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Introduction to biomolecular solid-state NMR
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Overview

Anisotropic interactions important in solid-state NMR

Solid-state NMR techniques

Applications: membrane proteins, protein fibrils, supramolecular
assemblies



NMR: a primer

Zeeman splitting of nuclear spin energy states in a magnetic field B:
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Perturbation via a pulsed oscillating magnetic field B,:
Fourier transform NMR
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Solid-state NMR: a primer

 NMR spectroscopy for systems that are
— insoluble
— (in principle, arbitrarily) large
— non-crystalline (no long-range order)
in a native(-like) environment
such as:
— membrane proteins
— amyloid fibrils
— large assemblies (viral capsids,

secretion systems, pili, ...)

* Access structure, dynamics,
interactions, ... at atomic resolution

Loquet et al., Nature 486, 276, 2012



Anisotropic interactions



NMR interactions

NMR Hamiltonian:

H =|Hy + Hgp + Hcs, + Hy|+ | Hesa + Hp + Ho + . ..

* in solution: isotropic interactions:

— Zeeman interaction

— radiofrequency irradiation
— isotropic chemical shift

— J coupling

— independent of the orientation of a molecule with respect to the
static B, field

* Anisotropic interactions:
— chemical shift anisotropy
— dipolar coupling
— quadrupolar coupling (I > 1/2)

are orientation-dependent; averaged out by molecular tumbling in
solution, but not in a solid sample!



Anisotropic interactions: Result...
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'H spectra of isopropyl-B-D-
thiogalactopyranose in solution
(red) and solid (blue)

http://chem.ch.huji.ac.il/nmr/techniques/solid/solid.html

Anisotropic interactions in
solid samples lead to very
broad signals, which may
yield uninterpretable
spectral

However, they contain
valuable information (local
environment, internuclear
distances, ...) and can be
used for spectroscopic
purposes (polarization
transfer).

Challenge: obtain high-
resolution spectra under
these conditions, yet still
take advantage of the
information contained in
anisotropic interactions.



Anisotropic interactions

ﬁ:ﬁz+ﬁRF+ﬁc&+ﬁJ+Q+...

Chemical shift anisotropy Dipolar coupling
— e_
B, A -
l BCS
Hes = —v 1o B Hyp = I, Dy; I
» Spatial structure of electronic * Interaction of magnetic
environment moments of neighboring nuclei
« Orientation dependence « Dependence on orientation

. e . and internuclear distance
* Isotropic part visible in solution

* No isotropic part — averaged
out in solution



Chemical shift (anisotropy)

Electronic current Induced magnetic field
Bo gl)wduuﬁd
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O. Lafon, MOOC NMR Univ. Lille
https://www.fun-mooc.fr/courses/lille1/54002S02/
session02/about

B, field induces electron
currents that generate
secondary magnetic fields

Total field felt by a nucleus
results from the
superposition of B, with
these secondary fields

Generally, electron
distribution around a nucleus
is not spherically
symmetric

chemical shift of a nucleus
depends on the
orientation of its molecule



Chemical shift anisotropy

M. Baldus

Superposition of
individual signals
corresponding to different
molecular orientations
leads to the broad
“powder pattern”
observed in a static
sample

Gives information on
structure of electronic
environment



Chemical shift anisotropy

Glycine, static 13C spectrum
with "H decoupling |

M\ sp’ « CSA powder pattern reflects,
sp? ) ‘/ \’ e.g., on
— o — symmetry
250 200 150 100 50 O — hybridization

— bond lengths / angles
— dihedral angles

of electronic environment.

<« o /ppm

* The isotropic chemical shift
corresponds to the barycenter
of the CSA pattern.

Laws et al., Angew. Chem. Int. Ed. 41, 3096, 2002
M. Duer: Solid-State NMR Spectroscopy. Oxford (Blackwell) 2002.



Dipolar coupling

* Interaction between the magnetic
moments of two spins
(cf. bar magnets influencing each
other)

« Depends on internuclear distance
(as 1/r3) and orientation of
internuclear vector with respect to
B,

» Gives a doublet (similar as for J
coupling) for a single crystal
(where all internuclear vectors
have the same orientation)

« ... a Pake pattern (superposition
of two powder lineshapes) for
random orientations

 ...and a broad hump for a
network of coupled nuclei (such as
the many 'Hs in biomolecules!)




Dipolar coupling

 Information about distance
between nuclei
( — 3D structure!)

