplings provide structural and dynamics infor-
mation in a broad range of systems, such as proteins, biopoly-
mers, and organic solids. To date several recoupling schemes
have been established for correlation spectroscopy under fast
MAS frequencies;‘B_52 however, to the best of our knowledge,
heteronuclear dipolar recoupling methodology for recording
"H—">C and/or "H—"N dipolar couplings in fully protonated
solids under these conditions is still under development.
Recently, a REDOR-based measurement of 'H—"°N order para-
meters in a highly deuterated microcrystalline ubiquitin has been
reported.>>>* This approach requires extensive deuteration of
the protein under study because REDOR-based field irradiation
cannot suppress 'H—'H homonuclear dipolar couplings in
highly protonated systems, even under fast MAS conditions.
Recently, Levitt and co-workers presented the generalized
symmetry theorems®>*° that are very useful in the design of radio
frequency (RF) schemes for selective recoupling and/or decou-
pling of the various anisotropic spin interactions in MAS NMR
spectroscopy.' #2957~ Guch symmetry-based approaches are
classified by Levitt as CN,,” and RN,,” recoupling schemes, where
the symbols N, #, and v are small integers and are referred to as
the symmetry numbers of the pulse sequence, depending on the
rotation properties of the spin angular momenta during the
rotor-synchronized train of radio frequency (RF) pulses. Com-
paring these two classes of symmetry-based schemes, the R-type
sequences have more restrictive selection rules than the C-type
sequences.””>> 7 Our analysis of the Hamiltonians correspond-
ing to the various anisotropic spin interactions suggests that it is
possible to selectively reintroduce heteronuclear (‘H—'*C/
"H—"°N) dipolar interactions by appropriately designed RN,,”
symmetry pulse sequences while suppressing homonuclear
dipolar couplings, even under fast MAS conditions. Here, we
present a series of rotor-synchronized RN, symmetry pulse
schemes, as shown in Table S1 in the Supporting Information
(SI), suitable for the determination of heteronuclear dipolar
couplings under a wide range of MAS frequencies, including fast
MAS conditions. These sequences are highly effective in sup-
pressing '"H—"H homonuclear dipolar couplings, which makes
them suitable for dipolar recoupling in fully protonated systems.
Dipolar truncation for the different heteronucelar spin pairs sup-
presses the influence of remote protons and "H chemical shift
anisotropy (CSA) on the spectra. These R-type symmetry
sequences are employed in this work for the measurement of
"H—"C and 'H-"°N dipolar couplings, which bear crucial
structural and dynamics information in biological and organic
solids. We first evaluate the performance of these RN,,” symmetry
sequences experimentally and by numerical simulations at the
MAS frequency of 40 kHz in [U-">C,'*N]-alanine and [U-'°N7-
N-acetyl-valine (NAV). We next demonstrate the applications of
these sequences in [U-">C/"*N]-Tyr-labeled C-terminal domain
of HIV-1 CA protein and in [sparsely '*C/U-"*N]-labeled CAP-
Gly domain of dynactin, where we have measured 'H—">C*
dipolar couplings in a site-specific way. The results indicate the
high accuracy and precision of the derived heteronuclear dipolar
couplings. The approach presented in this report is anticipated to
be broadly applicable to determination of heteronuclear dipolar

couplings in organic solids and biological systems, such as
proteins, protein assemblies, and nucleic acids, under a variety
of MAS conditions including both fast and moderate spinning
frequencies.

B EXPERIMENTS AND METHODS

Materials. U-*C,"*N-labeled 1-alanine and U-"*N-labeled N-acetyl-
valine (NAV) were purchased from Cambridge Isotope Laboratories
and used without further purification. Both powder samples were packed
into the 1.8 mm MAS rotors for subsequent NMR experiments. The
conical assemblies of U-">C,'*N-tyrosine-labeled C-terminal domain
(CTD) of HIV-1 CA capsid protein were prepared by controlled
precipitation from 50% w/v solution of PEG-4000 at the ratio of 1:1
(v/v) with the final concentration of 16 mg/mL, followed by incubation
at 37 °C for 1 h, as reported previously.*> CAP-Gly sparsely enriched in
'3C and uniformly labeled with '*N was prepared from E. coli, grown in a
minimal medium containing 1,3-*C glycerol (Cambridge Isotope
Laboratories) as the sole carbon source and '*NH,Cl as the sole nitro-
gen source. The solid-state NMR sample of CAP-Gly was prepared by
controlled precipitation from polyethylene glycol, by 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.**

Solid-State NMR Spectroscopy. All NMR experiments were
recorded on a Varian InfinityPlus solid-state NMR spectrometer,
operating at a Larmor frequency of 599.8 MHz for 'H, 150.8 MHz for
3C, and 60.8 MHz for °N. A 1.8-mm MAS triple-resonance probe
developed in the Samoson laboratory was used (spinning rates up to S0
kHz). All samples were packed into 1.8-mm rotors, and all spectra were
recorded at a MAS frequency of 40 kHz, controlled to within £5 Hz.
The typical 90° pulse length was 2.8 us (‘H), 4.1 us (**C), and 7 us
("*N). The temperature was calibrated at different MAS frequencies
using a PbNO; temperature sensor,*® and the actual temperature at the
sample was maintained to within 0.5 °C throughout the experiments
using the Varian temperature controller.

