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ABSTRACT: Recently developed homonuclear transverse mixing optimal control pulses NSPEPS
. . -1 . - hTROP

(hTROP) revealed an elegant way to enhance the detected signal in multidimensional magic-

angle spinning (MAS) nuclear magnetic resonance experiments. Inspired by their work, we

present two homonuclear simplified preservation of equivalent pathways spectroscopy

(hSPEPS) sequences for recoupling CA—CO and CA—CB dipolar couplings under fast and
ultrafast MAS rates, theoretically enabling a 4/2 improvement in sensitivity for each indirect
dimension. The efficiencies of hSPEPS are evaluated for non-deuterated samples of influenza
A M2 and bacterial rhomboid protease GlpG under two different external magnetic fields (600
and 1200 MHz) and MAS rates (55 and 100 kHz). Three-dimensional (H)CA(CO)NH,
(H)CO(CA)NH, and (H)CB(CA)NH spectra demonstrate the high robustness of hSPEPS
elements to excite carbon—carbon correlations, especially in the (H)CB(CA)NH spectrum,

(H)CA(CO)NH

'hSPEPS |
iJ-based
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where hSPEPS outperforms the J-based sequence by a factor of, on average, 2.8S.

he efficiency of homonuclear dipolar recoupling ele-

ments' ™" in transferring the signal to directly bonded
spins plays a crucial role in obtaining resonance assignments
because the required experiment time decreases with the square
of the efficiency. Resonance assignment is typically a time-
consuming first step in nuclear magnetic resonance (NMR)-
based structural biology,”~"* motivating the development of
more efficient pulse sequences. Proton-detected experiments
typically incorporate carbon—carbon transfer among backbone
resonances in the construction of multidimensional magic-angle
spinning (MAS) NMR experiments'>~*° for amino acid
assignment in proteins.”' ~>° Notably, carbon—carbon transfer
appears in the more challenging experiments that are based on
amide proton detection.”” The most commonly encountered
homonuclear transfers needed for protein assignment are CA—
CO transfer, which propagates the signal down the protein
backbone, and CA—CB transfer, which is used to record the rich
information regarding residue type that is inherent in the CB
chemical shift.

For solid protein samples, homonuclear carbon transfer can
be achieved via either dipolar coupling (~2 kHz) or J coupling
(32—S55 Hz). Theoretically, J-coupling-based transfer can
provide 100% transfer efficiency”®>* and becomes competitive
for samples exhibiting long relaxation times. On the other hand,
transfer based on the stronger dipolar coupling can be
accomplished in a shorter time and is logically competitive
when relaxation becomes a limiting factor.”*** Theoretically,
some dipolar recoupling elements also reach 100% transfer
efficiency for an isolated spin pair,”® and a suite of proton-
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(H)CB(CAJNH "

detected assignment experiments has been developed around
dipolar transfer as well.”*”

While it is difficult to beat the exceptional efficiency observed
using J-based transfers for microcrystalline proteins,”**”** our
interest in membrane proteins that exhibit shorter transverse
relaxation times of only 15—20 ms motivated further method
development. Recent reports detailed the use of optimal control
to find sequences that can transfer both x and y components of
magnetization and, therefore, theoretically improve sensitivity
by up to \/ 2.°7% The resulting sequences, known as transverse
mixing optimal control pulses (TROP) adapt the preservation of
equivalent pathways (PEP) framework for MAS NMR. We
previously developed simplified preservation of equivalent
pathways spectroscopy (SPEPS)*' for heteronuclear transfer.

Here, we describe two novel double-quantum dipolar
recoupling pulse sequences, of which one is optimized for
large chemical shift differences and the other is optimized for
relatively small chemical shift differences. These are demon-
strated here for CA—CB and CA—CO recoupling, respectively,
and are dubbed homonuclear simplified preservation of
equivalent pathways spectroscopy (hSPEPS). hSPEPS“A~<©
and hSPEPS“*~“P require short mixing times of around 1 ms.
hSPEPS®A~CO is used for CA to CO or CO to CA transfer, and
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Figure 1. (A) hSPEPS“*~“® and (B) hSPEPS4~“C sequences for carbon aliphatic—aliphatic and CA—CO transfers. Each repeated hSPEPS element
consists of (A) 16 amplitude-modulated pulses and (B) 32 amplitude-modulated pulses, with each amplitude-modulated pulse having the length of one
rotor period (Tg). Each amplitude-modulated pulse consists of three constant-amplitude pulses with the same phase. The ratio of the amplitudes are
(A) 100:20:100% for hSPEPS4~“® and (B) 100:25:100% for hSPEPS“A~C sequences. (A) For the hSPEPS“*~“® sequence, the optimal rf-field
strength is 1.251, (100% of the amplitude power) regardless of the experimental conditions. (B) For the hSPEPSA~<© sequence, the optimal rf-field
strength varies around vy, depending upon experimental conditions. (C—F) Simulated evolution of (C and D) CA,, CA,, CB,, and CB, and (Eand F)
CA,, CA,, CO,, and CO, operators during the first eight rotor periods. In the simulations, a three-spin system (I, inset in panel A) was used at a 600
MH?z external magnetic field and S kHz MAS. Signals along x and y are colored blue and red, respectively. Note that to better illustrate the transfer, the
dipolar coupling strength was increased in these simulations. Further details of simulations are presented in the Experimental Methods of the
Supporting Information.