« Useful for polarization transfer
(more efficient than J coupling!)

» Affected by molecular motion
— information on dynamics!




Fair enough, but...

/M\
/ \ « .. how do | get the resolution |
/ “\ need in order to be able to look
/ \ at anything more complex, such
/ \\ as biomolecules?

—_—————
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http://chem.ch.huiji.ac.il/nmr/techniques/solid/solid.html



Solid-state NMR techniques



Spin & space

spin

Hp, Hega o (3cos?0 — 1)

The NMR Hamiltonian can be
separated into a space and a
spin part

We can interfere with the spin
system via either!

The space part of CSA and
dipolar coupling depends on
orientation as (3 cos? 6 - 1)

In solution, rapid molecular
tumbling averages out
anisotropic interactions via this
spatial dependence

Can we do something similar for
solid samples?



Magic Angle Spinning

« Spin sample around an angle
inclined 54.74° with respect to
the B, axis (3 cos?6 -1 =0,
space diagonal of a cube)

by two airflows (bearing & drive)
in a stator

Need w, > 3 wp, wcgp fOr efficient
averaging

Rotor position

Stator in magic
angle

Flexible coil
connection
bands

Demers et al., Solid State Nucl
Magn Reson 40, 101, 2011 Beckonert et al., Nat Protoc 5, 1019, 2010



Magic Angle Spinning

2 kHz
Py — ._,LJ.__l__l 2 A |_|

1 kHz
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Glycine powder '3C spectrum |
static /." \\

250 200 150 100 50 O
<«—— 5 /ppm
Laws et al., Angew. Chem. Int. Ed. 41, 3096, 2002

Under MAS, CSA pattern “falls
apart” into a series of spinning
sidebands spaced at the
spinning speed

With increasing MAS speed,
sidebands move out further and
lose intensity until only
isotropic line remains

resolution much improved!

Network of many strong 'H-"H
dipolar couplings in biomolecules
still problematic!

Glycine powder
H spectrum
10 kHz MAS




Heteronucleus detection and decoupling

Strong 'H dipolar coupling
network precludes high-

resolution 'H spectra at “normal”
MAS speeds

detect NMR signal on, e.g., 13C

decouple 'H using RF
irradiation

i.e. remove effect of 'H-13C
coupling on 13C spectrum by
continuously rotating 'H’s in
spin space

Same principle as used in
solution state, but much higher
RF power used!

| H\N\ﬂﬂmmm

IEAREAS

M. Duer, Oxford (Blackwell) 2002



Correlation spectroscopy via recoupling

IA AWA
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We removed (to some extent)
the interactions that broaden our
spectra

However, they are useful for
polarization transfer (to
enhance signal, obtain
information about internuclear
correlations, distances...)

How to get them back -
selectively?

use recoupling pulse
sequences to “switch on”

desired interactions during
“mixing time” of an NMR
experiment!



Cross-polarization (CP)

« Reintroduce, e.g., "H-'3C dipolar
coupling by simultaneous RF

irradiation at 'H and '3C Larmor H I cp DEC
frequencies

 RF amplitudes have to match the
Hartmann-Hahn condition sesN | ocp l““l

= obtain "H-13C polarization transfer - t g

= enhance 3C magnetization by a

factor of 4! Wi — wis = Fw,, 2w,
(as for INEPT transfer in solution)

or
I T I
!y’fl HM 1 Wi +Wwis = W, 2w,
= Communications
= THE JOURNAL OF CHEMICAL PHYSICS VOLUME 56, NUMBER 4 15 FEBRUARY 1972

Proton-Enhanced Nuclear Induction Spectroscopy. A Method for High Resolution
NMR of Dilute Spins in Solids*

A. Pings, M. G. GiBBY,T anD J. S. WaUGH

Department of Chemistry and Research Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

A. Pines (Received 18 November 1971)



Recoupling pulse sequences

« A wide range of recoupling pulse ”J reeeupine
sequences is available oo | |
Choose your preference: 15N ”””l ””l” REDOR
: . : S B S R S S e
« dipolar coupling (— distances) or —
chemical shift anisotropy (— ]T secouning
conformation)
/2 7 11 /2 RFDR
» heteronuclear or homonuclear W I{ I
» for shorter (filtering; dynamics) or T o= —
longer distances (structure) w2
I ’7 cP dec. (cw irradiation) decoupling
» broad-band or chemical-shift 712 712
selective X m | H o
o | PDSD / DARR
I ’7 W1 decoupling
(SPECIFIC) CP HORROR / DREAM,
S w1s Mnﬂnvﬂvﬂvhvhvl\vnvn VVVVVVVVVVVVV selective recoupling,
Tm 97 Tep A R and C sequences,

PAR / PAIN, .....



