Nekuuns 4+5

IOpyrue metoabl nccnepoBaHus
CTPYKTYpPbI 6ernkoB (SAXS/SANS, Cryo-EM,
Cryo-electrotomography, NMR, native-MS,
crosslinking MS, HDX-MS). UHTerpanbHbIN
nogoxoa u mogernvpoBaHue d0ernkoB No
romonorum (iTasser). Npumepsi.

CniyyaHko H.
H.



Small-angle X-ray scattering (SAXS)
+

Small-angle neutron scattering
(SANS)
1

Small-angle scattering (SAS)



SAXS popularity

Number of hits in google scholar
10000

9000
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7000
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1000 .
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B “small angle x-ray scattering”

BN “‘small angle x-ray scattering” and “protein”

Blanchet C. (c)



OcHoBbI SAS

Elastic scattering
(a) Collimated X-ray beam Sample Wave interference ~1 photon
|| 5% in 10°
_I—T>- X-ray deteclor i cident
photons
= "= (©)

X-ray
Crystallography




OcHoBbI SAS

Manoyrnosou 3KCNepUMeHT

s = 4nsind /A

s and ¢ are just alternative
. 2 T . designations of the
d — ~10-20 A scattering vector,
S usually from 0 to 0.5 A!



Contrast and careful buffer subtraction

1.5 mg/ml a1 mg/ml

77 mg/ml ‘

Buffer Sample

SAXS is a contrast method where the scattering
signal is derived from the difference in the average
electron density, pr(r), of the protein molecules of

interest, p(r), and the bulk solvent ps (buffer)
Ap (r)= p(r)-ps

el. A3
p=043
0, =0.335

Measured in the
same cell,
buffer exactly
matches

Difference in the
scattering density
(contrast):

ol |

solvent




Sample and buffer

Log I(s)

Processed final curve !

Kikhney A (c)



OcobeHHOCTH

Makpomorekyrnbl cBOOOAHO BpaLLAOTCsl, HE OPUEHTUPOBAHbLI CTPOro
npuv nagaroLem nyyke X-ray
MoxxeT O6bITb HECKONMbKO KOHhopMaLuun 0gHOBPEMEHHO

B pesynsrate Habnogaemoe paccesiHue aTo chepuyeckoe
ycpeaHeHue (M30TPOMHOE) N yCcpeaHeHMe No BpeMeHU

TepsaeTtcsa 3D nHdopmauums

[laHHble npu pagmnanbHOM ycpeaHeHun aatoT 1D KpuByto
pacnpegeneHus I(q) ¢ HebonbLWMM YMCIOM NapamMeTPOB

[laHHble — 1D
Log "S)‘MIQ/I Bad...
S Scatering 1 Nk’\
B9 Ay v
{ & = [ 0l
. . ™ WK -
Detector
X-Ray Collimation ‘ Beam + s, '
Source System Sample Stop  Software



Information directly obtainable from the data

Radius of gyration (Guinier)

\

Molecular weight (forward

/em :

p(r). relative

In I( s) vs s?

g

scattering)

Distance distribution
function

Lgi(s). relave ~ Solid sphere .
0
1
2
3
a

e

O ™ 100M

Flexibility (Kratky)

I"s*2
“li(s)s?2vs s
y
40 ‘l" \dtw
w\" "
) ’Mw\ﬁ

oY
~ ’ﬂ,y. \
20 R w ;/”"""

L e T Mutidoman weh
' Mbﬁ.mm

3 sam'

—
|

Volume (Porod Invariant)

bead models




Fitting software

« SAXSFit
— Ideal for beginners

— Hard spheres, interactions according to local monodisperse approximation
(Pedersen 1994), 1 or 2 populations

— http://www.irl.cri.nz/SAXSfiles
« lIrena
— Based on Igor (demo version available, 30 days)

— Wide-ranging functionality - Various models available: Unified fit (Beaucage:
Guinier + Porod), hard sphere models with various form factors and
structure factors, multiple populations

http://usaxs.xor.aps.anl.gov/staff/ilavsky/irena.htmi

" ATSAS https://www.embl-hamburg.de/bio

— Biological molecules
— http://www.embl-hamburg.de/biosaxs/software.html saxs/software.html

« FISH

— SANS (including ToF)

— http://www.small-angle.ac.uk/small-angle/Software/FISH.html
« SASFit

— SANS

— http://kur.web.psi.ch/sans1/SANSSoft/sasfit.html




dopma KpBoU SAXS CUNTIbHO 3aBUCUT
OoT pa3mepa n dopmbl YacTUL

Lg I(s), relative Solid sphere
Hollow sphere
0 g Dumbbell
.\'\“
el \ Long rod
oo
\
-3 - > ‘ :‘
4 “0 { ,
-
IR f
-5 ‘ | “
[ ‘
( E ) P cl u .
0.0 0.1 0.2 03 04 0.5

Denax = 10 nM s, nm™



What does the curve already tell us about the
size of the particles? What is the resolution?

logl

1.8 lysozyme

apoferritin

d =27




Pairwise distance distribution function p(r)

FFT

sin(s7) ? sin(sr)

dr p(r)=—
S 4 ) 27

I(s)=47 | ™ p(r) [7s105) ds

Sr

sin(21s-d)
2mws-d

In isotropic systems, each distance d = rijcontributes a
sin(x)/x —like term to the intensity.