hSPEPS“A~CB is efficient in general for aliphatic—aliphatic efficiency between homonuclear spins under different exper-
transfer. These sequences simultaneously transfer both trans- imental conditions.
verse components of magnetization, which allows /2 improve- The simulated dependence of sequences upon the exper-
ment in sensitivity for each indirect dimension.>?~** imental conditions is evaluated in Figures S1 and S3—S6 of the
Homonuclear simplified preservation of equivalent pathways Supporting Information. In simulations depicted in Figure S1 of
spectroscopy sequences are amplitude- and phase-modulated the Supporting Information, hSPEPS“*~“* and hSPEPS“A~“°
sequences,”~*° in which two amplitudes and one phase are sequences provide transfer efficiencies of approximately 40 and
applied per rotor period. The hSPEPS“A~“® (Figure 1A) and 43% for each transverse component, respectively. For experi-

ments depicted in Figure S2 of the Supporting Information,
hSPEPS“*~© provides an estimated transfer efficiency of 34%
[this is in line with the average estimate when comparing the
CANH and CONH signals to the CO(CA)NH and CACONH
signals in one dimension (1D)]. This compares favorably to the
42% transfer estimated for a microcrystalline sample using

hSPEPS “A~CC (Figure 1B) pulse sequences are constructed
from 16 or 32 rotor periods, respectively. The sequences are
repeated as necessary to reach the desired mixing time. In each
rotor period, an amplitude-modulated pulse is applied whose
phase is based on XY phase cycling (Figure 1).*® The amplitude

modulation is symmetric within a rotor period with two different 26

litud hown in panels A and B of Figure 1. F DREAM.
amplitu Cej:\sicgs shown 1n panels A an ot Higure .. Lor The elements remain efficient under different MAS rates
hSPEPS , the total flip angle of the single amplitude- (20—115 kHz) and external magnetic fields (600—1200 MHz),

modulated pulse is 180°. For hSPEPS“A~9, the total flip angle is

according to the simulations of Figures S3 and S4 of the
approximately 165.5°, without considering offset effects, with

Supporting Information. For both sequences, the optimal rf-field

the optimal radio frequency (rf)-field power varied slightly strength conditions are broad, suggesting a small dependence
depending upon the MAS rate and spectrometer frequency. upon rf-field power missets. For hSPEPS“A~®, the optimal rf-
To obtain these sequences, we simulated a three-spin system field strength of the higher amplitude is 1.25vy, regardless of the
(depicted in the inset of Figure 1A). For carbon CA—CB experimental conditions (left column in Figures S3 and S4 of the
transfer, we kept the carrier frequency (CF) inside the aliphatic Supporting Information). In contrast, for hSPEPS“A~C, the
region (at 42 ppm), while for CA—CO transfer, it was set to 113 optimal rf-field strength of the higher amplitude varies with
ppm. Starting from the SPEPS sequence,”’ we modified the changes in either the MAS rate or external magnetic field but is
phase and amplitude of the pulses, to preserve maximal transfer always near vy (right column in Figures S3 and S4 of the
6273 https://doi.org/10.1021/acs jpclett.4c00991
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Figure 2. Performance of hSPEPS compared to hTROP and J-based transfer. In each case, the '*"N—'2C correlation spectrum shows a projection from a
3D spectrum, and the "*C—"H correlations are selected strips from 3D, at the indicated **N frequency. (A) Comparison of hSPEPS“*~C (black, 1.16
ms mixing) and hTROP“*~© (red, 1.8 ms mixing) for CA — CO transfer in 3D (H)CA(CO)NH spectra. During hSPEPS“4~“© and hTROPA~©
sequences, the carrier frequency was set to 113.7 and 53.7 ppm, respectively. The data were recorded with the wild-type (WT) M2 sample, at a 600
MHz instrument and 55 kHz MAS. (B) Comparison of hSPEPS“A~© (black, 1.16 ms mixing) and hTROP“®~* (red, 1.8 ms mixing) for the CO —
CA transfer in (H)CO(CA)NH spectra. During hSPEPS“A© and hTROP®©~A sequences, the carrier frequency was set on 113.7 and 168 ppm,
respectively. The data were recorded with the S31N M2 sample at 1200 MHz with 55 kHz MAS. (%) CF artifacts as a result of echo/anti-echo
acquisition. Final pulse programs (see the Supporting Information) use echo/anti-echo-TPPI**** to move this artifact to the spectrum edges. (C)
Comparison of (H)CB(CA)NH using hSPEPS to (HCA)CB(CA)NH using J-based CB — CA transfer. Gray (positive) and black (negative)
represent hSPEPS“A~CB (1.16 ms mixing), and cyan (positive) and magenta (negative) represent J-based transfer (13.8 ms total transfer time). During
both the hSPEPS“A~“F and J-based sequences, the carrier frequency was set to 39.7 ppm. The data were recorded with the WT M2 sample at a 600
MH?z external magnetic field and 55 kHz MAS. Further experimental details are given in the Supporting Information.
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Figure 3. Comparison of the peak intensities from 3D spectra of Figure 2 that utilize (A) CA(CO), (B) CO(CA), or (C) CB(CA) transfer for selected
residues: hSPEPS (y axis) and hTROP (i axis) in panels A and B and hSPEPS (y axis) and J-based transfer (x axis) in panel C. The lines were obtained
with linear least squares fitting, either with (red) or without (blue) fixing the intercept to zero. In panels A and C, only assigned and unambiguous peaks
were selected. In panel B, all peaks with a signal-to-noise ratio above 10 were selected. The dashed lines were fit with fixed slope values: solid blue lines

+ slope error.

Supporting Information). The ratio between high and low
amplitude was kept fixed at $ or 4 for these hSPEPS“A~“P and
hSPEPS“A~“© simulations, respectively. These simulations
indicate that, for the hSPEPS“A~“F sequence, the required rf-
field power can be calculated from a single-pulse calibration, and
for the CA—CO sequence, a 1D optimization procedure is
sufficient. The dependence of the CA—CB transferred signal on
the offset values at a 1200 MHz external magnetic field is
evaluated in Figure SS of the Supporting Information. The
potential influence of undesired cross transfers* is addressed in
Figure S6 of the Supporting Information.