For NMR experiments on Ala and NAV, a 2D DIPSHIFT sequence
shown in Figure 1a was used. To reduce the sample heating during fast
MAS, nitrogen gas was used for cooling, resulting in a final sample tem-
perature of 20 °C for the Ala and NAV samples. TPPM "H decoupling
with a weak RF field strength® of 11 kHz was used during the acquisition
period t,, and CW decoupling with the same RF field strength was
applied the duration T — t,. The "H—">C(**N) cross-polarization was
performed with a linear amplitude ramp (80—100%) on *C(**N); the
"H radio frequency field was 55 kHz with the center of ramp Hartmann—
Hahn matched to the first spinning sideband. The contact time was
1.5 ms, and the recycle delay was 5.0 s. A series of 2D NMR spectra were
recorded with different RN,,” symmetry pulse irradiation applied during
t,. The basic R element was a 77 pulse; the RF field strength (N/2n-wg)
and the phase (£v/N-180°) for each symmetry sequence are deter-
mined by its symmetry properties, as shown in Figure S1, SI. The 'HRF
field strengths were 112 kHz for R28 !, 110 kHz for R22,%,106.7 kHz for
R165%, 104 kHz for R26,°, 93.3 kHz for R145', 90.0 kHz for R18,", 88.0
kHz for R224", 86.7 kHz for R264", 80.0 kHz for R4,*, 74.3 kHz for
R26,", and 72.0 kHz for R18s" dipolar recoupling period. Each RF field
strength (N/2n- wg) was optimized directly on the detected sample by
finding the “zero” point for the fixed-length 77 pulse (v*7x/N). Sixteen
scans were accumulated for each f; increment, and a total of 32 #;
increments were recorded for each spectrum. It is worth noting that,
despite the high RF field strengths employed during the R-based
recoupling period, RF heating is not a problem in any of the samples
of interest including proteins, due to short irradiation times, the longest
recoupling period being 1.2 ms.
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Figure 1. (a) Two-dimensional (2D) and (b, c) three-dimensional
(3D) DIPSHIFT pulse sequences for "H—"*C or 'H—""N hetero-
nuclear dipolar recoupling experiments under fast MAS conditions
(frequencies of 40 kHz or above). RF irradiation consisting of RN’
symmetry pulses is aﬁplied on proton spins during the t; time to
reintroduce the "H—""N (b) or 'H—"C (c) dipolar couplings. In
(b, ¢), SPECIFIC-CP is used to establish NCA or NCO chemical shift
correlations. CW or TPPM with weak RF irradiation (typically, 10 kHz)
is applied for "H dipolar decoupling under fast MAS.

For U-"3C,"*N-Tyr-labeled CTD capsid protein, 2D R16;*-based
DIPSHIFT experiments were performed for the measurement of "H—"*N
and "H—"*C heteronuclear dipolar couplings. 6144 scans with a pulse
delay of 1.0 s were accumulated for each t, increment (dw = 75 us,
corresponding to three rotor periods), and a total of 16 t; increments
were recorded for each spectrum. For sparsely '*C,U-'*N-enriched
CAP-Gly protein sample, a 3D 'H—"C R16;>-based DIPSHIFT spec-
trum was recorded. The pulse sequence is shown in Figure 1(c). TPPM
"H decoupling was used during the acquisition period t;, and CW
decoupling was used during t, and duration T — t;; the decoupling RF
field strength was 11 kHz in both cases. During the SPECIFIC-CP
period, no "H decoupling was applied. A total of 20 ¢, and 36 t, incre-
ments were used to record the 3D DIPSHIFT spectrum, and 256 scans
with a pulse delay of 2.0 s were accumulated for each increment. The
total experimental time was 102 h for the 3D DIPSHIFT experiment.
For both protein samples, the MAS frequency was set to 40 kHz and was
controlled to within £10 Hz by a Varian MAS controller. To reduce
sample heating from fast spinning, nitrogen gas was used for cooling,
resulting in a final temperature of —5 °C at the protein sample. 'H RF
field irradiation of 106.7 kHz was used to reintroduce "H—">C dipolar
couplings during the R165>-t; time. A real acquisition mode was used for
the t; dipolar dimension in all DIPSHIFT NMR experiments. All 2D and
3D NMR data were processed in NMRPipe in a Mac environment by
zero filling and Fourier transformation. In the 3D DIPSHIFT on CAP-
Gly protein, linear prediction was also performed in N'* (t,) dimension.
The dipolar lineshapes were extracted along the *C (**N) isotropic
chemical shift dimension.

Numerical Simulations. Numerical simulations of "H—"3C and
"H—" N dipolar spectra were performed using the SIMPSON software
package.®” Nine hundred and eighty-six ZCW angles («, f3) and 3 y
angles were used to generate a powder average for all y-encoded R-type
symmetry sequences. Nine hundred and eighty-six ZCW angles (a, f3)
and 64 y angles were employed for non-y-encoded R4,* symmetry
sequence. For extracting the best-fit dipolar patterns, the same experi-
mental parameters (i.e., "H Larmor frequency, MAS frequency, RF field
strength, number of t; points, finite pulse lengths, zero-filling, line
broadening, etc.) were used in the simulations for each experiment.
SIMPLEX method was followed for the fitting of "H—"*N and 'H—"*C
dipolar lineshapes, whereas effective 3> values were calculated following
a simplified protocol embedded in SIMPSON-Minuit, assuming that the
invidual points of the experimental dipolar line shape display the same
variance. We note that for dipolar spectra this procedure results in higher

> values than those generated in the noise-weighted %> calculation,
because of the overestimated contributions of the outer (low-intensity)
regions of the dipolar spectrum to the overall powder pattern. Thus, the
effective  values presented in this report are higher (errors are over-
estimated) than the actual errors. Isolated H—N and H—C spin pairs
were used in the simulations, and the effect of '"H chemical shift
anisotropy was taken into account as well (J,, = 10.0 ppm and 7 = 1
for the NH proton, 0, = 2.0 ppm and # = 1 for the CH proton; the
principal element, 0., was assumed to lie along the dipolar vector). The
best fit parameters, including dipolar coupling constant (wp) and
Lorentzian line broadening (LB), were extracted from the simulated
dipolar line shape possessing the lowest .