Large distances correspond to high frequencies and only
contribute at low angles (i.e. at low resolution, where
d= 50 particle shape is seen)

Short distances correspond to low frequencies and
a0- d = 200 contribute over a large angular range. Clearly at high
angles their contribution dominates the scattering pattern.

0.1 0.2 03 04 05 s (nm™)

Blanchet C. (c)



Pairwise distance distribution function p(r)

FFT
; 2 ”
Dy sin(sr r° [« ,. . sin(sr)
I(s)= 47zj p(r) ( )dr p(r)=— I s“1(s) ds
0 S 4 ] 2m ™0 Sr
b. /I(()):;\'(Aplr')"‘
10 .'/"'\.'.
Reciprocal Real space
space i ; (probable)
intensity o distance
frequencies
0.0 r4(nm) 6 8'
Dmax

Blanchet C. (c) maximum intra-particle distance



Pair distribution function

p(r), relative

Diax =10 nm 0

Fourier transform of data.




| SAXS pattern

TPental

§ exper

.

\

LW

dummy atom

L

.

i 5\

' .9.0“ -
A

10N

hape reconstruct

Initio s

Ab

calculated from model

nm

DAMMIF program

https://www.embl-hamburg.de/biosaxs/damm

if.html

Kikhney A (c)



Ab intio envelopes

1). alr0221 protein from Nostoc (18.6 kDa) 2). C-terminal domain of a chitobiase (17.9 kDa)

3). Leucine-rich repeat-containing

protein LeglL7 (39 kDa) 4). E. Coli. Cystine desulfurase

activator complex (170 kDa)



Overlaid with subsequent X-ray structures

1). alr0221 protein from Nostoc (18.6 kDa) 2). C-terminal domain of a chitobiase (17.9 kDa)

3). Leucine-rich repeat-containing

protein LeglL7 (39 kDa) 4). E. Coli. Cystine desulfurase

activator complex (170 kDa)



And data on what was missing ...

12 missing residues
in X-ray structure

2). C-terminal domain of a chitobiase (17.9 kDa)

53 missing residues
in X-ray structure

3). Leucine-rich repeat-containing
protein LeglL7 (39 kDa)

4). E. Coli. Cystine desulfurase
activator complex (170 kDa)



Analysis of SAXS curves

. Shape Surface
s
&
Rl
‘.
Guinier Fourier Porod
‘ log(q)
Linear # monodisperse
(also for mixed systems) )
Itotal =x111 +x2I2 +'xnln ) i .
X, — molar fraction of component n
|, — scattering intensity of component n = 2

& @ & —&
@ 18 1
% @@ &—&

Ideal solution of particles Repulsive particle interactions Attractive particle interactions



Guinier plot and Rg

1.88 [

 Guinier Law

ln[l((/)] = —+ 111 1

R, - radius of gyration
I(0) — forward scattering

In (1)
:

« PlotIn/vs. g2
— g-min < q <1.3R,'
— Slope a R,

Points 9 to 18 fidel = 0.35
sRg limits: 0.700 to 1.28
Rg=47.4+0614

b l, =6.047 £+ 563 e2

Umin A. Guinier

— Check for linearity

$)
R? = Z(Rl B RO)
& N
Average of square center-of-mass distances in
the molecule

Measure of the overall size of the molecule

0.2 a.48 0.68 6.80



Kratky plot and flexibility

» |dentification of unfolded samples

* Globular proteins have bell-shaped curves (parabola)

1-0 1
Unfolded

Partially unfolded

.’ L V’u-_.if'@, e e Folded
00 : — LA RER .
q (A7)




If X-ray structures are available...

Atomistic modeling:

* Validation of the crystal structure
against solution situation

* Rigid-body fitting

* Missing fragments (loops)

* Conformational transitions

Theoretical SAXS profile can be calculated
by CRYSOL program, necessary for fitting

— sasref




Validation of the
crystal structure in
solution situation

1.75A

Figure 3. Atomic structure of PPEP-2. Atomic structure of chain Ais in car-
toon representation. Definition of the domains is the same as for PPEP-1:
N-terminal domain (NTD), blue; active site (helix ad), yellow; C-terminal
domain (CTD), green. Zinc-coordinating residues and residues involved in
catalysis are shown as sticks. Zincion is shown as a sphere. For more details on
the crystal unit, see Table 1 and the supporting information.

