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Biomolecular NMR : 35 years of methodological

developments
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NMR: developments and limits 100
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NMR : a structural biology tool among others

Proteins | Nucleic | Protein/ | Other | Total
Acids NA
Complex

X-Ray 91091 1624 4534 41 97253
NMR 9619 1121 225 8| 10973
Electron 569 29 186 0 784
Microscopy

Other 165 4 6 13 188
Total 101514 2781 4953 26| 109274

Protein Data Bank: June 6,
2015 statistics

http://www.rcsb.org
PDB Statistics
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Evolution of the number of articles containing the word
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BIOCHEMISTRY

including biophysical chemistry & molecular biology
Jan 2013
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The Quiet Renaissance of Protein Nuclear Magnetic Resonance

Paul J. Barrett,” Jiang Chen,’ Min-Kyu Cho,” Ji-Hun I_(jm,Jr Zhenwei Lu,” Sijo Mathew, Dungeng Pengj
Yuanli Song,* Wade D. Van Horn,™® Tiandi Zhuang,” Frank D. Sonnichsen,! and Charles R. Sanders™’

"Department of Biochemistry and Center for Structural Biology, Vanderbilt University, Nashville, Tennessee 37232-8725,
United States

3Department of Molecular Physiology and Biological Physics, University of Virginia, Charlottesville, Virginia 22908, United States
*Department of Chemistry and Biochemistry, Arizona State University, Tempe, Arizona 85287-1604, United States
IInstitute for Organic Chemistry, Christian-Albrechts University of Kiel, D-24118 Kiel, Germany

ABSTRACT: From roughly 1985 through the start of the new millennium, the cutting - =
edge of solution protein nuclear magnetic resonance (NMR) spectroscopy was to a T e
significant extent driven by the aspiration to determine structures. Here we survey recent
advances in protein NMR that herald a renaissance in which a number of its most
important applications reflect the broad problem-solving capability displayed by this
method during its classical era during the 1970s and early 1980s.
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2005-2015
NMR: a tool for integrative structural biology

% Study of intrinsically disordered proteins

% Study of mechanisms of molecular recognition
% Study of proteins and nucleic acid excited states
% Study of the dynamics of very large complexes

% In-cell NMR



Some basic NMR concepts
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NMR, some advantages

A large number of probes

An incredible sensitivity to the environment
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NMR, some limitations

Sensitivity or signal-to-noise ratio
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NMR, some limitations

Resolution and spectral hindrance
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NMR, some limitations

Liquid-state NMR a serious limit?

Linewidth |
Vv = —
172
al,
T 4ns 8 ns 12ns
MW 8 kDa 16 kDa 24 kDa

25 ns
50 kDa

fast overall rotation

slow overall rotation



Technological innovations and developments




Technological innovations

Magnets:
- B, Field

, -!3_} - Volume
* - Fluid consumption




Technological innovations

« The Hybrid » 45 T (1.9 GHz)
Talahassee
Florida, USA
Insert 11.4 T resistive magnet

External 33.7 T supraconducting
Or GHFML (35 T)

Low-resolution NMR
2-65 MHz

(1.5 T max) persistent magnet

High-resolution suprconducting magnet
1 GHz (Briiker)
23.5T



Technological innovations

Signal-to-noise depends on the magnetic field
S/N Ratio
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Technological innovations
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Technological innovations

Magnets become more compact

850 MHz US Plus ™
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- Compact size and small stray field improve siting flexibility

* Outstanding stability and high-resolution NMR performance

Data courtesy of Bruker



Technological innovations: Dynamic Nuclear Polarization
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Technological innovations: Dynamic Nuclear
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263 GHz Gyrotron in Bruker-Billerica DNP Lab
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263 GHz Bruker
Gyrotron
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263 GHz solid-state DNP
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DNP-MAS spectrum of 13C, 1SN-proline

e~160

glycerol

uij U 8 scans, DNP on

32 scans, DNP off x10

Al T T T

I

300 200 100 0 -100

“C chemical shift (ppm)

C. Song, T. Swager et. al., JACS (2006)



DNP in the liquid state at room temperature

(A) Liquid sample is
H transferred to the NMR magnet
ot "
Sample / \ 170 160 150
is rapidly \}
thawed

Liquid sample

is detected
by NMR

Sample
is cooled (1-2K)
and e

polarized via DNP 170 160 150
"C chemical shift (ppm)

Polarizing manet NMR magnet

From H. Ardenkjeer-Larsen et al. Increase in signal-to-noise ratio of >10,000 times in
liquid-state NMR, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 10158-10163.