B RESULTS AND DISCUSSION

Symmetry-Based Sequences for Heteronuclear Dipolar
Recoupling at Fast MAS: General Properties and Numerical
Simulations. The generalized pulse sequence for R-symmetry-
based 2D separated local field (SLF)***"**~7% spectroscopy is
shown in Figure la. Following the ramped cross-polarization
(cp)” period, the CP-enhanced BC/N magnetization evolves
for a constant duration T, with a v pulse inserted at T/2 to
refocus the '*C/"*N isotropic chemical shift. Simultaneously,
the MAS-averaged "H—"2C or 'H—"°N dipolar couplings are
reintroduced during the variable evolution period, t;, by a rotor-
synchronized RN, RF pulse train on 'H spins, followed by "H
heteronuclear decoupling applied for the duration, T — t;. In
order to provide an additional chemical shift dimension, neces-
sary for the apIplications of this approach to uniformly or
extensively *C,"*N-enriched proteins and protein assemblies,
the SPECIFIC CP sequence’” can be used to establish NCA or
NCO correlations either following or preceding the RN, dipolar
and "*N chemical shift evolution periods, as shown in Figure 1b
and c, respectively. The resulting 3D spectrum contains either
'"H-"N (Figure 1b) or '"H-"C (Figure 1c) dipolar lineshapes
for each residue along the t; dimension, and the corresponding
15N and C isotropic chemical shifts along the t, and t; dimen-
sions. Under fast MAS conditions, no "H decoupling is necessary
during the SPECIFIC-CP period, and the maximum DCP
transfer efficiency is achieved.

The R-type symmetry sequences suitable for dipolar recou-
pling at fast MAS frequencies of 40 kHz or above are summarized
in the SI (see Table S1). These particular schemes are chosen to
satisfy the typical NMR hardware requirements and limitations in
amodern spectrometer (i.e., the maximum 'H RF field strength
achievable in a typical MAS probe, as well as the amplifier RF
power limitations), and to yield the optimal (highest possible)
scaling factor>>*® for the dipolar recoupling. The symmetry
numbers of the sequences listed in Table S1, SI, are limited to
the range 10 < N = 30, and the ratios of the symmetry numbers
are limited to 1.0 < N/2n < 5.0, to yield RF powers compatible
with the available modern hardware. All of the symmetry
sequences under discussion except for R4,* are y-encoded, and
as shown below, all of them exhibit excellent performance in
recoupling heteronuclear dipolar Hamiltonian interactions while
suppressing the first-order homonuclear dipolar Hamiltonian to
zero, with simultaneous efficient reduction of the recoupled
second-order Hamiltonian terms Hpp_pp and Hpp_csa. The
recoupled heteronuclear dipole—dipole Hamiltonian terms can
be characterized by four quantum numbers {}, m, 4, u}, and the y-
encoded RN,” symmetry sequences can be divided into two
categories on the basis of their recoupling properties with respect
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to particular Hamiltonian terms. The Hamiltonian terms corre-
sponding to {, m, 4, u} = {2,2,1, —1} and {2, —2, 1, 1} are
recoupled by y-encoded RN,,” symmetry sequences with N > 2,
and the Hamiltonian terms with {}, m, 4, u} = {2, 2, 1, 1} and
{2, =2, 1, —1} are recoupled by y-encoded RN,’ symmetry
sequences with N < 2n. Each symmetry sequence exhibits dif-
ferent scaling factor for recoupling heteronuclear dipolar inter-
actions, and generally the symmetry sequences with higher N/n
ratio have larger scaling factors (as shown in Figure S2 of the SI).
The RF field strength required for the RN,,” symmetry sequences
consisting of 77 pulses as basic R elements is dependent on the
symmetry numbers and MAS frequency, @, = Nwg/2n.

In this work, we employed the simplest 7 pulse as the basic R
element for all RN, sequences, and the RF field applied on the
proton spins equals N/2n times the MAS frequency, as illustrated
in Table S1, SI. For the various RN,” symmetry sequences

resented in Figure 1, we have simulated the '"H—"N and

H—"C dipolar patterns for the MAS frequency of 40 kHz,
and the resulting lineshapes are illustrated in Figure S3 of the
SI. These simulated spectra suggest that R-type symmetry
sequences should work well for heteronuclear dipolar recoupling
spectroscopy under fast MAS conditions, and that the dipolar
couplings can be extracted from the overall line shape. In these
simulations, we assumed an isolated H—N spin system, and the
resulting lineshapes are identical for all RN,” sequences, except
being scaled by sequence-specific scaling factors. These scalin%
factors differ depending on the sequence, and notably, the R4,
(rotary resonance, n = 2) sequence displays the highest scaling
factor, ~0.5, almost 1.6 times as large as the highest scaling factor
for other y-encoded R-symmetry sequences that were consid-
ered here. A total of six first-order heteronuclear dipole—dipole
Hamiltonian terms, {, m, A, u} = {2, £ 2,1, —1}, {2, £ 2,1, 1}
and {2, &2, 1, 0} are reintroduced by R4,* symmetry irradiation
under fast MAS frequencies, giving rise to a large scaling factor.
However, R4,* symmetry scheme is not very effective in sup-
pressing higher-order Hamiltonian terms, and especially higher-
order homonuclear dipolar interactions that would affect the line
shape of the "H—""N/"H—"2C dipolar patterns.