J. Biol. Chem. (2018) 293(28) 1115411165

A

logl

PPEP-1
PPEP-2

RSy ‘,@\Q»\« g,
e R

G

T T T T

01 02 03 04 05
s, A"’

logl

PPEP-2 data
fit from chain B




Comparison of the crystal structures
and ab initio envelopes




Conformational change

« data for AmaxFRP
- fit from the model :

0.014

1E-3 4

Intensity, a.u.

1E-4 -

0.1 02 03

BBA - Bioenergetics 1859 (2018) 382-393



Conformational change

data for SynFRP FRP dimer

—— cryst. SynFRP, . dimer i
—— SASREF model -%&' GASBOR model

,

v?=1.39

BBA - Bioenergetics 1859 (2018) 382-393



SEC-SAXS for contaminated samples

‘Scatte ng
Refractrve

Index l*

+

Pixel
Detector

: Flow Cell

mixture 3 92

=32
VAN Aaa Rg
Zas
84
38 00 01 02
2 2
o monomer L
= 590
=3 8.8 =28
22 =86 Re
44
g2
00 01 02 03
2

00 05 1.0 15 20 25

s, nm"!

M. Graewert (c)

>
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Abs/RI/RALS, a,u.

5

=
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Elution volume, ml

8

C « STARD1 data
fitting curve
34 = =rigid sphere
=
@
"
E0)

e data
B model |
) T =11
=
EB ©
D (5
g S1qw
S '
o
5
0.001 0.002 0,003 _0.004 0.005
0 4 S A* &,
15 -1.0 05
Log$S, 1/A
cholesterol-
binding cavity
D  helixa4

model |

Biochemical and Biophysical Research Communications 489 (2017) 445—450



SASBDB
https://www.sasbdb.org/aboutSASBDB/

Sign in | Register

SASB)B =
Advanced search E.g. SASDBF4, Lyz, Nucleic Acids Res

Small Angle Scattering Biological DataBank ~  OUIEEEESEERD B8 DLESSL AL

Small Angle Scattering Biological Data Bank (SASBDB)

Thanks to recent advances in instrumentation and computational methods, the amount of experimental SAS data and subsequent publications is increasing dramatically. The urgent
need for a global repository that would allow investigators to locate and access experimental scattering data and derived models was stressed by the wwPDB small angle scattering
task force (SASH)".

The Small Angle Scattering Biological Data Bank (SASBDB)Z was developed in accordance with the plans of the SASH, which foresee a development of a federated system of
interconnected databases for SAXS/SANS. SASBDB is a curated repository of freely accessible and fully searchable SAS experimental data, which are deposited together with the
relevant experimental conditions, sample details, instrument characteristic and derived models. The quality of deposited experimental data and the accuracy of models obhtained from
SAS and complementary techniques is assessed by the site developers. Following the SASti recommendations. SASBDE consenis to import and export data using sasCIF, an
extension of core Crystallographic Information File for SAS?.

Most of the entries are published data and models from the studies where SAS was employed for the structural analysis of macromolecular solutions. There are also "benchmark”
experimental data availahle from a set of well-characterized commercially available proteins. The SAXS data were collected with on-line purification, which ensures sample
monodispersity. The high resolution structures of the henchmark set are available, and these data can be used for e g. to test computational approaches for tutorials eic.

The data and models deposited in SASBDB are manually curated. Please sign in with your SASBDE online account if you wish to deposit your SAS data to SASEDB.

The data and models deposited in SASBDB are free of all copyright restrictions and made fully and freely available for both non-commercial and commercial use. Users of the data
should attribute the original authors.



Tpe3BbiU B3rnag Ha SAXS

[laeT xopoLlyo MHdopMaLnto 0 rmapoanHaMnU4eCcKnXx
CBOMCTBaXx 4YacTuL, (CTPYKTYPHbIX CBOUCTBaX) B pacTBope

XopoL Anst TECTMPOBaHUA MMNOTE3 O CTPYKTYpe, dopme,
KOMMJeKce n T.M.

BcnomorarternbHbIN METOA CTPYKTYPHOM Bronornm

Heobxoanmo cBepsATbCA C Kak MOXXHO DOnbLUINM
KONMMMYECTBOM 3KCMEepPMMeEHTarbHbIX JaHHbIX
(CTexnomeTpusa, onnMromepHoe CoCTosHME, pa3Mepbil,
Macca, paanyc, NpoCTPaHCTBEHHbIE OrPaHNYEeHUs,
3HaHUA 00 nHTepdencax, Tononornm cyobeamHnL, 1 T.n.)