Panels C—F of Figure 1 reveal the evolution of the transverse
operators during the first eight rotor periods of hRSPEPS“~“F (C
and E) and hSPEPS“A™“© (D and F), respectively. Some
similarity in the evolution of the operators during hSPEPS and
SPEPS*' sequences is observed. When the initial operator (CA,,
CA,) has the same phase as the applied rf field and the offset is
small (panels C and D of Figure 1), the operator becomes locked
(indicated by thick lines). In the case of the CA—CO sequence
(panels E and F of Figure 1), the large offset influences the
evolution of the initial operators. However, by the end of the
eighth rotor period, this influence is almost eliminated and the
initial operators, shown in Figure 1D, have almost the same
amplitude as the same operators in Figure 1C. For the initial
operator with a 90° phase difference compared to that of the
applied pulse, the inversion is observed at the end of the rotor
period for both sequences (thin lines). However, unlike SPEPS,
transfer occurs not only mainly during spin locking; it occurs at
the same time for both transverse operators, CA, and CA,
(panels E and F of Figure 1).

To characterize the aliphatic—aliphatic transfer, two-dimen-
sional (2D) (H)CC spectra using hSPEPS“*~“® were recorded
at different mixing times. Figure S7 of the Supporting
Information displays the resulting spectra of influenza A M2
membrane protein,‘w*50 which were recorded on a 600 MHz
spectrometer with 55 kHz MAS. The maximal transfer efficiency
of the negative cross peaks is observed with a 1.16 ms mixing
time (Figure S7D of the Supporting Information). With mixing
times of 1.16 and 1.45 ms (panels D and E of Figure SS of the
Supporting Information), relayed transfer is also observed as
positive peaks.”' Figure S8 of the Supporting Information
compares hSPEPS®*~“® to DREAM,>” where the former
provides higher CB—CA transfer efficiency.

6275

Figures S9 and S10 of the Supporting Information compare
hSPEPS to hTROP. Figure S9 of the Supporting Information
displays 1D (HCACON)H and (HCOCAN)H spectra
comparing hSPEPS®*“© and hTROP"’ sequences for the
CA—CO and CO—CA transfers. A single rf-field parameter was
optimized in each case. The result was higher transfer efficiency
with hSPEPS4~¢© for CA—CO transfers compared to hTROP.
For CO—CA transfers, both sequences provide similar transfer
efficiency. Figure S10 of the Supporting Information shows 2D
(H)CC spectra with hSPEPS“A~© (black) or hTROP (red) to
emphasize that hSPEPS simultaneously drives CA — CO and
CO — CA transfers, while the transfer is unidirectional for
hTROP.

The hSPEPS sequence performs well compared to hTROP
and J-based transfer. Figure 2 makes three comparisons of
BBC—"N projections from three-dimensional (3D) assignment
spectra,”” used to link backbone residues with detection at the
amide proton. Figure 2A compares hSPEPS and hTROP
transfer for the (H)CA(CO)NH experiment. While both
methods, hSPEPS and hTROP, generally offer similar transfer
efficiency for most peaks, hSPEPS“*~“© appears to be more
robust for residues in an environment with higher proton
density, as seen in G34, for example (strip 1 in Figure 2A). In
Figure 2B, the related 3D (H)CO(CA)NH experiment is used
to compare the same hSPEPS sequence to the corresponding
hTROP transfer. Note that different hTROP-shaped pulse
profiles were used for CA — CO and CO — CA transfers. The
shapes were developed by Blahut et al.* for 55 kHz MAS and
particular spectrometer frequencies and were downloaded from
https://optimal-nmr.net/sequences.html. Again, most peaks
demonstrate similar intensities, but several are more intense
with hSPEPS, as shown in the selections. Three such strips, 2—4,
are shown. In Figure 2C, 3D (H)CB(CA)NH with hSPEPS
transfer is compared to the analogous (HCA)CB(CA)NH with
an out-and-back J-based transfer.”® Figure 2C demonstrates a
clear advantage of hSPEPS“*"P over the J-based sequence
when performing CB(CA) transfer for samples with short T,
relaxation rates. In two selected strips (S and 6), CB cross peaks
are evident in the hRSPEPS“A~P spectrum but are still obscured
by the noise in the J-based spectrum.

A quantitative comparison of the peak intensities of the 3D
spectra of Figure 2 is displayed in Figure 3. The red lines are
linear fits with the y intercept fixed to 0, showing the average

https://doi.org/10.1021/acs.jpclett.4c00991
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Figure 4. Bacterial rhomboid protease GlpG (H)CA(CO)NH hSPEPS“~“© was measured with a 1200 MHz spectrometer and 100 kHz MAS. (A)
13C—15N projections and (B) two strips (1 and 2 at the amide nitrogen frequencies) extracted from 3D spectra: (H)CA(CO)NH with hSPEPS“4~<©
(black, 0.96 ms transfer time) and (HCO)CA(CO)NH using J-based transfer (magenta, 2 times 6.67 ms transfer time). The (HCO)CA(CO)NH
spectrum was recorded with 72 scans, while (H) CA(CO)NH was collected with 24 scans. In all figures, the magenta spectrum is normalized by a factor
of 3 (the ratio of scan). Further experimental details are given in the Supporting Information.

improvement in peak intensity. The blue lines show linear fits
without fixing the y intercept. A positive y intercept indicates a
particular improvement for weaker peaks, which was also noted
for SPEPS.*" All errors are reported at 1 standard deviation. In
panels A and B, hSPEPS outperforms hTROP by factors of, on
average, 1.12 and 1.64, respectively. In panel C, the improve-
ment in the signal-to-noise ratio of hSPEPS over ]-based
hSPEPS reaches a factor of 2.85. Alanine peaks are particularly
strong in hSPEPS (Figure 3C). This can be rationalized because
there is no loss of signal to CG for alanine. Note that, for the out-
and-back | transfers, there is theoretically no loss from the CB—
CG transfer. It is worth mentioning that we sometimes observed
similar intensity with hSPEPS and hTROP. Figure S11 of the
Supporting Information depicts two such spectra, yet even in
this case, the benefit of hSPEPS was evident for a few peaks.