The simulations also revealed that the dipolar line shapes
depend to a greater or lesser extent on other spin interactions and
experimental imperfections, which include multiple protons,
chemical shift anisotropy of protons, and RF field inhomogene-
ity. Each R-type symmetry sequence has different sensitivity to
these factors, as illustrated in Figures S4—S6 of the SI, and a brief
discussion follows here.

The effect from remote protons in NHx (x > 1) spin system is
negligible, demonstrating that all RN, symmetry sequences,
even the non-y encoded R4, * can suppress '"H—"H homonuclear
dipolar couplings very efficiently (see Figure S4, SI). Therefore,
the R-type symmetry sequences under study are suitable for
dipolar recoupling in highly protonated spin systems, because for
these sequences the recoupled dipolar Hamiltonian terms do not
commute with each other for different spin pairs, and the weak
heteronuclear dipolar interactions from remote protons are
efficiently suppressed in the presence of the strong one-bond
dipolar couplings due to the dipolar truncation effect.

Even though the dipolar recoupling RN,” symmetry sequences
reintroduce the chemical shifit anisotropy interactions of the
irradiated protons, the recoupled "H CSA interactions only result
in a slight increase of the central peak while the dipolar splitting
does not change at all (see Figure SS, SI). We note that "H CSA
effect could be efliciently suppressed in an alternative approach,

by a modified SLF method, the proton-detected local field
(PDLF) approach.”

Accurate RF field calibration is required for R-type symmetry
sequences due to the repeated “reverse” operations of the
individual elements of the R blocks, and the experimental pre-
cision would be influenced by the mismatch of the RF field
strength (see Figure S6 in the SI). When the phase shift (2v77/N)
between the pulse pairs is close to 180°, the influence of the RF
field mismatch error is expected to be compensated by the
neighboring pairs, which is especially pronounced in sequences
with a high symmetry number ratio of N/n, making them the
least sensitive to experimental imperfections. In practice, the RF
field strength is optimized directly on the sample under investi-
gation by finding the “zero” point when the 77 pulse duration is set
to a fixed value dictated by the particular R-type symmetry, vzR/N.

It is also important to consider the effect of RF field inhomo-
geneity on dipolar lineshapes. The inverse operation by R-type
element usually requires high RF field homogeneity of NMR
probe, otherwise rendering the dipolar measurements inaccu-
rately (see Figure S7, SI). The simulations indicate that the RF
inhomogeneity has the most pronounced effect on the non-y-
encoded R4,* symmetry sequence, which otherwise would be the
most advantageous recoupling scheme due to its highest scaling
factor for the recoupling of heteronuclear dipolar interaction.
The manifestation of the RF field inhomogeneity is an increase in
the intensity of the central peak and a broadening of the dipolar
splitting, which become more pronounced with the increasing
RF field inhomogeneity. Therefore, R4,* symmetry sequence is
unsuitable for accurate dipolar coupling measurement in MAS
probes possessing low RF field homogeneity (in practice, 85% or
lower). The simulations also reveal the fact that for y-encoded
RN, symmetry sequences, the stronger the RF field (Nwg/2n)
is, the weaker is the effect from RF field inhomogeneity. In
practical terms, the above implies that one has to consider the
trade-off between the scaling factor and the RF field inhomo-
geneity of a particular probe. Generally, it is most advantageous
to select RN,” symmetr?f sequences with higher N/2n ratios for
determining accurately "H—">C/"H—"°N heteronuclear dipolar
coupling constants, as long as the required RF field strength
(Nwg/2n) can be attained in the fast MAS probe available to the
experimentalist.

Heteronuclear Dipolar Recoupling by R-Symmetry
Sequences at Fast MAS Frequencies: Experiments on

Alanine and NAV. Guided by the results of numerical simula-
tions, we conducted R-symmetry-based 'H—">C dipolar recou-
pling experiments on a sample of U-'°C,'*N-labeled 1-alanine,
spun at the MAS frequency of 40 kHz. Figure 2 shows the
"H—"3C dipolar lineshapes for CH recorded with (a) R225", (b)
R18,', (c) R245% (d) R22,%, (e) R145, (f) R265°, (g) R285", and
(h) R165> symmetry sequences, respectively. The 'H—"C di-
polar coupling constansts were extracted from numerical simula-
tions of each line shape; the simulated lineshapes are displayed as
dotted lines in Figure 2. Similarly, 'H-BC dipolar coupling
constants for the CHj group can be extracted by fitting the
corresponding dipolar line shapes recoupled by the various RN,,”
symmetry sequences (see Figure S8 in the Supporting Information).
Several important conclusions can be drawn on the basis of the
results.