B oanHOuYKy SAXS He CTOMUT Ucnonb3oBaTh AN
CTPYKTYpHOW bronorum (ambiguity)



SANS

Difference in the scattering density (contrast)
0
Neutron source (rare) | o Soe. Wy
Non-ionizing radiation _ M [ Ap
Coherent scattering (=elastic) o
Incoherent scattering (*H affects) = . . s'c:)zlvenit:
Contrast is very differentin H,0 and D,O ‘ o
SAXS and SANS are complementary!

Features:

Contrast variation by increasing D,O content:

v w v ki

Study of conformational changes of selected proteins within
the complexes !!!




Samples for SAXS and SANS

» Protein concentration: 0.1-10 mg/ml

» Volume: 5-50 microliter (SAXS), 200-300
microliter (SANS)

« Time:
* |lab source: 5-60 min

« Synchrotron: seconds
* Neutrons: 30 minutes - hours



[HE REVOLUTION WILLNOT BE
CRYSTALLIZED

bast , det he bowels of el-clad build
MOVE OVER X-RAY CRYSTALLOGRAPHY. I e e
A hulklmg metal box, some three metres tall, is quietly l?t—arnmg
CRYD-ELECTRON MICROSCOPY IS I i v et s avencto
clec copes: 2 device that uses clectron be: h h
KICKING UP A STORM IN STRUCTURAL  frocenbicloieal molecles an aybe thie mleculr shapes The
microscope is so sensitive that a shout can ruin an experiment, says

BIOLOGY BY REVEALING THEHIDDEN Jriemiimemismisirit iiiionsioons
£5-million (US$7.7-million) e of equi “The UK need: y &
MACHINERY OF THE CELL.  morof tese becacse three oingto beaboom hepredics.
In labs around the world, cryo-electron microscopes such as this =
one are sending tremors through the field of structural biology. In the

IETZIIXIMONTN st thrce years, they have revealed exquisite details of protein-making

ribosomes, quivering membrane proteins and other key cell molecules,

Jacques Dubochet ' Joachim Frank Richard Henderson T ——

https://www.nature.com/news/the-revolution-will-not-be-crystallized-a-new-method-swe
eps-through-structural-biology-1.18335




Resolution revolution

PaspeweHue
B HaLUW OHKN

Paspewenue
no 2013 ropa

* NOsIBNEHWe NPAMbIX A4ETEKTOPOB
- BHSEIRNE®@ dTa onsa 06paboTkm orpoMHOro KonuyecTsa

- EBBEMIYSHCcTBOBaHME MUKPOCKONOB, aganTaums K
KDVIOVCIOBUSM
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The recipe includes

Sample preparation

Model building and refinement

After protein purification, these samples will be treated with cryo-fixation. In this
method, protein samples are placed on a specially treated EM grid consisting of tiny
holes in a film supported by a metal frame. The grid is then plunged into liquid ethane
to flash-freeze it, resulting in the protein samples being embedded in a thin layer of
vitreous ice. Once the frozen-hydrated grid is prepared, it is placed in the electron
microscope and kept at approximately -180 K throughout the experiment.

https://www.voutube.com/watch?v=BJKkCOW-6Qk

Data collection; . & “ Q .

Initial 3D model calculation; Unstained. in vitreous ice
o Beam-induced motion correction;

Micrograph screening;

e Automatic particle picking and normalization;

¢ 2D, 3D classification and refinement.

Using our high-performance computers and software packages, we are able to
interpret EM maps and reconstruct them into three-dimensional structural models that
satisfy principles of physics and stereochemistry. (Our scientists are also very
experienced with challenging targets such as membrane proteins by manual
intervention to improve the initial fit or even build de novo models.) After an initial
model is built, refinement is performed to maximize the agreement between the model
and experimentally observed data by adjusting atomic coordinates, B factors, and
other parameters.



The process of Cryo-EM single particle
analysis technique

protein purification

R

aligned and averaged defocus determination particle alignment and final structure
frames and CTF correction classification

by cross-correlation

subframe collection



Molecular
orientations of
virus

Features, 2D->3D

2-D projections
(the observed image;
includes noise &

webc * Biological samples — low doses

and dehydration (high vacuum)

* Freezing allows to avoid these, but
the images have a very low
contrast

e Each picture - 2D projection of a
3D object

* Multiple 2D projections can be
used to reconstruct the 3D object

Calculated Fourier
Transforms

2-D transforms are
central sections of
the 3-D Fourier transform
of the structure

Reverse Fourier
transform gives 3-D
density map for virus

http://www.ejectamenta.com/Imaging-Experi
ments/fourierimagefiltering.html

DOl:
10.1142/9781848164666 0001




Contrast transfer function and defocus

At perfect focus, biological specimens produce little contrast in vitreous ice.

