W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Communications

ChemBioChem doi.org/10.1002/cbic.202000659

Very Important Paper

I

and in the Solid State

Bl 'O NMR Studies of Yeast Ubiquitin in Aqueous Solution

Binyang Lin,” lvan Hung,” Zhehong Gan,*® Po-Hsiu Chien,” Holly L. Spencer,"

Steven P. Smith,*'? and Gang Wu*"

We report a general method for amino acid-type specific "7O-
labeling of recombinant proteins in Escherichia coli. In particular,
we have prepared several [1-'°C,7O]-labeled yeast ubiquitin
(Ub) samples including Ub-[1-"*C,7O]Gly, Ub-[1-"C,'’O]Tyr, and
Ub-[1-C,"”0lPhe using the auxotrophic E. coli strain DL39 GlyA
ADE3 (aspC™ tyrB™ ilvE~ glyA~ ADE3). We have also produced
Ub-[n-""OlTyr, in which the phenolic group of Tyr59 is "O-
labeled. We show for the first time that 'O NMR signals from
protein terminal residues and side chains can be readily
detected in aqueous solution. We also reported solid-state '7O
NMR spectra for Ub-[1-"*C,’OJTyr and Ub-[1-"°C,"”0lPhe ob-
tained at an ultrahigh magnetic field, 35.2 T (1.5 GHz for 'H).
This work represents a significant advance in the field of 7O
NMR studies of proteins.

Biomolecular NMR spectroscopy has become an indispensable
tool in structural biology. Now, it is equally possible to
determine the three-dimensional structure of biological macro-
molecules either in aqueous solution™™ or in the solid state.*™
While tremendous progress has been made over the past few
decades in many aspects of biomolecular NMR, most NMR
studies in this field have continued to rely on detection of
“NMR friendly” spin-'/, nuclei such as 'H, ®C, N, and *'P.
Although the oxygen element is also ubiquitous in organic and
biological molecules, its detection is severely hampered by the
fact that the quadrupolar nature of the only NMR-active oxygen
isotope, 7O (I="/,), often causes significant line broadening in
NMR signals. In addition, because the natural abundance of '’O
is exceedingly low (0.037%), 7O isotopic labeling is usually a
prerequisite of any O NMR study. In recent years, important
advances have been made in the development of 7O NMR
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spectroscopy as a useful tool in studying organic and biological
molecules in the solid state.""'? In the context of biological
macromolecules, 7O NMR has been applied to study [O]
ligand-protein complexes in the solid state’>"* and in aqueous
solution."®” Solid-state 7O NMR was also useful in probing
membrane-bound proteins/peptides."®*" A particularly promis-
ing approach is to study large biomolecular systems with the
70 quadrupole-central-transition (QCT) methodology.*** How-
ever, one major obstacle is the lack of a general approach to
incorporate 7O isotopes into proteins. It is somewhat surprising
that, although it is routine to produce selectively or uniformly
BC- and "N-labeled recombinant proteins by heterologous
expression in various host cell systems,*>% the same approach
has not been reported in the literature for '"O-labeling of
proteins. In this work, we report successful amino acid-type
specific '"O-labeling of recombinant yeast ubiquitin by expres-
sion with an auxotrophic Escherichia coli strain and acquisition
of 7O NMR spectra for selectively O-labeled yeast ubiquitin
samples. The main goals of the present work are threefold: 1) to
demonstrate the validity of this new '"O-labeling approach, 2)
to test the hypothesis that protein side-chain groups might be
readily observable by O NMR in aqueous solution, and 3) to
explore the potential of solid-state O NMR of proteins at an
ultrahigh magnetic field, 35.2 T (1.5 GHz for 'H).B"