We also evaluated the hSPEPS“A~“© sequence for CA—CO
transfers in the bacterial rhomboid protease GlpG>® using 100
kHz MAS at a 1200 MHz spectrometer (Figure 4). GlpG is a
bacterial member of the rhomboid protease family, with
intramembrane proteases characterized by a Ser-His catalytic
dyad. Solid-state NMR spectra of GlpG in liposomes have been
shown to be well-resolved,”® which facilitates the detailed
investigation of the structure, dy‘rlamics,57’58 and inhibition®® of
GlpG.

Figure 4A compares the C—'’N projection of a 3D
(H)CA(CO)NH spectrum recorded with hSPEPS (black,
0.96 ms mixing) to the 3D (HCO)CA(CO)NH spectrum
recorded using J-based carbon transfer’” (magenta). For the ]
transfer, the optimal transfer time was calculated on the basis of
the bulk T, relaxation time of CO spins, which was 13 ms.
Despite recording 3-fold more data for the J-based spectrum,
more peaks were identified in the SPEPS-based spectrum.
Example comparisons are shown in the two selected strips
(strips 1 and 2 in Figure 4B).
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In summary, we introduced two homonuclear simplified
preservation of equivalent pathway spectroscopy sequences,
hSPEPS“*~“© and hSPEPS“*~“, which simultaneously transfer
both transverse components. The sequences are straightforward
to implement at different spinning frequencies and magnetic
fields and can be quickly optimized by varying a single rf-field
parameter and then the mixing time. The sequences are tolerant
to rf-field missets. We tested the performance of SPEPS with
membrane protein samples, incorporating the elements into 3D
(H)CA(CO)NH, (H)CO(CA)NH, and (H)CB(CA)NH
protein assignment experiments. hSPEPS elements demon-
strated high performance for excitation of backbone and side-
chain carbon—carbon correlations. We anticipate that these
elements will be routinely used in protein amino acid assignment
experiments for challenging biological samples at fast and
ultrafast MAS rates.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00991.

Numerical simulations of hSPEPS, additional experimen-
tal data using hSPEPS, DREAM, and hTROP for dipolar
recoupling, experimental parameters, and Bruker Top-
Spin pulse programs implementing the hSPEPS sequence
(PDF)

hSPEPS“A~¢© shape (TXT)
hSPEPS“A“® shape (TXT)

B AUTHOR INFORMATION
Corresponding Authors
Loren B. Andreas — Department of NMR-Based Structural
Biology, Max Planck Institute for Multidisciplinary Sciences,

https://doi.org/10.1021/acs.jpclett.4c00991
J. Phys. Chem. Lett. 2024, 15, 6272—6278


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c00991/suppl_file/jz4c00991_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00991?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c00991/suppl_file/jz4c00991_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c00991/suppl_file/jz4c00991_si_002.txt
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c00991/suppl_file/jz4c00991_si_003.txt
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Loren+B.+Andreas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00991?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00991?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00991?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c00991/suppl_file/jz4c00991_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00991?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c00991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Gottingen 37077, Germany; © orcid.org/0000-0003-3216-
9065; Email: land@mpinat.mpg.de

Evgeny Nimerovsky — Department of NMR-Based Structural
Biology, Max Planck Institute for Multidisciplinary Sciences,
Gottingen 37077, Germany; © orcid.org/0000-0003-3002-
0718; Email: evni@mpinat.mpg.de

Authors

Spyridon Kosteletos — Department of Molecular Biophysics,
Leibniz-Forschungsinstitut fiir Molekulare Pharmakologie,
Berlin 13125, Germany

Sascha Lange — Department of Molecular Biophysics, Leibniz-
Forschungsinstitut fir Molekulare Pharmakologie, Berlin
13125, Germany

Stefan Becker — Department of NMR-Based Structural Biology,
Mazx Planck Institute for Multidisciplinary Sciences, Gottingen
37077, Germany

Adam Lange — Department of Molecular Biophysics, Leibniz-
Forschungsinstitut fiir Molekulare Pharmakologie, Berlin
13125, Germany; © orcid.org/0000-0002-7534-5973

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.4c00991

Funding
Open access funded by Max Planck Society.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by financial support from the MPI fiir
Multidisziplinire Naturwissenschaften (to Loren B. Andreas),
the Deutsche Forschungsgemeinschaft (Emmy Noether Pro-
gram Grant AN1316/1-1, to Loren B. Andreas), the Leibniz-
Forschungsinstitut fiir Molekulare Pharmakologie (FMP, to
Adam Lange), and the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) under Germany’s
Excellence Strategy, EXC 2008/1 (UniSysCat, 390540038, to
Adam Lange). The authors thank Melanie Wegstroth and
Kerstin Overkamp for synthesis and purification of M2 samples.
The authors thank Dr. Dirk Bockelmann and Brigitta Angerstein
for technical assistance. The authors thank Dr. Carl Oster for
valuable discussions.

B REFERENCES

(1) De Paépe, G. Dipolar Recoupling in Magic Angle Spinning Solid-
State Nuclear Magnetic Resonance. Annu. Rev. Phys. Chem. 2012, 63
(1), 661—684.

2) Ji, Y; Liang, L.; Bao, X.; Hou, G. Recent Progress in Dipolar
Recoupling Techniques under Fast MAS in Solid-State NMR
Spectroscopy. Solid State Nucl. Magn. Reson. 2021, 112, No. 101711.

(3) Liang, L.; Ji, Y.; Chen, K.; Gao, P.; Zhao, Z.; Hou, G. Solid-State
NMR Dipolar and Chemical Shift Anisotropy Recoupling Techniques
for Structural and Dynamical Studies in Biological Systems. Chem. Rev.
2022, 122 (10), 9880—9942.