Solid-state fingerprint of a protein: 13C-13C correlation

Chemical Shift §(**C) / ppm
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Schneider et al., Angew Chem Int Ed 49, 1882, 2010

HSQC-type °N-"H correlation
spectrum as used in solution is
typically too broad to yield
useful information in the solid
state!

use a 3C-13C correlation map
e.g. via spin diffusion / DARR

Shorter mixing times —
intraresidue correlations

Longer mixing times —
interresidue, through-space
correlations



The toolbox

Chemical Shift 5("*C) / ppm
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High(er) resolution °N, 13C
detection by MAS and
decoupling

Polarization transfer 'H-15N,
1H-13C, 13C-13C, 15N-13C ...

2D, 3D, ... spectroscopy

... for structural analysis of
biomacromolecules

Schneider et al., Angew Chem Int Ed 49, 1882, 2010
http://www.protein-nmr.org.uk/solution-nmr/assignment-
theoryl/visualising-3d-spectra/
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AS(CA)-AS(CB) (ppm)

AS(CA)-AS(CB) (ppm)

Protein secondary structure
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1 20 40 60 80 100 120 140
Residue

0 10 20 30 40 S0 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290
residue

Schneider et al., JACS 130, 7427, 2008
Hiller et al., Science 321, 1206, 2008

As in solution, especially 3C
chemical shifts are indicative
of secondary structure

Compare assigned values in
protein of interest to
reference / random coil
values to obtain secondary
chemical shift

|dentify a-helices, p-strands,
turns directly from
resonance assignments!



Parenthesis: Protein structures from NMR?

« Detect which nuclei are close in
2 space via through-space
| correlation spectra
1 (solution: NOESY; solid: spin
o diffusion, DARR, PAR, CHHC,
RFDR, ...)
e A S TE ST - Assemble a model that fulfils as
SENNNE L. many of these (short-range and
B S g rather imprecise) distance
C. Smet-Nocca restraints as possible!

1’HH\HHHH%
m [

http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2002/popular.html



Dynamics
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NMR is sensitive to molecular
dynamics on a wide range of
time scales (ps — h)

Quantify motional amplitudes
and time scales in a site-
specific manner

In solids, anisotropic
interactions are affected by
dynamics on all time scales
faster than the inverse of the
coupling strength

(e.g. up to ~ s for dipolar
coupling)

obtain motional amplitudes by
measuring build-up of signal
intensity in spectrum with
varying duration of a
recoupling pulse sequence!



But still...

* Rather large linewidths
« Rather low signal to noise

limit what we can do with (classical) solid-state NMR!



Breakthrough 1: Deuteration

27.6 Hz
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Chevelkov et al., Angew Chem Int Ed 45, 3878, 2006

(Per)Deuteration with (partial)
back-exchange of protons yields
very high resolution spectra
already at 10 - 20 kHz MAS

Permits proton detection as in
solution state, leading to higher
sensitivity! (proportional to y32)



Breakthrough 2: (Very) Fast MAS

<— 6("N)/ ppm
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» Above about 45 kHz MAS, enter
the “fast spinning” regime
— high resolution due to more
efficient averaging especially
of "H-"H couplings
— TH detection also for
protonated proteins
— can use low RF power

Outer diameter (mm):

a b
@) 0 — and small sample amounts
%
G61le L4
Gl5e @Gm@mwsas 70 kHz 80 kHz
™6 yr0 Q6 = 60 kHz
T108 ’ 50 kHz
40 kHz
30 kHz
ZKZ v\ UL
200 20 0 200 20 0 20 0 20 0 20 ©
o 5 8 7 o 9 8 7 'H chemical shift / ppm
~— §("H)/ ppm S("H)/
(+) e = ok /ppm Demers et al., Solid State Nucl Magn Reson 40, 101, 2011

Marchetti et al., Angew Chem Int Ed 51, 10756, 2012



Breakthrough 2: (Very) Fast MAS

Longer coherence lifetimes — higher-dimensional spectra, J-

coupling based transfers

Site-specific relaxation measurements for dynamics studies
previously inaccessible to solid-state NMR, e.g. transverse relaxation

via R, experiments

— measure motion on ns-to-ms time scales difficult to access for
solution-state NMR due to overall molecular tumbling!