Ubiquitin is a small regulatory protein (76 amino acid
residues) and one of the standard proteins for NMR method-
ology development. In this work, we utilized an auxotrophic E.
coli strain DL39 GlyA ADE3 (aspC™ tyrB™ ilvE™ glyA~ ADE3)B** to
produce yeast ubiquitin (Ub) where glycine (Gly), tyrosine (Tyr),
phenylalanine (Phe) residues were selectively 7O-labeled. This
general approach was first tested with *N-labeled amino acids
and subsequently used to incorporate [1-'°C,7Ol-labeled Gly,
Phe, Tyr as well as [1-""O]Tyr into yeast ubiquitin for O NMR
studies. We chose this [1-C,”0] double-labeling scheme for
two reasons. First, the "*C-labeling can be used to monitor for
any potential isotope dilution and scrambling. Second,
[1-*C,'’Ol-labeled protein samples may be useful for further
development of heteronuclear *C/"70 correlation spectroscopy.
All experimental details on chemical synthesis of "O-labeled
amino acids, recombinant protein expression, purification, and
characterization are provided in the Supporting Information.

Now let us first examine the hypothesis that, because
protein side chains often experience substantial local motion in
aqueous solution, their nuclear quadrupole relaxation character-
istics may be similar to those of small molecules. As a result, it
may be possible to detect O NMR signals from protein side
chains in aqueous solution. To this end, we prepared two

© 2020 Wiley-VCH GmbH
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samples: yeast ubiquitin (Ub)-[1-">C,'”O]Gly and Ub-[n-"O]Tyr. In
yeast ubiquitin, there are six Gly residues, one of which, G76, is
at the C-terminus. Thus, we may consider the COOH group of
G76 as a “side chain”. Since there is only one Tyr residue, Y59, in
yeast ubiquitin, any 7O NMR signal from Ub-[n-""O]Tyr would
be from the phenolic group of Y59. The C solution NMR
spectrum of Ub-[1-"*C,’O]Gly confirmed that there was no
substantial isotope scrambling and that all six Gly residues in
yeast ubiquitin were [1-'°C,"O]-labeled (Figure S6; our 'H,”N
HSQC signals and ">C chemical shifts are consistent with those
reported in the literature).®*>% Figure 1 shows the 7O NMR
spectra of Ub-[1-*C,”0]Gly and Ub-[n-"OITyr in aqueous
solution. Clearly, relatively sharp 7O NMR signals are observed
in both cases. The O NMR signal from Ub-[1-"*C,70]Gly
appears at 272 ppm, typical of carboxylic acids. This signal
broadened as the temperature was lowered, but the signal
position and line width were independent of the applied
magnetic field, which suggests that G76 is under the so-called
extreme narrowing condition (i.e., w,tc <1; Figure S8). The 7O
NMR signals from other five Gly residues in yeast ubiquitin were
too broad to be detected in aqueous solution at room temper-
ature because they are in the slow motion regime, w,7.> 1. It is
interesting to note that while G75 and G76 might have similar
order parameters from the perspective of *C and "N NMR, the
additional carboxylate 180°-flipping motion®” must contribute
to the very short correlation time of G76 from the O NMR
point of view. When the tumbling motion of yeast ubiquitin
was slowed down by dissolving the protein in glycerol/H,0
(20%/80%), 7O QCT NMR signals from G10, G35, G47, G53, and
G75 residues were observed at 253 K, as shown in Figure S8.
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Figure 1. 7O NMR spectra obtained at 16.4 T (700 MHz for 'H) for a) Ub-
[1-C,””0]Gly and b) Ub-[n-""O]Tyr in aqueous solution (1.2 mM protein, H,0,
25 mM Tris buffer, 250 mM NaCl, pH 8, 25 °C). ¢) Titration results; for Ub-
[1-"C,0]Gly at low pH values, a 50-mM phosphate buffer was used.
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This suggests that, under this condition, the protein is in the
ultraslow motion regime (i.e., wozc > 1)."? However, we will not
pursue this line of investigation further in the present study. As
also seen in Figure 1, the 7O NMR signal from Ub-[n-"O]Tyr
appears at 87 ppm, which is also consistent with that observed
for the free amino acid L-Tyr.®® Further, the 7O NMR signal
from the phenolic group in Y59 is broader than that for the
carboxyl group in G76, because the phenolic group is known to
have a larger Co("70) value.” This is the first time that 7O NMR
signals from protein side chains have been observed. One
immediate application is to utilize 7O NMR as a new probe for
pK, measurement. As seen in Figure 1¢c, the pK, values for the
carboxyl group of G76 and the phenolic group in Y59 were
determined to be 2.32+0.04 and 10.44 4 0.04, respectively. It is
interesting to note that, for the phenolic group of Y59, the 70
chemical shifts in the two ionization states differ by 75 ppm.
This is in agreement with the previous results for free amino
acid L-Tyr both in aqueous solution® and in the solid state.*
While the two pK, values determined for yeast ubiquitin may
not have any important implication for its biological functions
per se, this proof-of-concept experiment provides a novel
method for studying ionization state, hydrogen bonding or ion
binding of oxygen-containing amino acid side chains (Asp, Glu,
Ser, Thr, Asn, GIn) of proteins in aqueous solution.