To produce phase contrast, pictures are taken underfocus, at the expense of systematic
alteration of the image data (not all waves are well transferred -> CTF)

Each picture is undergoing FT to see Thon rings (~resolution rings in Xtallography) —
contrast transfer function (CTF)

Some waves are lost but can be CTF-corrected upon changing defocus (d below)

YYY electron beam

4:17 specimen
| \ / "~

lens system

f
i ? diffraction pattern
)/

{= under-focus image

——— ,,--‘ii:.

in-focus image

ourier spectrum
of the image



Contrast transfer function and defocus

» At perfect focus, biological specimens produce little contrast in vitreous ice.

* To produce phase contrast, pictures are taken underfocus, at the expense of systematic
alteration of the image data (not all waves are well transferred -> CTF)

* Each picture is undergoing FT to see Thon rings (~resolution rings in Xtallography) —

contrast transfer function (CTF)

 Some waves are lost but can be CTF-corrected upon changing defocus (d below)

electron beam

A .
~ 111 ~— specimen

d is varied

’ : ! - under-focus image
dT P,
1 : in-focus image




Contrast transfer function and defocus

L

3.0 stnchuee 2-D prosachon 2-0 projection 2.0 projection 2-0 projacton
(mo CTF) [CTF @ Tpm odafocus)  (CTF @ Zpmdelocus)  (CTF €2 4pm g6f00us)

*

.

¢ .0 um defocus
2.0 um defocus
4.0 um defocus

Information

" Spatial frequency

DOI: 10.1142/9781848164666_0001




Single particle cryoEM requires
tons of images

* Particle orientations are classified by
cross-correlation

* Each class should be represented by
thousands of images

* Also, at different defocus values
* Some images are discarded



Signal and noise

50S ribosome projection

Improving S/N by

Chromatogram S/N=1:1(0dB o ]
S<R 1 ) repetition and averaging
/N Ratio=
Chromatographic Peak S{Peak Height ) / N(Noise in RMS)
S=Peak Height SNRN - VN SNR

N=Noise 4 measurements = 2 *S/N
Accurate alignment and the target

model are important

Time



Einstein from noise

An image of Einstein appears from averaged 1000 images of pure white noise by using a
normalized cross-correlation function and the photo as a model.

doi: 10.1016/j.jsb.2008.12.008



Oby4yeHmne KpnodM

* https://ru.coursera.org/learn/cryo-em
* https://em-learning.com

Q@ http://www.jensenlab.caltech.edu/

Grant J. Jensen

Professor of Biophysics and Biology; Investigator, Howard Hughes
Medical Institute

Caltech

Prof. Yifan Cheng
https://www.youtube.com/watch?v=Bk5IBvwSe-s




— Three-Dimensional Structure of

3055 stacks of images

; : Cytochrome c Nitrite Reductase

Global and local drift

correction (Motioncor2, GPU) A S D e'l'e rm i n ed by C ryo - E I eclllro n

3055 images

2. CTF estimation (Gctf, GPU); M i C ro S CO py

data sorting

2851 images
. T. N. Baymukhametov', Y. M. Chesnokov', E. B. Pichkur', K. M. Boyko'?, T. V. Tikhonova?,
‘|| _ Template generation | Particle picking il A.G. Myasnikov**®, A. L. Vasiliev'®, A. V. Lipkin', V. O. Popov'?, M. V. Kovalchuk'*
{(Gautomatch+ Relion, GPU) ! (Gautomatch, GPU) :

435 558 particles

‘ourier spectrum

4 of the image
i 2D classification
44 (Relion, GPU)
AN itial model ti
nitial model generation :
(EMAN2.1) 171 130 particles
5. Density map refinement
without symmetry and mask | - > 2.9A
(Relion, GPU)

171 130 particles

6. Density map refinement with
symmetry and mask [ - > 2.65A
(Relion, GPU)

171 130 particles

7.| 3D classification and exami-
nation of possible structural
heterogeneity (Relion, GPU)
[39058; 25212; 33891; 22196;
22324; 28449] particles
8.[  Density map refinement for
each class (Relion, GPU) | e > 2.56 A
Local resolution analysis (ResMap

Final map 2.56 A

Refinement of atomic model
(REFMACS)




Cryo-electrotomography (Cryo-ET)




Cryo-electrotomography (Cryo-ET)

Borrelia flagellar motor Salmonella injectisome

FliM
- PN lnvA

https://doi.org/10.1371/journal.pbio.3000050



NMR - nuclear magnetic resonance

Sample preparation Data acquisition Spectral processing Structural analysis

https://www.youtube.com/watch?v=0s7CbI8bZLM
https://www.youtube.com/watch?v=eYONYEOSQJE &3

NMR made super easy:




The output of the (successful)
multidimensional NMR experiment

A set of structural models that satisfy the experimental constraints but also
obey the chemistry rules