First, the dipolar coupling constants derived from the different
R-symmetry sequences are in excellent agreement within each
type of carbon environment, CH and CHj;. As anticipated, the
dipolar couplings for the CH groups correspond to the rigid limit
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Figure 2. [Black solid lines]: experimental "H—"3C dipolar lineshapes
of the CH groups in U-"*C,"*N-alanine recorded at the MAS frequenc
of 40 kHz using (a) R22", (b) R18,", (c) R245%, (d) R22,% (e) R14,',
(f) R265°, (2) R285*, and (h) R16;> symmetry sequences. During the
dipolar evolution period t;, the "H RF field irradiation strength is 88, 90,
96, 110, 93.3, 104, 112, and 106.7 kHz for (a—h), respectively. [Red
dashed lines]: simulated best-fit "H—">C dipolar lineshapes. The dipolar
coupling constants extracted from the experimental lineshapes are
indicated next to each spectrum.

case, with wp = 21.7 & 0.4 kHz and rcy = 1.105 & 0.007 A, in
excellent agreement with the X-ray structure (rcy = 1.095 £
0.004).”*

Second, the dipolar couplings for the CH; group are smaller
(wp = 7.6 £ 0.2 kHz) due to dynamic averaging caused by a
three-site hop exhibited by the methyl group. The reorientation
of the H—C dipolar vectors due to fast rotation would result in
reduced dipolar coupling, which can be expressed as

reduced

3 cos? 6 —1 rigid
(O3S =——wp

2

(1)

where 0 denotes the angle between the H—C dipolar vector and
the rotational axis. Considering the three-site hopping motion of
—CHj;, the expression for the H—C—H angle can be readily
derived:

2 wreducedrigid
@ = 2sin! 3 2(1— D (2)

@ D

According to the motionally averaged H—C dipolar coupling
measured in the —CHj; group and assumping the rigid H—C
dipolar coupling to be the same as for the —HC group, the
calculated H—C—H angle ¢ is 101.6 &= 2°, which is close to the
value of 108.5 & 0.3° in the reported crystal structure.”

Third, the effective scaling factors observed in each experiment
follow those predicted by simulations: generally, for y-encoded
heteronuclear dipolar recoupling using symmetry sequences,
the higher the ratio of the RF field to the spinning frequency
(w111/wg), the larger the scaling factor. Even though the non-y-
encoded R4,* sequence exhibits the highest scaling factor (see
Figure S2 in the SI), there exists an intense central peak in the
dipolar line shape, which arises from the RF field inhomogeneity,
as discussed above. Fourth, the simulated spectra for a four-spin
model are consistent with the experimental results, recorded with

various R-symmetry sequences. This indicates that this minimal
model is sufficient for capturing the salient spectral features. As
discussed above, the central peaks in the experimental dipolar
patterns are contributions from RF field inhomogeneity, "H
chemical shift anisotropy, and the relaxation due to the applied
RF field irradiation. Such central peaks are commonly seen in
dipolar recoupling experiments,'”>® and they introduce minor
(5—10%) uncertainties in the derived dipolar coupling constants.
For all simulations in the current report, the relaxation times were
not taken into account.

We also examined the performance of the R-symmetry-based
sequences for "H—"°N dipolar recoupling under fast MAS con-
ditions (@, = 40 kHz) using ["°N7]-N-acetyl-valine (NAV) (see
Figure S9 in the SI). Similar to the "H—">C dipolar recoupling
experiments, each R-type sequence exhibits a different scaling
factor, and among these five sequences, the R16,” scheme with
RF field strength of 106.7 kHz possesses the highest scaling
factor. Unlike the "H—"C dipolar lineshapes, the "H—""N
dipolar patterns recoupled by R225" and R18," sequences show
distortions, possibly caused by the large chemical shift anisotropy
(CSA) of the amide proton and RF field inhomogeneity. This
feature is also evident in the analysis of the higher-order average
Hamiltonian terms containing the recoupled hetero- and homo-
nuclear dipole—dipole interactions. These spectral distortions
would result in lower precision of the dipolar measurements.
Fortunately, these distortions can be suppressed or removed by
choosing a suitable RN,,” symmetry sequence with a higher N/2n
ratio, which, in turn, determines the required ratio of the RF field
to the spinning frequency (w,/®g). Indeed, it can be seen that
the "H—"N dipolar patterns recoupled by R14;', R265> and
R16;> symmetry sequences (see Figure S9, SI) suffer much less
from distortions caused by RF field inhomogeneity, higher-order
Hamiltonian terms, and residual "H—"H homonuclear dipolar
couplings. The 'H—"°N dipolar coupling constants extracted
from these experiments are in the range of 9.9 £ 0.3 kHz,
corresponding to ry = 1.073 & 0.003 A, in excellent agreement
with the expected static-limit H—N bond length. These results
demonstrate that higher precision can be attained for the dipolar
measurement when sequences with higher symmetry number
ratio of N/n are employed, as long as the required RF field
strength Nwg/2n is permissible in a particular NMR instrument.