To explore the potential of solid-state O NMR in detecting
70 signals from a protein backbone, we prepared two yeast
ubiquitin samples: Ub-[1-"C,"’O]Tyr and Ub-[1-"*C,"’O]Phe. Once
again, because only one Tyr residue is present in yeast
ubiquitin, Ub-[1-"3C,"”OITyr serves as an ideal sample to avoid
any ambiguity in spectral analysis. Figure 2a shows an overlay
of the 2D 'H,"* N HSQC spectra of Ub-["°N]Tyr and Ub-["°N]Phe in
aqueous solution. The observed 'H and "N chemical shifts are
consistent with the literature values.®¥ This data confirmed that
no substantial isotope scrambling occurred. Figures 2b and 2c
show the "*C CP/MAS NMR spectra of hydrated solid samples of
Ub-[1-C,"’OlTyr and Ub-[1-C,”0]lPhe, respectively. The ob-
served line width of 0.4 ppm is similar to those observed for
ubiquitin microcrystals.">*? The C chemical shifts for Y59, F4,
and F45 are also in agreement with those reported in previous
solution®?% and solid-state NMR studies.“®*? Figure 2d shows
the 7O MAS NMR spectrum of Ub-[1-"*C,'’O]Tyr obtained at 35.2
T. Since there is a single Tyr backbone carbonyl oxygen in this
sample, the spectrum can be readily analyzed, which yielded
the following 7O NMR tensor parameters: d;, =308 ppm, Co=
9.0 MHz, 7q=0.7, Ag=033—0io=—320 ppm, Ncs=(0,,—01,)/
Acc=0.2. The 7O MAS NMR spectrum of Ub-[1-"*C,”O]Phe
(Figure 2e) displays signals that are broader than those seen for
Ub-[1-"C,"OlTyr, suggesting the presence of two oxygen sites.
This is also consistent with the *C and N NMR data mentioned
earlier. Once again, spectral analysis yielded a complete set of
70 NMR tensor parameters for both sites: F45, 8,,,=299 ppm,
Cu=89 MHz, 17=0.7, Acs=-320ppm, 7c=0.2; Y4, Oi,=
281 ppm, C4=8.2 MHz, 17=0.4, Acs=—310 ppm, 7s=0.3. This
is the first time that complete 7O NMR tensor parameters have
been obtained for oxygen atoms on a protein backbone. All 7O
NMR tensor parameters obtained for the yeast ubiquitin
samples are summarized in Table S1, together with some
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Figure 2. a) Overlay of the 'H,""N 2D HSQC NMR spectra obtained at 16.4 T (700 MHz for 'H) for Ub-["*N]Phe and Ub-["*N]Tyr in aqueous solution (0.8 mM
protein, 95 %H,0/5%D,0, 25 mM Tris buffer, 300 mM NaCl, pH 8, 25 °C). Solid-state *C CP/MAS spectra obtained at 19.6 T (833 MHz for 'H) for b) rehydrated
Ub-[1-"C,O]Tyr and c) Ub-[1-"C,"’O]Phe. Solid-state 7O 18-kHz MAS NMR spectra obtained at 35.2 T (1.5 GHz for 'H) for d) Ub-[1-">C,"OITyr (665600
transients, recycle delay 20 ms) and e) Ub-[1-*C,"O]Phe (313 856 transients, recycle delay 20 ms). Home-built 3.2-mm MAS probes were used at 19.6 and

352T.

relevant literature data.”*?** As seen from Table S1, the
overall 7O NMR parameters observed for yeast ubiquitin
samples are similar to those reported previously for peptides.