NMR

Spin up
Or
Spin down

'
A

\J

©. o
9 o
o

No external magnetic field Apply external magnetic field B,

* Only nuclei with non-zero spin quantum number are “magnets”

* Commonly used spins are spin /2 nuclei: 'H, 13C, 15N, 3IP etc.

https://www.youtube.com/watch?v=PmYwYUQw-Rw




Properties of some nuclei

Nucleus / y (rad . T! . s) Natural abundance (%)
'H = 2.6752 x 108 99.98
'H 1 4.107 x 107 0.02
e = 3 6.728 x 10’ 1.11
N I 1.934 x 10’ 99.64
SN =) } —2.712 x 107 0.36
MO 3 -3.628 x 10’ 0.04
i 3 = 4 2.5181 x 108 100.00
“Na 3 7.080 x 10’ 100.00
Hp = } 1.0841 x 10° 100.00

Cd = 5.934 x 107 12.26

% The angular momentum quantum number, /. and the gyromagnetic ratio, y, and natural
isotopic abundance for nuclei of particular importance in biological NMR spectroscopy
are shown.

Bonvin A (c)



NMR sample

* Isotope labeling
—I5N.13C, 2H
— selective labeling (e.g. only methyl groups)
— recombinant expression in E.coli

* Sample
— pure, stable and high concentration
* 500 ulL of 0.5 mM solution -> ~ 5 mg per sample
— preferably low salt, low pH

— no additives

Bonvin A (c)




Nuclear spin

quantum number 1 =%
magnetic field strength

; /

. AE=yhBy

.| bo -

gyromagnetic ratio (different for each type of nucleus)

V. = 7/3% YacToTa
0 272. npeueccuu

(JTapmopoBa
YyacToTa)

-2
/2

Bonvin A (c)



Vo (MI'y)

Energy between a (+1/2) and 8 (-1/2) levels
1
H

Lo yBy —

0 275 /
/r 1H 100 Mry

<3E 100 200 270 360 500 =(C 25.1504 Mry
\L 15N 10.1398 MIy

170 13.5613 MIy

31p 40.5178 MIy

| | L I | 1
141 234 4.73 6.35 8.46 14.75

Bo(Tecna)




Nuclear spin & radiowaves

*NMR a non invasive technique

* Low energy radiowaves

* Transitions between levels are possible

wavelength: Inm Iium Imm
i i i
frequency: - :
| | | | | | | | |
1018 1018 1012
energy
y-rays| X-rays| UV IR FIR | microwaves | radiowaves

Bonvin A (c)



NMR, a spectroscopy technique

/\
A ,,// \
O il |
- L= 7
/
Relative / \ Energy of Applied
Energy O-t\\ ~ Electromagnetic
G Radiation
~ Iz == 13
o 2
|
v \\”
Resonance
Absorbed
Energy

— |ncreasing Frequency ——p»

In a magnetic field magnetic nuclei will resonate with a specific frequency



Pulse

eRadio frequency pulses

® Turn on an amplifier for a certain amount of time &
certain amount of power (B, field)

-

only rotation

around B, is
observed

rotating frame: observe with frequency v,

Bonvin A (c)



Magnetization (M) gets back to the B -oriented
position after being affected by external field

B Exponential decay

Free induction decay (FID)
=cnapg csoboaHoun
NHOYKUNU

S 22g) \\/AVW

Relaxation




Chemical shift due to the local environment
changing frequency of the nuclei

shielding constant

Expressed as part per million (ppm) by comparison to
the reference frequency:

5= 10 V= Vpef

(may also be presented in Hz) O
ref



The loca

| electronic environment of the

nucleus may change the frequency:

Relative
Energy

Absorbed
Energy

shielding effect

deshielding
A &= shielding_—" \ﬁ

g

_Esal \ Energy of Applied
1 ~ Electromagnetic

— [" Radiation

. resonances

— [ncreasing Frequency ——p»




Pulse method to deliver a set of v and then do

. Good old Fourier!

A A

S WAWAWAWA :

70 \ FT & 0
_M_M-I-’-I_» T r LTI Tr ey
0| 25 50 75 100 125 150 175 200 time (ms) of 5 10 1520 25 30 35 40 freq (s)

Time -

CH,CH,OH
CH.CIL,OI
FT CH,;CH,0H
; —
—_— i
| — il
3 2 1 3



1D *H-spectrum of ethanol

CH,
CH,—CH_—OH

Several peaks
due to spin-spin
interaction

(CH,),Si

CH,

> & (ppm)
Chemical shift



2D spectra

1 2 3 4 5
SRl HOOC~CH—CHy~CH,~COOH

NHp CHy(3) » Series of pulses to cause transitions
Lt - .0 * 2D Fourier transformation
CHy03) @ @
- 2,40
CH,(4) @ @ o

- 2.80

- 2.20

Proximal functional
groups affect the

340 magnetization of a
320 particular nucleus in
100 the structure

- 3.60

CH(2) —===x 8 S | 380

L 4.00

380 360 340 320 300 280 260 240 220 &



CnekTp *N-'H HSQC apo-CTDH (0.5 mM),
rnpuv 800 MHz n 35°C. OTHecCeHbI
CUrHarbl aMMAHbIX rpynn 6enkoBow
uenu.