We note that, in our current work, we experimentally achieved
the highest scaling factor of 0.282 in the R28s* sequence
(corresponding to the N/2n ratio of 2.8). This corresponds to
the RF field strength of 112 kHz at MAS frequency of 40 kHz,
which is almost the maximum permissible RF power in our 1.8-
mm triple-resonance MAS probe. To the best of our knowledge,
many of the modern commercial fast-MAS probes can tolerate
much higher "H REF field strengths, approximately 200 kHz and
possibly even 250 kHz. Under those RF conditions, one can
implement other R-symmetry sequences with higher N/2n
ratios, including y-encoded symmetry sequences R14,% R18,’,
and R10,> that require RF field strengths of 140, 180, and 200
kHz, respectively, when wyr = 40 kHz. R-symmetry sequences
with higher N/2n are beneficial not only because they fully
suppress spectral distortions arising from RF field inhomogene-
ity, higher-order Hamiltonian terms, and '"H—'H homonuclear
dipolar couplings, but also due to their larger scaling factors, i.e.
K, (R14,%) = 0.295, and K, (R10,>) = 0.307. Generally, in order
to determine accurately "H—">C/"H—"N heteronuclear dipolar
couplings under fast or ultrafast MAS conditions by y-encoded
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Figure 3. (a) Two-dimensional '"H—'"*C R165°-based DIPSHIFT
spectrum of [U-"C,"*N]-Tyr HIV-1 C-terminal domain (CTD) of
CA protein recorded at the MAS frequency of 40 kHz. The pulse
sequence for this spectrum is shown in Figure la. (b) [Solid lines]:
experimental "H—"*C” dipolar lineshapes extracted along the @,
dimension of the 2D DIPSHIFT spectra. [Dashed lines]: best-fit
simulated 'H—"C* dipolar lineshapes. The experimental and simulated
dipolar lineshapes correspond to the two tyrosine residues, Y169 and
Y164, and the resulting dipolar coupling constants are 22.5 &= 0.3 and
22.8 £ 0.2 kHz, respectively.

R-type symmetry sequences, RN,” schemes with the ratio of
N/2n > 2.5 are preferred.

Heteronuclear Dipolar Recoupling by R-Symmetry
Sequences at Fast MAS: Applications to Proteins and Pro-
tein Assemblies. The fast MAS dipolar recoupling methods
described above are particularly advantageous for structural and
dynamics characterization of uniformly and sparsely enriched
proteins and protein assemblies. We have examined the perfor-
mance of the R-symmetry-based recoupling sequences under fast
MAS conditions for the recouspling of '"H-""N and 'H-"C
dipolar interactions in U-'*C,"°N-Tyr-enriched C-terminal do-
main (CTD) of HIV-1 CA capsid protein and sparsely "°C/
U-""N-labeled 89-residue CAP-Gly domain of dynactin.

The C-terminal domain of HIV-1 CA protein contains three
tyrosine residues, Y145, Y164, and Y169, Y164, and Y169 are
located in a-helices, while Y145 occupies a pivotal position in the
hinge region connecting the C- and N-terminal domains of CA.
The hinge region is conformationally flexible,”®”” and this con-
formational flexibility might in turn determine the intermolecular
packing of the full-length CA proteins in the assembled state,
dictating their assembly into different morphologies (i.e., conical,
tubular, and spherical). It is therefore of interest to address the
structure and internal dynamics on different time scales of Y145
in CTD as well as in the full-length assembled CA protein of differ-
ent morphologies.

In Figure 3a, a 2D 'H—"2C DIPSHIFT spectrum of HIV-1
CTD, recorded at the MAS frequency of 40 kHz, is shown.
During the ¢, evolution period, R16;> symmetry scheme with a
RF field strength of 106.7 kHz was used for reintroducing the
"H—"*C dipolar couplings under fast MAS conditions. Y164 and
Y169 residues yield two well-resolved '>C* peaks. The Y145 C*
peak is missing, which can be due to dynamics on micro- to milli-
second time scales interfering with either cross-polarization or
dipolar recoupling. The "*C* chemical shifts for Y164 (59.0 ppm)
and Y169 (63.1 ppm) are in excellent agreement with solution

Y145 A
=101 202k £}

'H-N Dipolar Frequency (kHz)

Y164 E
My, =104 +02kHz §

I
'H-"N Dipolar Frequency (kHz)

B8 1200 115 1o
"N Chemical Shift (ppm)

Figure 4. (a) Two-dimensional '"H-""N R16;>based DIPSHIFT
spectrum of [U-"*C,"*N]-Tyr HIV-1 C-terminal domain (CTD) of
CA protein recorded at the MAS frequency of 40 kHz. The pulse
sequence for this spectrum is shown in Figure 1(a). (b) [Solid lines]:
Experimental "H—"°N dipolar lineshapes extracted along the
dimension of the 2D DIPSHIFT spectra. [Dashed lines]: Best-fit
simulated "H—"*N dipolar lineshapes. The experimental and simulated
dipolar lineshapes correspond to the three tyrosine residues, Y169,
Y164, and Y145, and the resulting dipolar couplings are 10.5 £ 0.2, 10.4
=+ 0.2, and 10.1 £ 0.2 kHz, respectively.

NMR shifts (59.495 ppm and 63.234 ppm for Y164 and Y169,
respectively).”® In Figure 3b, the experimental (solid lines) and
best-fit simulated (dashed lines) 'H—"2C“ dipolar Fatterns for
Y164 and Y169 are presented. The experimental 'H—">C* dipolar
lineshapes were extracted along the ">C isotropic chemical shift
of each residue. Due to the high RF field homogeneity of ~90%
in our 1.8-mm triple-resonance MAS probe (see Figure S10 in
the SI), the detected dipolar line shapes were barely affected by
RF field inhomogeneity, especially for the R-type symmetry
sequences with higher ratio of N/2n (see Figure S7, SI). There-
fore, the RF field imperfection was not taken into account for
any of the protein line shape fittings. Since the dipolar splitting
is determined to the largest extent by the size of the dipolar
coupling constants, the best-fit line shape can be readily derived,
using the minimal least-squares error criterion, Xz, as described in
the Experiments and Methods section, or even by visual inspec-
tion of the line shapes. Dipolar coupling constant (wp) and
Lorentzian line broadening (LB) are the only two variable para-
meters. The central part is excluded from the curve fitting when
minimizing %>, due to its complex dependence on multiple
factors. The best-fit spectra shown by the dashed curves in
Figure 3, correspond to the minimum y”. The fit parameters as
well as the uncertainty errors are derived using the SIMPLEX
method, as shown in Figure S11 of the SI depicting a % contour
plot for the 'H-BC dipolar line shape fitting of Tyr-164, from
which the best fit values of wp = 22.8 £ 0.3 kHz and LB = 573 +
112 Hz are extracted corresponding to the minimum ) of 0.67.
As anticipated, Y164 and Y169 exhibit "H—">C* dipolar cou-
plings of 22.8 &= 0.3 and 22.5 & 0.2 kHz, respectively, which is
close to the rigid limit value of 22.8 kHz.