-

bulk amide

300 msq (a)
o 100 ms
10 ms
1ms
100 us

30 us v T v
Y20 Mo 60

spinning
frequency (kHz)

Lewandowski et al., JACS 133, 16762, 2011

(@) CPMG 2D readout
Wl 72 plln 72 WA me] ] m 2
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this study, data set 1
solution-state relaxation

10 20 30 40 50 60 70
residue number

Tollinger et al, JACS 134, 14800, 2012
Haller & Schanda, J Biomol NMR 57, 263, 2013



Sedimentation from solution at fast MAS
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Bertini et al., PNAS 108, 10396, 2011
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Centrifugal forces
during MAS can
be an order of
magnitude larger
than in
ultracentrifuges

Depending on
molecular size
and spinning
speed, proteins
can be reversibly
sedimented from
solution in the
MAS rotor for
solid-state NMR
experiments!



Deuteration and fast MAS combined
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« Combine (per)deuteration and high MAS speeds for best results

 As opposed to solution-state NMR, linewidth does not depend on
molecular size, i.e. can in principle access arbitrarily large molecules!

Knight et al., Angew Chem Int Ed 50, 11697, 2011; Schneider et al., unpublished



Breakthrough 3 (?): DNP

 Dynamic nuclear polarization:
obtain sensitivity enhancements

up to, in theory, 660-fold by ﬁ aowe
transferring electron it ==y e |~ AvAvGE T
polarization to nuclei using ’
microwave irradiation )

* requires a gyrotron, radicals, H H T
cryogenic temperatures o] [ spiming ana v7 Gas

« actual enhancements and
spectral resolution can vary
considerably!

Microwave Off (x8)
Microwave On

€=246

===t = =_———— =
200 150 100 50 0 [ppm] |-H_*~n.-

Bruker Biospin (https://www.bruker.com/service/education-training/
webinars/nmr-webinars/introduction-to-solid-state-dnp-nmr.html)



...and of course: sample preparation!
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Loquet et al., JACS 132, 15164, 2010

Careful sample preparation to achieve optimal local homogeneity, as
well as sufficient water content, is essential!

and: use of alternative / reduced isotope labeling schemes

Has proven crucial especially for studies of amyloid fibrils

However, this kind of optimization remains some kind of black magic...



Applications I
The potassium channel KcsA-Kv1.3



The potassium ion channel KcsA(-Kv1.3)

« 4 x 160 AA tetramer

Turret

« Selectivity filter coordinates region

K+ ions via carbonyl groups

* Opening / closing (,,gating®)
can be induced by pH change

Selectivity

] ] TM1 filter
» Inactivation process upon

prolonged opening

ﬂJm

Ader, Schneider et al., Nat. Struct. Mol. Biol. 15, 605, 2008 Zhou et al., Nature 414, 43, 2001
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Secondary structure in lipid bilayers
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* Longer helices
» Different conformation in the selectivity filter

in lipid bilayers compared to micelles!

Schneider et al., JACS 130, 7427, 2008
Baker et al., Nat. Struct. Mol. Biol. 14, 1089, 2007



Transition to pH 4.0

1t
g
®
o, - *C(ppm)

50 48 46 44 21 9 17
®,-"C(ppm)
» Global structure preserved

« However, localized chemical shift
changes are clearly observed




Chemical shift changes at pH 4.0

« Largest chemical shift changes localized to selectivity filter and region
around Gly99 in TM2 known as “gating hinge” in other channels



Chemical shift changes at pH 4.0

« Largest chemical shift changes localized to selectivity filter and region
around Gly99 in TM2 known as “gating hinge” in other channels

« Very different results compared to micelles!

Ader, Schneider et al., Nat. Struct. Mol. Biol. 15, 605, 2008
Baker et al., Nat. Struct. Mol. Biol. 14, 1089, 2007



pH4 analysis: Results




pH4 analysis: Results

G79
G79
G79
T75 G
V76 V76
T75 V76 G77
ssNMR
X-ray structure model X-ray structure
conductive oH 4.0 collapsed

* TM2 helix bundle (,gate”) open

( %é 7 » Selectivity filter non-conductive

= open-inactivated state at pH 4

Ader, Schneider et al., Nat. Struct. Mol. Biol. 15, 605, 2008
Zhou et al., Nature 414, 43, 2001



Open probability depends on K*

no Kt 50 mM KTt
Selectivity filter TM2 gate Selectivity filter TM2 gate
pH 7
€
o
L
&
5
pH 4 T75 185 75 185
72 68 64 60 40 38 36 72 68 64 60 40 38 36
w, - *C (ppm) w, - *C (ppm)

open-inactivated closed-conductive

» Open probability at pH 4 depends on K* concentration

* In presence of K+, the conformation with closed TM gate and
conductive selectivity filter dominates even at pH 4!