105+

110

3(15N), ppm
=

-

N

o
n

1251 "

130+

10

ApoCTDH
6FEJ.pdb

http://pdbflex.org/index.html
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HanoxeHue cnekTpoB *N-'H HSQC
apo-CTDH (KpacHble) u
CTDH-Canthaxanthin (CuHue)

K14
Al17
L31
P36
G56
G59
L67
G97
V108
F112
H122

11 10 9 8 7

Canthaxanthin



Resolution of the peaks is increased upon
increasing dimensionality

2D 3D




Structural models of small proteins

* Magnetic dipole interaction (NOE) dipole-dipole interaction

- Nuclear Overhauser Effect ﬁ{

- through space ]

- distance dependent (1/ré6) S> T (« ﬁ{
-~ NOESY -> distance restraints Qf

* Distances between neighboring atoms
* Angles @ and @ of the polypeptide chain

2MOU.pdb
STARDG6
20 structures




NMR tackles both structured proteins and IDPs
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NMR tackles both structured proteins and IDPs
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i-Tasser. Protein structure prediction

7 fél ) i &! ) UNIVERSITY OF MICHIGAN

Home Research Services Publications People Teaching Job Opening Facilities News Forum Lab Only

Online Services

b
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I-TASSER K3, '- ASSER
e | Vg
BUPRIC | Protein Structure & Function Predictions.
LOMETS (The server completed predictions for 464695 proteins submitted by 110805 users from 144 countries)
COACH (The template library was updated on 2019/05/03)
COFACTOR |-TASSER (Iterative Threading ASSEmbly Refinement) is a hierarchical approach to protein structure and function prediction. It first identifies structural templates from the PDB by multiple threading approach LOMETS, with full-length atomic models constructed by
MetaGO iterative template-based fragment assembly simulations. Function insights of the target are then derived by threading the 3D models through protein function database BioLiP. I-TASSER (as 'Zhang-Server') was ranked as the No 1 server for protein structure
MUSTER prediction in recent community-wide CASP7, CASP8. CASPS, CASP10, CASP11, CASP12, and CASP13 experiments. It was also ranked as the best for function prediction in CASPS. The server is in active development with the goal to provide the most accurate
.~ structural and function predictions using state-of-the-art algorithms. Please report problems and questions at I-TASSER message board and our developers will study and answer the questions accordingly. (>> More about the server ...)
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FG-MD Queue] [Forum] [Download] [Search] [Registration] [Statistics] [Remove] [Potential] [Decoys] [News] [Annotation] [About] [FAQ]
[LMOdBEMnENN 1 TASSER Online Server (View an example of I-TASSER output):
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Comparison of different structural techniques

T N

X-ray
crystallography

Solution NMR

Single particle
Cryo-EM

SAXS

High resolution,
Well-developed,
Any size,

Now accessible,
Software available

High reso,

3D structure in solution
(native state?),

Good for dynamic studies,
Non-crystallizable proteins,
IDPs

Easy sample preparation,
small sample consumption,
structure in the frozen
native state,

different conformations

In solution, moderate
sample consumption,
complexes and
conformational
heterogeneity, IDPs

Crystallization is a
challenge,

diffraction is not
promised,

static crystalline state
structure

Highest purity of the
sample, isotope labeling,
rather small proteins,
interpretation of data is
very challenging

Relatively low resolution,
only high Mw samples,
highly dependent on EM
facilities and operators,
costly equipment, not
readily accessible

Low resolution,
complementary structural
method only, high
ambiguity of the models
requires additional data

Crystallizable samples,
high purity and
concentration achievable,
almost any size

Mw <40-50 kDa, water
soluble, soluble at high
concentration, must be
very stable (days-weeks!).
Isotopes 15N, 13C and 2H

Proteins and their
complexes >150 kDa

Protein samples and their
complexes of almost any
size (not aggregated).
Purity and
monodispersity
determine the quality of
the data

high

high

Low-Moderat

e-High

Low



Integrated approaches in
structural biology

X-ray crystallography
SAXS

NMR

CryoEM

Auxillary techniques: fluorescence resonanse energy
transfer (FRET), limited proteolysis, native-MS,
crosslinking, HDX, molecular dynamics and
computational biology