Photo-chemically induced DNP (Photo-CIDNP)
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Kenichiro Tateishi et al, Room temperature hyperpolarization of nuclear spins in bulk,
PNAS May 2014



Photo-chemically induced DNP (Photo-CIDNP)

Proton polarization leads to lines with asymmetric coupling. 30%
polarization at room temperature in this case (x 250 000)
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Kenichiro Tateishi et al, Room temperature hyperpolarization of nuclear spins in bulk,
PNAS May 2014



Technological innovations
Probes:
- Cryoprobes

- Small volume probes
} - Multi-nuclei probes




Gain with a cryoprobe
Induced Signal Voltage to
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Limitations of cryoprobes

Low-Conductivity Buffers for High-Sensitivity NMR
Measurements

Alexander E. Kelly,T Horng D. Ou,T Richard Withers,* and Volker Dotsch™$

LT

2

Sodium Phosphate HEPES / NaOH MOPS / BIS-TRIS propane MES / BIS-TRIS

'H/ppm

JACS, 2002



Gain with a cryoprobe

Quantity of protein detected
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Anal Chem. 2010 September 1; 82(17): 7227-7236. doi:10.1021/ac101003f.

Multiplexed NMR: An Automated CapNMR Dual-Sample Probe

James A. NorcrossT, Craig T. MiIIingT, Dean L. OlsonT, Duanxiang XuT, Anthony AudriethT,
Robert AlbrechtT. Ke RuanS. John LikosS. Claude JonesS. and Timothy L. Peck T
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Instrumentation for Magic-Angle- e 7
Spinning ssNMR ST

NMR magnet probe sample container
(“rotor”)

probe WARNING

FACE SHIELD
MUsT g WORN
AT ALL TIMES

VT air

2 5\

3 4 mm 15 kHz 70 pL
3.2 mm* 25 kHz 30 pL

1.6 mm* 40 kHz 8 uL
rotation driven by gas flows air bearings | ‘f”"e air 1.3 mm 67 kHz 1.7 uL
bearing air 0.9 mm 100 kHz 07 |.|L

optical fibres
*currently or soon at IBS



Liquid vs solid-state probe

Liquid State NMR

1l
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Brownian motion

Solid State NMR

2

| ‘ MAS
_uLz-VLnJVkJ\K_ (Magic Angle Spinning)

2 1 ®
1H (kHz)

v =

1 0
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~ 400 pl of soluble sample

~ 20 ul of hydrated insoluble sample

Solid-state NMR should allows to study large and insoluble
proteins or biopolymers by NMR



Can we turn on and off th anisotropic interactions as we
want?

h kM b Ligmb Through MAS we have turned off the anisotropic

interactions (CSA, dipolar coupling).
+ MAf = nice resolution

li .' | | But these interactions could be useful, e.g. to
| | | transfer via the dipolar coupling.
: - - Can we “switch them on” again ??

\
|
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I I I ) 1
200 150 100 5  d[ppm] 0
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Solid-state fast rotation MAS

(111 kHz)

110 -

Protein-peptidoglycan spectrum

39 kHz MAS, 600 MHz

deuterated protein + deuterated PG
in H,O-based buffer

3D in about 3 days exptl time.



L. Emsley et al.

Solid-state fast-rotation MAS B. Meier et al.

15 { ' '
d("*N) (a) (b) (d) (e) ‘
— | \ o7 928 1y,
ppm | s R
N33 i % O A
P L 4 ‘
) Y241 y .
L48
105
1 G51
(]
s25
1 Y13 )
v G29 121
110 T vsg, ’ . "
vl 9 ,3'9',,. T68 $110 e
23 . s
o ‘o o o M ce9 528
T FS6
® ovsy © Ve () )
ASE ¢ s19 Tgyp P
| 040 s o B 7 e Os
115 0 m. N2 @y
628 124 e s LA [
| %50 ’ i Y63 15 . o8 ar. 1108° Nag
Kie. 4 coo §S2 ’ F105— L Dege
F32 Y;5.r32 ss, | Hi3ses D76 0V Fi17
1 Ksa D oR4S su T8 4 @139 52 ° ., Ons P me
120 E45%3%0 415 : Fi:{. a3 -1 - 2, ced'?s ’
: e Cosgneip do 954 N
Vide 8, 023 E17 §55¢ F ¢ Ysu&ou su" , ‘ uts’
£22
K4 &4' v78 T4 “ ' H84 ’ . .“5
wae 10 .o B .. \ . 2‘5
530 #K26 E3% P
125 -1 NBB; P V4B LB LSJ‘ K91 190 ? ' 'MZZ
4 L3 F708 - °
Atte ig s oud®'e i, 2z O,
€47
o, 12 9062 mz..'. ! Koo A evar a A4T @E ( o
T4 0AS5 Y2 Xo4 | RM 124, D124 o 0 ., v
| oo . ;! oo‘ § Fn
130 1 Ras () 1
3A
] - o193 i 1657 L142
(+]
| ABS

O('H) / ppm

Figure 2. "N—"H correlation spectra recorded on a 1 GHz spectrometer under 60 kHz MAS for [U-H",’H,"C,"*N]-labeled (a) microcrystalline
SH3, (b) microcrystalline f2m, and (c) sedimented nucleocapsids of AP20S, (d) M2 channel, and (e) OmpG.