Selectivity filter and gate are coupled

Porphyrin Kaliotoxin

oH7 19
no Kt
— 23 .
g— E118/120 g‘
= ' o
U 40 38 36 Y
;_ 19 ;_ 172 V76 289
174 130 @-'57 30
pH 4 231 ‘ ) ( pH4 23
no k* 175 T85 |35 nokt a5 74 TS T a0
72 68 64 60 40 38 36 72 68 64 60 40 38 36
w, - *C (ppm)

w, - *C (ppm)
open-inactivated closed-conductive

 Kaliotoxin binding enforces conductive selectivity filter even without K*
« Conductive selectivity filter keeps TM2 gate closed even at pH 4

= selectivity filter and TM2 gate are coupled!

Lange et al., Nature 440, 959, 2006
Ader, Schneider et al., EMBO J. 28, 2825, 2009



Applications |I:
The influenza M2 proton channel



The influenza M2 proton channel

a b
SRR T
Vestibul LA .
esti ue{ } Ser 22, Ser 23 ‘/E‘C‘ﬁ‘ 5}({1‘ Val 27
Val 27 L A G SR
C(?:\t/:g! élla; gg, Ser 31 y\ :' Q’» \ , \ Amantadine
Proton His 37 d /6{ .
gating Trp 41 ' . A His 37
5 6. @ Jy—— pH-activated proton channel, involved in
5 - \‘) } acidification and uncoating of virus particle as
2 L | well as viral assembly
o <
5 (’ () ~30A « Tetramer of four single transmembrane helices
& ( 0‘3 s « Targeted by adamantane-based antiviral drugs
.F[T/P (N ) X——/" ) . .
(ﬁ L ,; « Crystal structure: one drug molecule binds in
, channel lumen
7 ) :
‘Q> 2 J « Solution NMR structure: four drug molecules
| : $ bind from the membrane
| C-terminal base — ?21?

Stouffer et al., Nature 451, 596, 2008
Schnell & Chou, Nature 451, 591, 2008



Dilemma resolved by solid-state NMR

a 1 Amt : 1 channel b 4 Amt : 1 channel SOIid-State NMR on M2 in Ilpld

D44C
D44Ca: 132Ce. | Lipid Cy

10.1 ms
[}

1 1 1 1 1 1 1
70 65 60 55 50 45 70 65 60 55 50 45
13C (p.p.m.) 13C (p.p.m.)

Cady et al., Nature 463, 689, 2010

bilayers:

channel selectively 13C-
labeled, amantadine
deuterated

Recouple 2H-13C interaction

at low drug:protein ratio,
find drug in channel lumen;
when drug in excess, find it
also on the membrane side!

Structure calculation based
on ssNMR restraints:

helix bundle tighter in the
C-terminal region - crucial
His residues not protonated
as in low-pH crystal
structure!



Applications llI:
Amyloid fibrils, supramolecular assemblies



The HET-s prion

pB2a

Functional fungal prion involved in self/
nonself recognition

« Structure resolved by solid-state NMR as
B-helical solenoid

* First structure of an amyloid fibril (apart
from fibrils formed by short peptides)!

* Dry core formed by hydrophobic residues;
stabilization by salt bridges and H bond
ladders

Wasmer et al., Science 319, 1523, 2008



Amyloid-p and a-synuclein

* Amyloid fibrils formed by two
proteins involved in two important
neurodegenerative diseases
(Alzheimer’s, Parkinson’s) have
been resolved by ssNMR

* Fibril polymorphism was a major
problem in those studies!

Fibril axis

Greek key

Walti et al., PNAS 113, E4976, 2016
Tuttle et al., Nat Struct Mol Biol 23, 409, 2016



The Salmonella type-lll secretion system

Hollow needle formed from 80

AA Prgl protein, used for

injection of effector proteins into

host cells

\ :b
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Combination of solid-state NMR

data with mass-per-length
measurements by STEM and

Rosetta modeling allowed for
calculation of a 3D structure

i
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Loquet et al., Nature
486, 276, 2012



Merci!