(4) Nishiyama, Y.; Hou, G.; Agarwal, V.; Su, Y.; Ramamoorthy, A.
Ultrafast Magic Angle Spinning Solid-State NMR Spectroscopy:
Advances in Methodology and Applications. Chem. Rev. 2023, 123,918.

(5) Reif, B.; Ashbrook, S. E.; Emsley, L.; Hong, M. Solid-State NMR
Spectroscopy. Nat. Rev. Methods Primer 2021, 1 (1), 1-23.

(6) Ahlawat, S.; Mote, K. R.; Lakomek, N.-A.; Agarwal, V. Solid-State
NMR: Methods for Biological Solids. Chem. Rev. 2022, 122 (10),
9643—-9737.

6277

(7) Mandala, V. S.; Williams, J. K.; Hong, M. Structure and Dynamics
of Membrane Proteins from Solid-State NMR. Annu. Rev. Biophys.
2018, 47, 201-222.

(8) van der Wel, P. C. A. Insights into Protein Misfolding and
Aggregation Enabled by Solid-State NMR Spectroscopy. Solid State
Nucl. Magn. Reson. 2017, 88, 1—14.

(9) Quinn, C. M,; Polenova, T. Structural Biology of Supramolecular
Assemblies by Magic-Angle Spinning NMR Spectroscopy. Q. Rev.
Biophys. 2017, 50, No. el.

(10) Porat-Dahlerbruch, G.; Goldbourt, A.; Polenova, T. Virus
Structures and Dynamics by Magic-Angle Spinning NMR. Annu. Rev.
Virol. 2021, 8 (1), 219—-237.

(11) Yan, S.; Suiter, C. L.; Hou, G.; Zhang, H.; Polenova, T. Probing
Structure and Dynamics of Protein Assemblies by Magic Angle
Spinning NMR Spectroscopy. Acc. Chem. Res. 2013, 46 (9), 2047—
20S8.

(12) Tycko, R. Molecular Structure of Aggregated Amyloid-f:
Insights from Solid-State Nuclear Magnetic Resonance. Cold Spring
Harb. Perspect. Med. 2016, 6 (8), No. a024083.

(13) Ladizhansky, V. Nuclear Magnetic Resonance Spectroscopyl
Solid-State NMR of Macromolecules. In Encyclopedia of Analytical
Science, 3rd ed.; Worsfold, P., Poole, C., Townshend, A., Mir6, M., Eds.;
Elsevier: Amsterdam, Netherlands, 2019; pp 414—426, DOI: 10.1016/
B978-0-12-409547-2.14083-1.

(14) Goldbourt, A. Structural Characterization of Bacteriophage
Viruses by NMR. Prog. Nucl. Magn. Reson. Spectrosc. 2019, 114—11S,
192-210.

(15) Zhou, D. H.; Shah, G.; Cormos, M.; Mullen, C.; Sandoz, D.;
Rienstra, C. M. Proton-Detected Solid-State NMR Spectroscopy of
Fully Protonated Proteins at 40 kHz Magic-Angle Spinning. J. Am.
Chem. Soc. 2007, 129 (38), 11791—11801.

(16) Zhou, D. H.; Nieuwkoop, A. J.; Berthold, D. A,; Comellas, G ;
Sperling, L. J.; Tang, M.; Shah, G. J.; Brea, E. J.; Lemkau, L. R.; Rienstra,
C. M. Solid-State NMR Analysis of Membrane Proteins and Protein
Aggregates by Proton Detected Spectroscopy. J. Biomol. NMR 2012, 54
(3), 291-305.

(17) Andreas, L. B.; Le Marchand, T.; Jaudzems, K; Pintacuda, G.
High-Resolution Proton-Detected NMR of Proteins at Very Fast MAS.
J. Magn. Reson. 2015, 253, 36—49.

(18) Le Marchand, T.; Schubeis, T.; Bonaccorsi, M.; Paluch, P.; Lalli,
D.; Pell, A. ].; Andreas, L. B.; Jaudzems, K.; Stanek, J.; Pintacuda, G. 'H-
Detected Biomolecular NMR under Fast Magic-Angle Spinning. Chem.
Rev. 2022, 122 (10), 9943—10018.

(19) Reif, B. Deuteration for High-Resolution Detection of Protons in
Protein Magic Angle Spinning (MAS) Solid-State NMR. Chem. Rev.
2022, 122 (10), 10019—10035.

(20) Bockmann, A.; Ernst, M.; Meier, B. H. Spinning Proteins, the
Faster, the Better? J. Magn. Reson. 20185, 253, 71-79.

(21) Higman, V. A. Solid-State MAS NMR Resonance Assignment
Methods for Proteins. Prog. Nucl. Magn. Reson. Spectrosc. 2018, 106—
107, 37—65.

(22) Aguion, P. I; Marchanka, A. Strategies for RNA Resonance
Assignment by *C/'*N- and '"H-Detected Solid-State NMR Spectros-
copy. Front. Mol. Biosci. 2021, 8, No. 743181.

(23) Séldner, B.; Grohe, K.; Neidig, P.; Auch, J.; Blach, S.; Klein, A.;
Vasa, S. K; Schifer, L. V; Linser, R. Integrated Assessment of the
Structure and Dynamics of Solid Proteins. J. Phys. Chem. Lett. 2023, 14
(7), 1725-1731.

(24) Stanek, J.; Andreas, L. B,; Jaudzems, K; Cala, D.; Lalli, D.;
Bertarello, A.; Schubeis, T.; Akopjana, I; Kotelovica, S.; Tars, K.; Pica,
A.; Leone, S.; Picone, D.; Xu, Z.-Q.; Dixon, N. E.; Martinez, D.; Berbon,
M.; El Mammeri, N.; Noubhani, A.; Saupe, S.; Habenstein, B.; Loquet,
A; Pintacuda, G. NMR Spectroscopic Assignment of Backbone and
Side-Chain Protons in Fully Protonated Proteins: Microcrystals,
Sedimented Assemblies, and Amyloid Fibrils. Angew. Chem., Int. Ed.
2016, 55 (50), 15504—15509.