The most striking observation is the sensitivity of 0;,('’0)
and Cy('’0) toward molecular structure. For example, the crystal
structures of ubiquitin suggest that both F45 and Y59 are
involved in loop regions, whereas F4 is within a B-sheet.[***!
Thus, strong hydrogen bonding is expected around the back-
bone carbonyl oxygen of F4. Indeed, the values of d,,("’0) and
Co('70) found for F45 and Y59 are similar, but are significantly
larger than the corresponding values observed for F4. It is
interesting to point out that the difference in 0,,("*C) values
between F4 and F45 is approximately 1 ppm, as seen from
Figure 2¢, whereas the corresponding d,,,("’0) values differ by
18 ppm. These observations are entirely consistent with the
previously known trends in the dependence of 7O NMR
parameters on hydrogen bonding (i.e, strong hydrogen
bonding leads to reduction in both d,,("’0) and Cy('’0) values
for carbonyl compounds)."” The sensitivity offered by the 35.2-
T magnet is also impressive. The levels of '’O enrichment in the
Ub-[1-C,"70ITyr and Ub-[1-"*C,'”O]Phe samples were about 30-
40 %. Approximately 20 mg of lyophilized protein was packed in
a 3.2-mm MAS rotor. The total experimental times to record the
70 MAS spectra shown in Figures 2d and 2e were 4-5 h. With
higher 7O enrichment levels, it may be possible to apply
techniques such as MQMAS®® or STMAS®" for proteins to
obtain even higher spectral resolution. In principle, the solid-
state 7O NMR approach is not impacted by the size of the
protein under study.

ChemBioChem 2021, 22, 826-829 www.chembiochem.org

In summary, we have demonstrated that it is feasible to
achieve amino acid-type specific 7O-labeling of proteins via
recombinant expression in an auxotrophic E. coli strain. This
approach allows incorporation of 7O isotopes into both the
protein backbone and side chains. We have shown that since
protein side chains often exhibit significant local motion they
behave like small molecules from the perspective of nuclear
quadrupole relaxation, thus making the detection of their 70
NMR signals straightforward. Such an approach offers a new
method for probing protein side-chain structure, interactions
and dynamics. For example, it would be interesting to apply
this O NMR approach to study ion binding to protein side
chains or hydrogen bonding. We have also explored the use of
an ultrahigh magnetic field, 35.2 T, to record high-quality solid-
state 7O NMR spectra for proteins. The information offered by
the complete 7O NMR tensor characterization will be comple-
mentary to that obtainable from more conventional NMR
probes, such as 'H, C and "N. The results reported in this
study are encouraging. One can envision that the sensitivity
and resolution in solid-state 7O NMR for proteins can be further
improved by C/'7O heteronuclear correlation spectroscopy
perhaps in combination with nuclear dynamic polarization. It is
highly desirable to make O accessible by NMR in studies of
biological macromolecules in aqueous solution and in the solid
state, so that one would be able to utilize all magnetic nuclei
available in proteins, nucleic acids, and carbohydrates ('H, *H,
BC, N, "N, 70, *'P) to gain information about molecular
structure, chemical bonding, and dynamics. The present work
represents a key step towards this ultimate goal. Research to
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further expand the current work is under way in our
laboratories.

Acknowledgements

S.PS. and G.W. thank the Natural Sciences and Engineering
Research Council (NSERC) of Canada for Discovery Grants to
support this work (grants no. 298508 and 23308-11). This work
was also supported by the National High Magnetic Field
Laboratory through NSF DMR-1644779 and the State of Florida
and by a grant from NIH (P41 GM122698). We thank Professor
Gary Shaw (University of Western Ontario) for providing the yeast
ubiquitin encoding plasmid and Professor Lawrence P. Mcintosh
(University of British Columbia) for supplying the auxotrophic
bacterial strain.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: auxotrophic strains - isotope labeling - O NMR -

recombinant protein - ubiquitin

[1] K. Withrich, NMR of Proteins and Nucleic Acids, Wiley, New York, N.Y.,
1986.