Native-MS

Disruption of non-covalent V\ K/\

Standard MS

interactions
Tetramer ABCD . P.rc'>tein subunits unfold giviqg only the
individual mass of each subunit or cofactor
Native MS
Non-covalent
interactions
Tetramer ABCD FEENT I

T N
v

m-mmy 10
. Actual complex

architecture

Complex . v Collisional
Subunit stoichiomet
ongraphy b Cafgetonaonient cross section

https://doi.org/10.3389/fmicb.2018.01397




Native-MS

https://doi.org/10.1007/s13361-018-2061-4 https://www.pnas.org/content/116/4/1116
https://www.nature.com/articles/nmeth.1265 DOI: 10.1007/978-1-4939-7151-0_11

(a) nESI source

nESI needle A
) :®++ . ”\“\n highly charged complexes
(b)  LILBID source |aser
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el m > u\n

no additional charges
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Hydrogen/deuterium exchange mass-spectrometry

https://doi.org/10.1016/j.sbi.2019.06.007 https://onlinelibrary.wiley.com/doi/abs/10.1002/pro.3790
0°C, H*
H» D EXCHANGE QUENCH REACTION } E g
D,O INCUBATION PROTEOLYSIS
PROTEIN TARGET ' LC-MS
amlde protons '
100% : - H»D
S| awt MULT 2
EE | | ULTIPLE &
Eg 40% = " |
—o | 20% b TIME POINTS |
Eg 0% - - m/z
ﬂg 10 100 1000 10000 100000
- DEUTERIUM incorporation
LOG (TIME) s measured by MS
SEQUENCE EXCHANGE TIME DEUTERATION LEVEL
30 sec
100 sec <10%
' ; 5 = . :
1000 sec >20%
- 3000 sec ‘ >30%
10000 sec i >40%
30000 sec >50%
100000 sec >60%

>70%
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>90%

Blue > Slow Exchange B ngld Regnon

Figure 1 - HDX-MS method overview. Yoshitomo Hamuro ©



nature ARTICLES

molecular biology https://doi.org/10.1038/541594-019-0332-9

The structure and oxidation of the eye lens
chaperone axA-crystallin

Christoph J. O. Kaiser @7, Carsten Peters @7, Philipp W. N. Schmid', Maria Stavropoulou'?,
Juan Zou3, Vinay Dahiya', Evgeny V. Mymrikov©'¢, Beate Rockel’, Sam Asami®'2, Martin Haslbeck’,
Juri Rappsilber©34, Bernd Reif ©'2, Martin Zacharias®, Johannes Buchner @™ and Sevil Weinkauf®"™

Pseudoatomic models built by a combination of:
e Single particle Cryo-EM

* Crosslinking MS

e HDX MS

* Modelling



Cryo-EM micrograph of human alphaA-crystallin




Cryo-EM 3D reconstructions of human
aA-crystallin (reduced) oligomers

Table 1] Cryo-EM data collection and validation statistics for
2 3 9 k D d aA-crystallin oligomer reconstructions

12-mer (D3)  16-mer (D4) 20-mer (D5)
(EMD-4895) (EMD-4894, (EMD-

] N
[ PDB 6T1R) 4896)

Data collection and processing

?"‘9-”(;

Molecular mass (kDa) 2389 318.5 398.2
. Magnification 37,000 37,000 37,000
Voltage (kV) 300 300 300
Electron exposure 30 30 30
(e A?)
Defocus range (pm) 1.2-25 11225 1:2:2.5
Pixel size (A) 135 135 135
. Symmetry imposed D3 D4 D5
Initial particle images 74,068 74,068 74,068
(no.)
. Final particle images 26,596 19,783 14,336
(no.)
@ Relative abundance 359 267 19.4
(%)?
- Map resolution (A) 9.2 9.8 2.0
16-mer FSC threshold 0143 0.143 0.143
Dimensions 10.8x13.6 109x13.8 12.0x13.7

C 398 kDa i (widthx height, in A)

Validation

v N ) MolProbity score = 2:23 =
Clashscore - 17 -
Poor rotamers (%) - 0 -

Ramachandran plot

Favored (%) - 92 -
Allowed (%) - 8 -
Disallowed (%) - 1 _

20-mer

*Relative abundance with respect to the total number of images in the initial cryo-EM dataset.

Scale bar, 10 nm



Crosslinking by BS3 and MS

bis(sulfosuccinimidyl)suberate (BS3)
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Pseudoatomic model of the 16-mer

Modelling by molecular dynamics flexible fitting was based on:
-shape, symmetry and low-resolution features from 9-10 A resolution Cryo-EM maps
-crystal structures of truncated versions (domains)

-crosslinking MS data (pairs of residues located within certain distance)

-stereochemistry restraints
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Relative fractional D uptake

HDX-MS shows incresed local structural
dynamics of alphaA-crystallin

- Deuteration uptake behavior of the oxidized and reduced A
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