(25) Sharma, K.; Madhu, P. K.; Agarwal, V.; Mote, K. R. Simultaneous
Recording of Intra- and Inter-Residue Linking Experiments for

https://doi.org/10.1021/acs.jpclett.4c00991
J. Phys. Chem. Lett. 2024, 15, 6272—6278


https://orcid.org/0000-0003-3216-9065
https://orcid.org/0000-0003-3216-9065
mailto:land@mpinat.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgeny+Nimerovsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3002-0718
https://orcid.org/0000-0003-3002-0718
mailto:evni@mpinat.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Spyridon+Kosteletos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sascha+Lange"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Becker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+Lange"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7534-5973
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00991?ref=pdf
https://doi.org/10.1146/annurev-physchem-032511-143726
https://doi.org/10.1146/annurev-physchem-032511-143726
https://doi.org/10.1016/j.ssnmr.2020.101711
https://doi.org/10.1016/j.ssnmr.2020.101711
https://doi.org/10.1016/j.ssnmr.2020.101711
https://doi.org/10.1021/acs.chemrev.1c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s43586-020-00002-1
https://doi.org/10.1038/s43586-020-00002-1
https://doi.org/10.1021/acs.chemrev.1c00852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-biophys-070816-033712
https://doi.org/10.1146/annurev-biophys-070816-033712
https://doi.org/10.1016/j.ssnmr.2017.10.001
https://doi.org/10.1016/j.ssnmr.2017.10.001
https://doi.org/10.1017/S0033583516000159
https://doi.org/10.1017/S0033583516000159
https://doi.org/10.1146/annurev-virology-011921-064653
https://doi.org/10.1146/annurev-virology-011921-064653
https://doi.org/10.1021/ar300309s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300309s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300309s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1101/cshperspect.a024083
https://doi.org/10.1101/cshperspect.a024083
https://doi.org/10.1016/B978-0-12-409547-2.14083-1
https://doi.org/10.1016/B978-0-12-409547-2.14083-1
https://doi.org/10.1016/B978-0-12-409547-2.14083-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-409547-2.14083-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.pnmrs.2019.06.004
https://doi.org/10.1016/j.pnmrs.2019.06.004
https://doi.org/10.1021/ja073462m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja073462m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10858-012-9672-z
https://doi.org/10.1007/s10858-012-9672-z
https://doi.org/10.1016/j.jmr.2015.01.003
https://doi.org/10.1021/acs.chemrev.1c00918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmr.2015.01.012
https://doi.org/10.1016/j.jmr.2015.01.012
https://doi.org/10.1016/j.pnmrs.2018.04.002
https://doi.org/10.1016/j.pnmrs.2018.04.002
https://doi.org/10.3389/fmolb.2021.743181
https://doi.org/10.3389/fmolb.2021.743181
https://doi.org/10.3389/fmolb.2021.743181
https://doi.org/10.1021/acs.jpclett.2c03398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c03398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201607084
https://doi.org/10.1002/anie.201607084
https://doi.org/10.1002/anie.201607084
https://doi.org/10.1007/s10858-019-00292-y
https://doi.org/10.1007/s10858-019-00292-y
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c00991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Backbone Assignments in Proteins at MAS Frequencies Higher than 60
kHz. J. Biomol. NMR 2020, 74 (4), 229-237.

(26) Penzel, S.; Smith, A. A,; Agarwal, V.; Hunkeler, A.; Org, M.-L;
Samoson, A.; Bockmann, A.; Ernst, M.; Meier, B. H. Protein Resonance
Assignment at MAS Frequencies Approaching 100 kHz: A Quantitative
Comparison of J-Coupling and Dipolar-Coupling-Based Transfer
Methods. J. Biomol. NMR 20185, 63 (2), 165—186.

(27) Barbet-Massin, E.; Pell, A. J; Retel, J. S.; Andreas, L. B;
Jaudzems, K.; Franks, W. T.; Nieuwkoop, A. J.; Hiller, M.; Higman, V;
Guerry, P.; Bertarello, A.; Knight, M. J.; Felletti, M.; Le Marchand, T;
Kotelovica, S.; Akopjana, I; Tars, K; Stoppini, M.; Bellotti, V,;
Bolognesi, M.; Ricagno, S.; Chou, J. J; Griffin, R. G.; Oschkinat, H;
Lesage, A.; Emsley, L.; Herrmann, T.; Pintacuda, G. Rapid Proton-
Detected NMR Assignment for Proteins with Fast Magic Angle
Spinning. J. Am. Chem. Soc. 2014, 136 (35), 12489—12497.

(28) Tan, K. O.; Agarwal, V.; Lakomek, N.-A.; Penzel, S.; Meier, B. H.;
Ernst, M. Efficient Low-Power TOBSY Sequences for Fast MAS. Solid
State Nucl. Magn. Reson. 2018, 89, 27—34.

(29) Agarwal, V.; Reif, B. Residual Methyl Protonation in
Perdeuterated Proteins for Multi-Dimensional Correlation Experi-
ments in MAS Solid-State NMR Spectroscopy. . Magn. Reson. 2008,
194 (1), 16—24.

(30) Gopinath, T.; Veglia, G. Probing Membrane Protein Ground and
Conformationally Excited States Using Dipolar- and J-Coupling
Mediated MAS Solid State NMR Experiments. Methods 2018, 148,
115—-122.

(31) Hardy, E. H,; Verel, R;; Meier, B. H. Fast MAS Total Through-
Bond Correlation Spectroscopy. J. Magn. Reson. 2001, 148 (2), 459—
464.

(32) Aebischer, K; Ernst, M. INEPT and CP Transfer Efficiencies of
Dynamic Systems in MAS Solid-State NMR. J. Magn. Reson. 2024, 359,
No. 107617.