Technological innovations

Pulse sequences:
- Multidimensional sequences

s I Taking advantage of relaxation properties
- Fast acquisition methods

- Non-linear sampling




Can we turn the anisotropic interactions
on/off as we want?

Rotational Echo DOuble Resonance (REDOR)

9(° 180° IvaUife

I i tz

| | I | | |

I I I | I I I

| | | | | | |

| | | | | | |

| | | | | | |

| | | | | | |
sample rotation: 1 2 3 4 3 b

dipolar coupling “turned on” only MAS: high resolution

1.e. we can transfer via D coupling during detection period




Can we turn the anisotropic interactions
on/off as we want?

More formally:
Interference between time-dependent processes:

* rotation of sample
» rotation of spins

Cross-polarization experiment

90°
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W1, Wy g = Wypgfor example:

’ S SMAS =100 kHz
RF field on 1H: 80 kHz
RF field on 13C: 20 kHz



Dipolar transfer experiments in sSNMR
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Back to the liquid-state ...
Exploitation of the relaxation properties

1. Transverse relaxation:
— Exploitation between different relaxation mechanisms (CSA-DD)

=> TROSY
Typical NMR A
experiment i e
ﬁ Methyl-TROSY
510 ? 50 Av [Hz] S -
[ﬁ;] (a) *az (b) Yr(c) *CT

Yy -
50 - R Z@




Exploitation of the relaxation properties

2. Longitudinal relaxation:

— Accelerate the return to the thermodynamic equilibrium to speed-
up the acquisition process = SOFAST, BST, BEST-TROSY

Schanda P, Brutscher B. JACS (2005), Lescop E, Schanda P, Brutscher B. J Magn Reson. (2007)

Schanda P, Van Melckebeke H, Brutscher B. JACS (2006)

Solyom Z, Schwarten M, Geist L, Konrat R, Willbold D, Brutscher B. ] Biomol NMR. 2013 Apr;55(4):311-21.
Favier A, Brutscher B. ] Biomol NMR. 2011 Jan;49(1):9-15.



Exploitation of the relaxation properties

2. Longitudinal relaxation:

— Accelerate the return to the thermodynamic equilibrium to speed-
up the acquisition process => SOFAST, BST, BEST-TROSY

ttec=0.15 tec=3.05 reference ! /
| |
| | n;{ |f:“\ fl
| N M 1M | Iyl m ] Il
A 'I. ll"(' Ml b il # W L\' :
P,sfjv.\; 'M J : er‘ ‘é ", fN { HL‘\.{L ﬂ‘&h' JJ “U } q \‘L'.
5 4 3 2 1 5 4 3 2 1 4 3 2 1
'H (ppm) H (ppm) H (ppm)

B. Brutscher et al. 2005



Exploitation of the relaxation properties

2. Longitudinal relaxation:
— Accelerate the return to the thermodynamic equilibrium to speed-
up the acquisition proces => SOFAST, BST, BEST-TROSY

Sensitivity

scan time / seconds

B. Brutscher et al. 2005



Alternative sampling methods

= The use of FFT implies a linear sampling

= Alternative methods (NUS) are n

(a) standard 3D (b) random sampling

ow proposed

(c) spectral aliasing (d) projection NMR
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Alternative samphng methods
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Application: following real-time folding

of an RNA aptamer

Real-time multidimensional NMR follows
RNA folding with second resolution

Mi-Kyung Lee*', Maayan Gal®', Lucio Frydman®?, and Gabriele Varani*<?
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PNAS 2010
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~2min




Technological innovations
Samples :

T - Small volumes

- Isotopic labeling




Liquid-state small volume cryoprobe

* Proton-optimized triple resonance NMR
probe

» Sensitivity increase by a factor of six on 'H
compared to a conventional 1.7 mm probe

» Four fully independent channels (plus lock
channel)

» Simultaneous decoupling on multiple
X-nuclei such as *C and *N

» Cooled “H preamplifier for excellent
stability

e ATM (Automated Tuning and
Matching) compatible

e 30 pL total sample volume (this volume
perfectly matches the elution volume of
HPLC-SPE and is well suited for
automation)




déplacement chimique >N (ppm)

Standard methods: *C,'>N-labeling and 3D triple

resonance spectroscopy
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Solution NMR of supramolecular complexes:
providing new insights into function