We have also carried out "H—"°N R16;>-based DIPSHIFT
measurements in HIV-1 CTD protein, and the results are shown
in Figure 4. In this experiment, the peak for Y145 is present, and
the "N chemical shift is 121.1 ppm. The chemical shifts for Y164
(1252 ppm) and Y169 (118.3 ppm) agree to within 1.0 ppm with
the corresponding solution NMR shifts (124.243 ppm for Y164
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Figure 5. (a) First 2D NCA plane extracted from the 3D 'H—"*C
R165”-based DIPSHIFT spectrum of sparsely >C/U-'*N-labeled CAP-
Gly domain of dynactin. The sample was spun at the MAS frequency of
40 kHz. The pulse sequence for this spectrum is shown in Figure 1c. (b)
Representative 'H—">C* dipolar lineshapes extracted along the @
dimension for the following residues: 136 (loop), G42 (f-strand), T43
(B-strand), T54 (loop), A6S (loop), and V89 (terminus of a B-strand).
The best-fit 'H—"*C” dipolar coupling constants are shown above the
corresponding dipolar patterns.

and 117.738 for Y169). This small discrepancy between the '°N
solution- and solid-state chemical shifts is consistent with multi-
ple previous studies of other proteins.””*' The "H—"N dipolar
lineshapes were extracted along the >N isotropic chemical shift
of each residue, as shown by the solid lines in Figure 4b. The best-fit
simulated lineshapes are shown by the dashed lines in Figure 4b.
The 'H—""N dipolar couplings obtained from the numerical
simulations are 10.1 £ 0.2 kHz for Y145, 10.4 4+ 0.2 kHz for
Y164, and 10.5 + 0.2 kHz for Y169. It can be seen that the
"H—"°N dipolar couplings for the three tyrosines are close to the
rigid-limit value of 11.34 kHz, even though Y145 has a slightly
reduced value.

Both "H—">C and "H—""N dipolar couplings are sensitive to
motions occurring on time scales of 10~ °—10"°s. The 'H—""N
DIPSHIFT measurement did not reveal significant averaging of
the corresponding dipolar interaction for Y145, indicating that
the backbone nitrogen is rigid on time scales faster than ~10" .
Coupled with the observations of the conformational flexibility of
the hinge region by X-ray crystallography”®”” our solid-state NMR
results suggest that motions, if indeed present, have to occur on
time scales slower than 10~ s. Detailed dynamics studies of CA
protein on multiple time scales are currently in progress in our
laboratory.

Figure S demonstrates the site-resolved measurement of the
"H—">C dipolar couplings throu%h a 3D DIPSHIFT/SPECI-
FIC-CP experiment in the sparsely °C/U-""N-labeled 89-residue
CAP-Gly domain of dynactin, performed at the MAS frequency
of 40 kHz. Resonance assignments for CAP-Gly were reported
by us previously.®* The pulse sequence for this experiment is

s 2B 4 49 u ? m‘n 8 80 9495
ossf *
a - —iﬁ} i“i ii 3 f_; { ¢ — -
oust— 4 e s i RS S TS
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Figure 6. Experimental H—C“ dipolar order parameters plotted as a
function of the residue number for the sparsely '*C,U-""N-enriched
CAP-Gly protein. The dipolar order parameters were calculated accord-
ing to the static limit H—C dipolar coupling constant of 22.8 kHz. The
blue and red dotted lines correspond to the H—C“ dipolar order
parameters of 0.919 and 0.854, which are the average order parameters
for the residues comprising 3-sheets and loops/turns, respectively.

shown in Figure 1c. The y-encoded R16;> symmetry sequence
was chosen for "H—">C dipolar recoupling during the t, period
due to its high scaling factor and low sensitivity to RF field
inhomogeneity, as discussed above. Subsequently, SPECIFIC-
CP was employed to establish the NCA correlation after dipolar
evolution. The first 2D NCA plane of the 3D DIPSHIFT spec-
trum is shown in Figure 5a. "H—">C dipolar lineshapes for each
residue were extracted along the third dimension, and, with more
than 40 peaks resolved in the NCA plane, we obtained a total of
37 dipolar patterns. Examples of "H—"*C* dipolar lineshapes for
six residues, 136, G42, T43, TS54, A6S, and V89, located in a
terminus of a 3-strand (one residue), in 3-strands (two residues),
and in loops (three residues), are shown in Figure Sb. The dipolar
coupling constants extracted from these lineshapes by numerical
simulations yield important dynamics information, assuming that
the static-limit H—C“ dipolar couplin%s are invariant with the
secondary structure, wpp = 22.8 kHz. % The internal motions
with correlation times in the range between 10™° and 10 ° s
result in partial averaging of the anisotropic orientation-depen-
dent dipolar interactions, which manifest themselves in the
narrowed dipolar lineshapes. For the above six residues, the
dipolar couplings vary, correlating with their different mobility.