(33) Fyfe, C. A.;; Wong-Moon, K. C.; Huang, Y.; Grondey, H. INEPT
Experiments in Solid-State NMR. J. Am. Chem. Soc. 1995, 117 (41),
10397—-10398.

(34) Chen, L,; Kaiser, J. M.; Polenova, T.; Yang, J.; Rienstra, C. M.;
Mueller, L. J. Backbone Assignments in Solid-State Proteins Using J-
Based 3D Heteronuclear Correlation Spectroscopy. J. Am. Chem. Soc.
2007, 129 (35), 10650—10651.

(35) Huang, K.-Y,; Siemer, A. B.; McDermott, A. E. Homonuclear
Mixing Sequences for Perdeuterated Proteins. J. Magn. Reson. 2011, 208
(1), 122—127.

(36) Verel, R;; Ernst, M.; Meier, B. H. Adiabatic Dipolar Recoupling in
Solid-State NMR: The DREAM Scheme. J. Magn. Reson. 2001, 150 (1),
81-99.

(37) Fricke, P.; Chevelkov, V.; Zinke, M.; Giller, K.; Becker, S.; Lange,
A. Backbone Assignment of Perdeuterated Proteins by Solid-State
NMR Using Proton Detection and Ultrafast Magic-Angle Spinning.
Nat. Protoc. 2017, 12 (4), 764—782.

(38) Knight, M. J.; Webber, A. L.; Pell, A. J; Guerry, P.; Barbet-
Massin, E.; Bertini, L; Felli, I. C.; Gonnelli, L.; Pierattelli, R.; Emsley, L.;
Lesage, A,; Herrmann, T.; Pintacuda, G. Fast Resonance Assignment
and Fold Determination of Human Superoxide Dismutase by High-
Resolution Proton-Detected Solid-State MAS NMR Spectroscopy.
Angew. Chem.,, Int. Ed. 2011, 50 (49), 11697—11701.

(39) Blahut, J.; Brandl, M. J.; Pradhan, T.; Reif, B.; Tosner, Z.
Sensitivity-Enhanced Multidimensional Solid-State NMR Spectrosco-
py by Optimal-Control-Based Transverse Mixing Sequences. J. Am.
Chem. Soc. 2022, 144, 17336.

(40) Blahut, J.; Brandl, M. J.; Sarkar, R; Reif, B.; To$ner, Z. Optimal
Control Derived Sensitivity-Enhanced CA—CO Mixing Sequences for
MAS Solid-State NMR — Applications in Sequential Protein Backbone
Assignments. ]. Magn. Reson. Open 2023, 16—17, No. 100122.

(41) Nimerovsky, E.; Varkey, A. C.; Kim, M.; Becker, S.; Andreas, L. B.
Simplified Preservation of Equivalent Pathways Spectroscopy. JACS Au
2023, 3 (10), 2763—-2771.

(42) Cavanagh, J.; Rance, M. Sensitivity Improvement in Isotropic
Mixing (TOCSY) Experiments. J. Magn. Reson. 1990, 88 (1), 72—8S.

6278

(43) Hohwy, M.; Rienstra, C. M.; Jaroniec, C. P.; Griffin, R. G.
Fivefold Symmetric Homonuclear Dipolar Recoupling in Rotating
Solids: Application to Double Quantum Spectroscopy. J. Chem. Phys.
1999, 110 (16), 7983—7992.

(44) Feike, M.; Demco, D. E.; Graf, R;; Gottwald, J.; Hafner, S.; Spiess,
H. W. Broadband Multiple-Quantum NMR Spectroscopy. J. Magn.
Reson. A 1996, 122 (2), 214—221.

(45) Lee, Y. K; Kurur, N. D.; Helmle, M.; Johannessen, O. G.;
Nielsen, N. C,; Levitt, M. H. Efficient Dipolar Recoupling in the NMR
of Rotating Solids. A Sevenfold Symmetric Radiofrequency Pulse
Sequence. Chem. Phys. Lett. 1995, 242 (3), 304—309.

(46) Gullion, T.; Baker, D. B.; Conradi, M. S. New, Compensated
Carr—Purcell Sequences. J. Magn. Reson. 1990, 89 (3), 479—484.

(47) Andreas, L. B.; Eddy, M. T; Pielak, R. M.; Chou, J.; Griffin, R. G.
Magic Angle Spinning NMR Investigation of Influenza A M218-60:
Support for an Allosteric Mechanism of Inhibition. J. Am. Chem. Soc.
2010, 132 (32), 10958—10960.

(48) Andreas, L. B.; Eddy, M. T.; Chou, J. J.; Griffin, R. G. Magic-
Angle-Spinning NMR of the Drug Resistant S3IN M2 Proton
Transporter from Influenza A. J. Am. Chem. Soc. 2012, 134 (17),
7215-7218.

(49) Cady, S. D.; Luo, W.; Hu, F.; Hong, M. Structure and Function of
the Influenza A M2 Proton Channel. Biochemistry 2009, 48 (31),
7356—7364.

(50) Wang, J.; Kim, S.; Kovacs, F.; Cross, T. A. Structure of the
Transmembrane Region of the M2 Protein H* Channel. Protein Sci.
2001, 10 (11), 2241-2250.

(51) Westfeld, T.; Verel, R; Ernst, M.; Bockmann, A.; Meier, B. H.
Properties of the DREAM Scheme and Its Optimization for Application
to Proteins. J. Biomol. NMR 2012, 53 (2), 103—112.

(52) Verel, R;; Baldus, M.; Ernst, M.; Meier, B. H. A Homonuclear
Spin-Pair Filter for Solid-State NMR Based on Adiabatic-Passage
Techniques. Chem. Phys. Lett. 1998, 287 (3), 421—428.

(53) Morris, G. A.; Freeman, R. Enhancement of Nuclear Magnetic
Resonance Signals by Polarization Transfer. J. Am. Chem. Soc. 1979, 101
(3), 760—762.