Remco Sprangers, Algirdas Velyvis & Lewis E Kay

Nature Methods 2007
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Exploring molecular mechanisms within the
chromatin using NMR

*C (ppm)
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Methodologies developed in Grenoble
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Cell free expression and combinatory isotopic
labeling

Gene of interest 2
T7P RBS ATG TagStop  T7T Plasmid

Transcription l T7 RNA polymerase

Translation i E. coli lysate

T7P = T7 polymerase
RBS = nbosomal binding site
T7T = T7 termmator
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.. Combinatorial triple-selective labeling as a tool to assist
membrane protein backbone resonance assignment

Frank Lohr - Sina Reckel - Mikhail Karbyshev -
Peter J. Connolly - Norzehan Abdul-Manan -
Frank Bernhard + Jonathan M. Moore + Volker Détsch

-
J Biomol NMR (2012)
.
Amino acid type Samples
1 2 3
Leucine Be/SN e 119
"N Valine 1-1%C 13C/15N
Isoleucine Ber''N
Methionine N
Lysine 5N
Phenylalanine 5N
"N Arginine 5N N
Tyrosine 5N s, 5N
Alanine N 5N
Threonine 5N 5N 5N
Glycine 1<19¢
Aspartate 1=
"N




Technological innovations

Numerical processing: L._—,.i;
- Filtering | g
- Data management and integration '!S_

- Structure calculation software

l




Effects of a paramagnetic centre on 'H and *C
spectra

Visible in 'H and 13C spectra

: /S—S
Cys

. . I. Bertini et al.,
Paramagnetic metal ion ChemBioChem 2005, 6,

1536 — 1549



Application to the study of disordered proteins
(Tau)

Mukrasch MD, Bibow S, Korukottu J, Jeganathan S, et al. (2009) Structural Polymorphism of 441-Residue Tau at Single Residue
Resolution. PLoS Biol 7(2): e1000034. doi:10.1371/journal.pbio.1000034
http://www.plosbiology.org/article/info:doi/10.1371/journal.pbio.1000034

@PLOS ‘ BIOLOGY



Some other probes: paramagnetic lanthanide tag
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In-cell NMR

a Bacterial cell Target protein
— 3-D structure

b Human cell )—Target protein

In-cell NMR
spectrum

Nature Structural biology: Inside the living cell
David S. Burz & Alexander Shekhtman
Nature 458, 37-38 (5 March 2009)




Software development for automatic assignment
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; Automated Chemical Shift Assignment
Observed peaks Expected peaks
Position known Assignment known
Assignment unknown Position known only approximately
- )
ﬂ: B HN12-HB11,
Fully automated structure ¥ G g

calculation algorithm (FLYA)

HNS-HA10

],
HN5-HAS88
Spectmm o] oy / J

Assignment = Find mapping between expected and observed peaks.

Score for assignment
Presence of expected peaks

Positional alignment of peaks assigned to the same atom

Normality of assigned resonance frequencies

Optimization of assignment
Genetic algorithm combined with local optimization

GARANT

Christian Bartels et al.

J. Comp. Chem. 18, 133149 (1537)
J. Blomol. NMR 7, 207-213 (15396€)




Development of structure calculation protocols

Incorporation of ambiguous distance restraints in
iterative process protocols => M. Nilges, T. Herrmann
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Rieping W., Habeck M., Bardiaux B., Bernard A., Malliavin T.E., Nilges M.
(2007) ARIA2: automated NOE assignment and data integration in NMR
structure calculation. Bioinformatics 23:381-382.

Volk, J.; Herrmann, T.; Withrich, K. J. Biomol.NMR. 2008, 41, 127-138..



Many structural parameters
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Structural information from intra-molecular NOE

s+ @ 13C and/or ®N Isotopic labeling
¥ Spin 1/2

. @ 120 /14N even spin

How to separate Intra
& inter molecular NOE ? Filtered NOESY



Use of Ambiguous Interaction Restraints for soft
docking

@ Active Residue
O Passive Residue

, , , ~1/6
N Aatom N resh N Baiom l

diﬁ: Z z Z 16
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Domingez C, Boelens R, Bonvin A, J. Am. Chem. Soc. 125, 1731-1737 (2003).



Use of Ambiguous Interaction Restraints for soft
docking

NMR titrations )
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Other sources
e.g. SAXS, cryoEM

NMR anisotropy data
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RDCs, para-restraints, diffusion anisotropy
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NMR relies on the detection of signals arising from nuclear spin transitions and thus provides information at the atomic level. It allows three-
dimensional structural and dynamic information to be obtained in conditions as close as possible to physiological ones. It allows functional

processes to be followed, even in living cells, and can investigate transient and weak protein-protein interactions.

Solution NMR
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