[2] A.Bax, S. Grzesiek, Acc. Chem. Res. 1993, 26, 131-138.

[3]1 G. M. Clore, A. M. Gronenborn, Methods Enzymol. 1994, 239, 349-363.

[4] J.N.S. Evans, Biomolecular NMR Spectroscopy, Oxford University Press,

Oxford, 1995.

[5] G. Wider, K. Withrich, Curr. Opin. Struct. Biol. 1999, 9, 594-601.

[6] T.A. Cross, S. J. Opella, Curr. Opin. Struct. Biol. 1994, 4, 574-581.

[71 A. McDermott, Annu. Rev. Biophys. 2009, 38, 385-403.

[8] Y. Su, L. Andreas, R. G. Griffin, Annu. Rev. Biochem. 2015, 84, 465-497.

[9] V.S. Mandala, J. K. Williams, M. Hong, Annu. Rev. Biophys. 2018, 47, 201-

222,

G. Wu, Prog. Nucl. Magn. Reson. Spectrosc. 2008, 52, 118-169.

G. Wu, Solid State Nucl. Magn. Reson. 2016, 73, 1-14.

G. Wu, Prog. Nucl. Magn. Reson. Spectrosc. 2019, 114-115, 135-191.

M. T. McMahon, A. C. de Dios, N. Godbout, R. Salzmann, D. D. Laws, H. B.

Le, R. H. Havlin, E. Oldfield, J. Am. Chem. Soc. 1998, 120, 4784-4797.

[14] J. Zhu, E. Ye, V. Terskikh, G. Wu, Angew. Chem. Int. Ed. 2010, 49, 8399-
8402; Angew. Chem. 2010, 122, 8577-8580.

[15] A.W. Tang, X. Kong, V. Terskikh, G. Wu, J. Phys. Chem. B 2016, 120,
11142-11150.

[16] H.C. Lee, K. Cummings, K. Hall, L. P. Hager, E. Oldfield, J. Biol. Chem.
1988, 263, 16118-16124.

[17] H. C. Lee, E. Oldfield, J. Am. Chem. Soc. 1989, 111, 1584-1590.

[18] V. Lemaitre, M. R. R. De Planque, A. P. Howes, M. E. Smith, R. Dupree, A.
Watts, J. Am. Chem. Soc. 2004, 126, 15320-15321.

[19] J. Hu, E. Y. Chekmenev, Z. Gan, P. L. Gor'kov, S. Saha, W. W. Brey, T. A.
Cross, J. Am. Chem. Soc. 2005, 127, 11922-11923.

[20] A. Wong, A. J. Beevers, A. Kukol, R. Dupree, M. E. Smith, Solid State Nucl.
Magn. Reson. 2008, 33, 72-75.

[21] J. Paulino, M. Yi, I. Hung, Z. Gan, X. Wang, E. Y. Chekmenev, H.-X. Zhou,
T. A. Cross, Proc. Natl. Acad. Sci. USA 2020, 117, 11908-11915.

[22] J. Zhu, I. C. M. Kwan, G. Wu, J. Am. Chem. Soc. 2009, 137, 14206-14207.

[23] J. Zhu, G. Wu, J. Am. Chem. Soc. 2011, 133, 920-932.

[24] R.P. Young, B. G. Caulkins, D. Borchardt, D. N. Bulloch, C. K. Larive, M. F.
Dunn, L. J. Mueller, Angew. Chem. Int. Ed. 2016, 55, 1350-1354; Angew.
Chem. 2016, 128, 1372-1376.

[25] D.C. Muchmore, L.P. McIntosh, C.B. Russell, D.E. Anderson, F.W.
Dahlquist, Methods Enzymol. 1989, 177, 44-73.

[26] D. M. LeMaster, Prog. Nucl. Magn. Reson. Spectrosc. 1994, 26, 371-419.

[27] N. K. Goto, L. E. Kay, Curr. Opin. Struct. Biol. 2000, 10, 585-592.