(54) Marion, D.; Wiithrich, K. Application of Phase Sensitive Two-
Dimensional Correlated Spectroscopy (COSY) for Measurements of
"H—'H Spin-Spin Coupling Constants in Proteins. Biochem. Biophys.
Res. Commun. 1983, 113 (3), 967—974.

(55) Palmer, A. G.; Cavanagh, J.; Wright, P. E.; Rance, M. Sensitivity
Improvement in Proton-Detected Two-Dimensional Heteronuclear
Correlation NMR Spectroscopy. J. Magn. Reson. 1991, 93 (1), 151—
170.

(56) Shi, C.; Oster, C; Bohg, C; Li, L,; Lange, S.; Chevelkov, V,;
Lange, A. Structure and Dynamics of the Rhomboid Protease GlpG in
Liposomes Studied by Solid-State NMR. J. Am. Chem. Soc. 2019, 141
(43), 17314—17321.

(57) Chevelkov, V,; Lange, S.; Sawczyc, H.,; Lange, A. Accurate
Determination of Motional Amplitudes in Biomolecules by Solid-State
NMR. ACS Phys. Chem. Au 2023, 3 (2), 199—206.

(58) Bohg, C; Oster, C; Tiirkaydin, B.; Lisurek, M.; Sanchez-
Carranza, P.; Lange, S.; Utesch, T.; Sun, H.; Lange, A. The Opening
Dynamics of the Lateral Gate Regulates the Activity of Rhomboid
Proteases. Sci. Adv. 2023, 9 (29), eadh3858.

(59) Bohg, C; Oster, C.; Utesch, T.; Bischoff, S.; Lange, S.; Shi, C,;
Sun, H,; Lange, A. A Combination of Solid-State NMR and MD
Simulations Reveals the Binding Mode of a Rhomboid Protease
Inhibitor. Chem. Sci. 2021, 12 (38), 12754—12762.

https://doi.org/10.1021/acs.jpclett.4c00991
J. Phys. Chem. Lett. 2024, 15, 6272—6278


https://doi.org/10.1007/s10858-019-00292-y
https://doi.org/10.1007/s10858-019-00292-y
https://doi.org/10.1007/s10858-015-9975-y
https://doi.org/10.1007/s10858-015-9975-y
https://doi.org/10.1007/s10858-015-9975-y
https://doi.org/10.1007/s10858-015-9975-y
https://doi.org/10.1021/ja507382j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja507382j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja507382j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ssnmr.2017.11.003
https://doi.org/10.1016/j.jmr.2008.05.021
https://doi.org/10.1016/j.jmr.2008.05.021
https://doi.org/10.1016/j.jmr.2008.05.021
https://doi.org/10.1016/j.ymeth.2018.07.003
https://doi.org/10.1016/j.ymeth.2018.07.003
https://doi.org/10.1016/j.ymeth.2018.07.003
https://doi.org/10.1006/jmre.2000.2258
https://doi.org/10.1006/jmre.2000.2258
https://doi.org/10.1016/j.jmr.2024.107617
https://doi.org/10.1016/j.jmr.2024.107617
https://doi.org/10.1021/ja00146a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00146a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja073498e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja073498e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmr.2010.10.015
https://doi.org/10.1016/j.jmr.2010.10.015
https://doi.org/10.1006/jmre.2001.2310
https://doi.org/10.1006/jmre.2001.2310
https://doi.org/10.1038/nprot.2016.190
https://doi.org/10.1038/nprot.2016.190
https://doi.org/10.1002/anie.201106340
https://doi.org/10.1002/anie.201106340
https://doi.org/10.1002/anie.201106340
https://doi.org/10.1021/jacs.2c06568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c06568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmro.2023.100122
https://doi.org/10.1016/j.jmro.2023.100122
https://doi.org/10.1016/j.jmro.2023.100122
https://doi.org/10.1016/j.jmro.2023.100122
https://doi.org/10.1021/jacsau.3c00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-2364(90)90109-M
https://doi.org/10.1016/0022-2364(90)90109-M
https://doi.org/10.1063/1.478702
https://doi.org/10.1063/1.478702
https://doi.org/10.1006/jmra.1996.0197
https://doi.org/10.1016/0009-2614(95)00741-L
https://doi.org/10.1016/0009-2614(95)00741-L
https://doi.org/10.1016/0009-2614(95)00741-L
https://doi.org/10.1016/0022-2364(90)90331-3
https://doi.org/10.1016/0022-2364(90)90331-3
https://doi.org/10.1021/ja101537p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja101537p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3003606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3003606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3003606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi9008837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi9008837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1110/ps.17901
https://doi.org/10.1110/ps.17901
https://doi.org/10.1007/s10858-012-9627-4
https://doi.org/10.1007/s10858-012-9627-4
https://doi.org/10.1016/S0009-2614(98)00172-9
https://doi.org/10.1016/S0009-2614(98)00172-9
https://doi.org/10.1016/S0009-2614(98)00172-9
https://doi.org/10.1021/ja00497a058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00497a058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0006-291X(83)91093-8
https://doi.org/10.1016/0006-291X(83)91093-8
https://doi.org/10.1016/0006-291X(83)91093-8
https://doi.org/10.1016/0022-2364(91)90036-S
https://doi.org/10.1016/0022-2364(91)90036-S
https://doi.org/10.1016/0022-2364(91)90036-S
https://doi.org/10.1021/jacs.9b08952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b08952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphyschemau.2c00053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphyschemau.2c00053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphyschemau.2c00053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.adh3858
https://doi.org/10.1126/sciadv.adh3858
https://doi.org/10.1126/sciadv.adh3858
https://doi.org/10.1039/D1SC02146J
https://doi.org/10.1039/D1SC02146J
https://doi.org/10.1039/D1SC02146J
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c00991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