Figure 6 shows the "H—">C“ dipolar order parameters plotted
as a function of the residue number (see Table S2, S, for the wpp
and the minimum j? values for each residue extracted from the
fits). These order parameters span the range from 0.83 £ 0.01 to
0.93 £ 0.01, and if we treat the internal mobility of the backbone
according to the diffusion-in-a-cone model®® described in eq 1,
the diffusion cone angles for the backbone motions of CAP-Gly
would be in the range of 12.5—19.7°. The overall average H—C*”
dipolar order parameter is 0.92 &= 0.01 for the observed residues
in f-sheets, and 0.85 £ 0.01 for the residues in the loops and
termini of 3-sheets, as shown in Figure 6 with blue and red dotted
lines, respectively. The corresponding H—C* dipolar coupling
constants are 21.0 &= 0.3 and 19.5 & 0.3 kHz, respectively.

It is important to note that for an overwhelming majority of
CAP-Gly residues these dipolar parameters derived from the
R165>-based DIPSHIFT experiment conducted at the MAS
frequency of 40 kHz are in excellent agreement with the param-
eters recorded by the well-characterized protocol utilizing the
R18,” sequence at the MAS frequency of 10 kHz (see Figure S12 of
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Figure 7. Dynamic behavior of the individual residues in CAP-Gly
domain of dynactin on nano- to microsecond time scales mapped onto
its tertiary structure, as captured by the experimental "H—"*C* dipolar
order parameters, Sp, measured with the R16;> symmetry sequence at a
fast MAS frequency of 40 kHz. The color scheme is: blue, Sp = 0.95, red,
Sp = 0.80, with continuous interpolation for the values between these
limiting order parameters. Shown in gray are residues for which dipolar
lineshapes could not be extracted from the spectra due to the congestion
of the 2D NCA plane.

the SI), therefore attesting to the accuracy of the R-symmetry-
based experiments at fast MAS conditions.

The dynamic behavior of the individual residues in CAP-Gly
domain of dynactin captured by "H—">C“ dipolar couplings can
be analyzed in the context of its secondary structure. As shown in
Figure 7, the individual residues comprising [-sheets exhibit
higher dipolar order parameters than the residues located in
loops or turns, which generally show lower order parameters
presumably due to their mobility on the nano- to microsecond
time scales. An interesting exception is A65, which is located in a
loop but exhibits a -sheet-like order parameter as observed in
both 40- and 10- kHz DIPSHIFT experiments. The origin of a
higher dipolar order parameter for this loop residue needs to be
explored in the future. The average reduction in the order
parameters for the loop and turn regions of CAP-Gly (regions
encompassing A49-K56, L62-T72, K77-H8S, V89-Q93) is ~1.5
kHz compared to the rigid limit values. It should be noted that
the average H—C” dipolar order parameters vary in different
protein systems, reflecting the extent of the overall backbone
mobility of a particular protein. For instance, Lorieau, Day, and
McDermott reported the average H—C” dipolar order para-
meter of 0.99 & 0.04 in the coat protein of Pfl bacteriophage.*’
The lower average order parameter value of 0.89 & 0.01 for CAP-
Gly that we observed in the current study is not surprising in light
of the higher content of the loop/turn regions. Future studies of a
broader range of proteins would be of interest to pursue in order
to gain systematic understanding of the internal backbone mobility
as a function of the secondary and tertiary structure.

B CONCLUSIONS

In summary, a series of R-type symmetry sequences have been
discussed for the measurements of heteronuclear (‘H—"°N/
"H—"3C) dipolar interactions suitable for both fully protonated
and deuterated systems under fast MAS frequencies. These
symmetry sequences display excellent selectivity for recoupling
of the first-order heteronuclear dipolar average Hamiltonian
terms while suppressing the homonuclear dipolar Hamiltonian

to zero. In order to suppress the distortions in the dipolar patterns
arising from additional spin interactions and experimental hard-
ware imperfections, symmetry sequences with N/2n ratio greater
than 2.5 should be used, and these sequences were found to
yield more reliable dipolar lineshapes and dipolar coupling
constants. The high spectral resolution attained in the multi-
dimensional fast-MAS experiments presented in this report,
makes this methodology particularly well suited for studies of
uniformly, extensively and sparsely enriched proteins and protein
assemblies, as we have demonstrated for the CAP-Gly domain of
human dynactin and HIV-1 C-terminal domain of CA capsid
protein. The measurements revealed that the "H—'°N and
"H—">C dipolar coupling constants for the Tyr residues in the
CA protein do not exhibit any significant reduction with respect
to rigid limit values, indicating that the backbone of these
residues is rigid on time scales faster than a microsecond. On
the other hand, the "H—">C dipolar coupling constants in CAP-
Gly vary considerably along the backbone, with residues com-
prising loops and turns exhibiting reduced dipolar couplings (and
dipolar order parameters) and hence mobility higher than that
of residues located in 3-sheets, on time scales of nano- to micro-
seconds.

We expect that the approach reported here will become
indispensible for structural and dynamics characterization of a
wide range of systems, from macromolecular systems to organic
solids, and will find many interesting applications in chemistry,
biology, materials science, and other disciplines.
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