[28] L.-Y. Lian, D. A. Middleton, Prog. Nucl. Magn. Reson. Spectrosc. 2001, 39,
171-190.

[29] S. Yokoyama, Curr. Opin. Chem. Biol. 2003, 7, 39-43.

[30] S. Ohki, M. Kainosho, Prog. Nucl. Magn. Reson. Spectrosc. 2008, 53, 208-
226.

[31] Z. Gan, I. Hung, X. Wang, J. Paulino, G. Wu, I. M. Litvak, P.L. Gor'kov,
W. W. Brey, P. Lendi, J. L. Schiano, M. D. Bird, I. R. Dixon, J. Toth, G.S.
Boebinger, T. A. Cross, J. Magn. Reson. 2017, 284, 125-136.

[32] D. M. LeMaster, F. M. Richards, Biochemistry 1988, 27, 142-150.

[33] S.P. Smith, K. R. Barber, S.D. Dunn, G.S. Shaw, Biochemistry 1996, 35,
8805-8814.

[34] K.S. Hamilton, M. J. Ellison, G.S. Shaw, J. Biomol. NMR 2000, 18, 319-
327.

[35] A.C. Wang, S. Grzesiek, R. Tschudin, P.J. Lodi, A. Bax, J. Biomol. NMR
1995, 5, 376-382.

[36] A.J. Wand, J.L. Urbauer, R.P. McEvoy, R.J. Bieber, Biochemistry 1996,
35,6116-6125.

[37] J. Lu, I. Hung, A. Brinkmann, Z. Gan, X. Kong, G. Wu, Angew. Chem. Int.

Ed. 2017, 56, 6166-6170; Angew. Chem. 2017, 129, 6262-6266.

8] H. Eckert, D. Fiat, Int. J. Pept. Protein Res. 1986, 27, 613-616.

9] J. Zhu, J. Y. C. Lau, G. Wu, J. Phys. Chem. B 2010, 114, 11681-11688.

[40] T.I. Igumenova, A. E. McDermott, K. W. Zilm, R. W. Martin, E. K. Paulson,
A.J. Wand, J. Am. Chem. Soc. 2004, 126, 6720-6727.

[41] S.G. Zech, A.J. Wand, A.E. McDermott, J. Am. Chem. Soc. 2005, 127,
8618-8626.

[42] K. Seidel, M. Etzkorn, H. Heise, S. Becker, M. Baldus, ChemBioChem 2005,
6, 1638-1647.

[43] K. Yamada, S. Dong, G. Wu, J. Am. Chem. Soc. 2000, 722, 11602-116009.

[44] K. W. Waddell, E. Y. Chekmeneyv, R.J. Wittebort, J. Phys. Chem. B 2006,
110, 22935-22941.

[45] E.Y. Chekmenev, K. W. Waddell, J. Hu, Z. Gan, R. J. Wittebort, T. A. Cross,
J. Am. Chem. Soc. 2006, 128, 9849-9855.

[46] K. Yamauchi, M. Okonogi, H. Kurosu, M. Tansho, T. Shimizu, T. Gullion, T.
Asakura, J. Magn. Reson. 2008, 190, 327-332.

[47] E. G. Keeler, V. K. Michaelis, M. T. Colvin, I. Hung, P.L. Gor'kov, T.A.
Cross, Z. Gan, R. G. Griffin, J. Am. Chem. Soc. 2017, 139, 17953-17963.

[48] S. Vijay-Kumar, C. E. Bugg, W. J. Cook, J. Mol. Biol. 1987, 194, 531-544.

[49] S. Vijay-Kumar, C. E. Bugg, K. D. Wilkinsonll, R. D. Vierstra, P. M. Hatfield,
W. J. Cook, J. Biol. Chem. 1987, 262, 6396-6399.

[50] L. Frydman, J. S. Harwood, J. Am. Chem. Soc. 1995, 117, 5367-5368.

[51] Z. Gan, J. Am. Chem. Soc. 2000, 122, 3242-3243.

Manuscript received: September 21, 2020
Revised manuscript received: October 14, 2020
Accepted manuscript online: October 15, 2020
Version of record online: November 6, 2020

ChemBioChem 2021, 22, 826-829 www.chembiochem.org

829 © 2020 Wiley-VCH GmbH

858017 SUOWWOD AITID) 8|qed [dde 8y} A peuseno aJe Ssppie O 8Sn JOse|nl 10} Ariq1T8UlUQ A8]1M UO (SUORIPUOD-PUR-SWBIALID A IM AleIq 1 pul|uo//Sdny) SUORIPUOD pue swie 1 8y} &8s *[9202/£0/20] Uo Ariqiauliuo A8|im ‘AiIsIeAluN a1eis epLiold Aq 659000202 2100/200T 0T/I0p/wod"Ae | Ake.dijpul|uo-adoine-Ansiweyd//sdny wolj pepeojumod ‘G ‘T40Z ‘S89/6ErT


https://doi.org/10.1021/ar00028a001
https://doi.org/10.1016/S0959-440X(99)00011-1
https://doi.org/10.1016/S0959-440X(94)90220-8
https://doi.org/10.1146/annurev.biophys.050708.133719
https://doi.org/10.1146/annurev-biochem-060614-034206
https://doi.org/10.1146/annurev-biophys-070816-033712
https://doi.org/10.1146/annurev-biophys-070816-033712
https://doi.org/10.1016/j.pnmrs.2007.07.004
https://doi.org/10.1016/j.ssnmr.2015.11.001
https://doi.org/10.1016/j.pnmrs.2019.06.002
https://doi.org/10.1021/ja973272j
https://doi.org/10.1002/anie.201002041
https://doi.org/10.1002/anie.201002041
https://doi.org/10.1002/ange.201002041
https://doi.org/10.1021/acs.jpcb.6b08798
https://doi.org/10.1021/acs.jpcb.6b08798
https://doi.org/10.1021/ja00187a009
https://doi.org/10.1021/ja0535413
https://doi.org/10.1016/j.ssnmr.2008.04.003
https://doi.org/10.1016/j.ssnmr.2008.04.003
https://doi.org/10.1073/pnas.2001083117
https://doi.org/10.1021/ja906881n
https://doi.org/10.1021/ja1079207
https://doi.org/10.1002/anie.201508898
https://doi.org/10.1002/ange.201508898
https://doi.org/10.1002/ange.201508898
https://doi.org/10.1016/0076-6879(89)77005-1
https://doi.org/10.1016/0079-6565(94)80010-3
https://doi.org/10.1016/S0959-440X(00)00135-4
https://doi.org/10.1016/S0079-6565(01)00034-6
https://doi.org/10.1016/S0079-6565(01)00034-6
https://doi.org/10.1016/S1367-5931(02)00019-4
https://doi.org/10.1016/j.pnmrs.2008.01.003
https://doi.org/10.1016/j.pnmrs.2008.01.003
https://doi.org/10.1016/j.jmr.2017.08.007
https://doi.org/10.1021/bi00401a022
https://doi.org/10.1021/bi952698c
https://doi.org/10.1021/bi952698c
https://doi.org/10.1023/A:1026773008237
https://doi.org/10.1023/A:1026773008237
https://doi.org/10.1021/bi9530144
https://doi.org/10.1021/bi9530144
https://doi.org/10.1002/anie.201700488
https://doi.org/10.1002/anie.201700488
https://doi.org/10.1002/ange.201700488
https://doi.org/10.1021/jp1055123
https://doi.org/10.1021/ja030547o
https://doi.org/10.1021/ja0503128
https://doi.org/10.1021/ja0503128
https://doi.org/10.1002/cbic.200500085
https://doi.org/10.1002/cbic.200500085
https://doi.org/10.1021/ja0008315
https://doi.org/10.1021/jp060617o
https://doi.org/10.1021/jp060617o
https://doi.org/10.1021/ja060191r
https://doi.org/10.1016/j.jmr.2007.11.006
https://doi.org/10.1021/jacs.7b08989
https://doi.org/10.1016/0022-2836(87)90679-6
https://doi.org/10.1021/ja00124a023
https://doi.org/10.1021/ja9939791
https://doi.org/10.1021/ja9939791

