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=t Lecture 10 — Quick Summary

Binding interfaces Experimental methods for studying binding

- Their origin and features Isothermal Titration Calorimetry (ITC)

Fluorescence polarization
Nuclear Magnetic Resonance (NMR)
Surface Plasmon Resonance (SPR)
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Why do we care about biomolecule structures?

» Examples of different biomolecules and their functions

Antibody (immune defense)

Glycerophospholipids
(building membranes)

3 m (energy storage)
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PFL Structure is function

If you want to understand function, study structure
F. Crick

Matteo Dal Peraro
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=" The structural biology paradigm

myoglobin

sequence structure function

evolution (billion years)

= Anfinsen discovered it in a key experiment already in 1954

Matteo Dal Peraro )]
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"L Structural biology - A subfield of Biochemistry

 Structural biology is the study of molecular structure and dynamics of biological macromolecules,
particularly proteins and nucleic acids, and how alterations in their structure affect their function.

 Total number of available experimentally determined structures to date is ~225k

« Computational tools (e.g., AlphaFold) can predict macromolecular structures in silico allowing to

expand the available structure space

Biomolecule structures resolved over time
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=PrL

What is a structure?

» Generally speaking, a structure is a file containing information on (1) atoms comprising the
biomolecule, (2) their coordinates in 3D space and (3) connections via covalent bonds

* The files are typically in a *.pdb or

Structures are deposited to Protein Data Bank (PDB)

RCSB PDB  Deposit -~ Search~ Visualize - Analyze -

[‘ [ r—‘) An Information Portal to

L) 106517 Biological

PROTEIN DATA BANK Macromolecular

} PDB-101 -pDﬂ ’nvuv:fr.-..ui._

http://www.rcsb.org

Download ~ Learn ~ More ~

Structures Advanced Search | Browse by Annotations

#™ Deposit
Q Search

G4 Visualize

iif Analyze

& Download

W Lean

A Structural View of Biology

This resource is powered by the Protein Data Bank archive-information
about the 3D shapes of proteins, nucleic acids, and complex
assemblies that helps students and researchers understand all aspects
of biomedicine and agriculture, from protein synthesis to health and
disease.

As a member of the wwPDB, the RCSB PDB curates and annotates
PDB data.

February Molecule of the Month

The RCSB PDB bulids upon the data by creating tools and resources for
research and education in molecular biology, structural biclogy,
computational biology, and beyond

Structure and Health Focus: Ebola Virus Proteins _' §
@ %&i ¥ —r—

,.

o ol

5 vicoo Tour " [ Moteculo of the Month Artcle

*.cif formats and can be opened with programs such as Pymol

Structures are text files with atom information

ATOM
ATOM
ATOM
ATOM
ATOM
ATOM

Atom number

Atom denotation Polypeptide chain

3 C ASNC 33 94.970 129.157 158.704 1.00120.
4 0 ASNC 33 95.150 128.023 159.150 1.00120.
5 CB ASN C 33 93.857 130.343 160.569 1.00122.
6 CG ASN C 33 93.999 131.366 161.635 1.00123.
7 0D1 ASN C 33 95.115 131.727 162.029 1.00124.
8 ND2 ASN C 33 92.891 131.856 162.121 1.00127.
9 N LEUC 34 94.730 129.414 157.432 1.00120.
10 CA LEU C 34 94.679 128.344 156.455 1.00116.
11 C LEUC 34 95.989 128.297 155.723 1.00111.
12 0 LEUC 34 96.690 129.303 155.594 1.00112.
13 (B LEU C 34 93.509 128.521 155.492 1.00118.
14 (G LEU C 34 92.120 128.631 156.175 1.00125.
15 (D1 LEU C 34 91.033 128.827 155.119 1.00135.
16 CD2 LEU C 34 91.840 127.407 157.005 1.00123.
17 N TRP C 35 96.320 127.106 155.280 1.00108.
18 CA TRP C 35 97.545 126.765 154.595 1.00107.
19 C TRP C 35 97.293 126.124 153.267 1.00108.
20 0 TRP C 35 96.242 125.525 153.041 1.00112.
21 CB TRP C 35 98.348 125.842 155.490 1.00115.
22 CG TRP C 35 98.782 126.548 156.676 1.00115.

Amino acid \ Sequence position

—_— ONoOoNNOZNnNnNnnNnonNnnNnZ2Z2o0NnNmon

Atom type

XYZ coordinates

visualization programs: VMD, Pymol, Chimera, Rasmol, Jmol, etc.



=PFL " What is a structure?

» Generally speaking, a structure is a file containing information on (1) atoms comprising the
biomolecule, (2) their coordinates in 3D space and (3) connections via covalent bonds
* The files are typically in a *.pdb or *.cif formats and can be opened with programs such as PyMol

Structures are deposited to Protein Data Bank (PDB) Different representations of a structure

http://www.rcsb.org

Macromolecular
‘ Structures Advanced Search | Browse by Annotations

A An Information Portal to . N
PROTEIN DATA BANK

—

A Structural View of Biology February Molecule of the Month
This resource is powered by the Protein Data Bank archive-information

about the 3D shapes of proteins, nucleic acids, and complex e ‘ %

assemblies that helps students and researchers understand all aspects g A %

of biomedicine and agriculture, from protein synthesis to health and

disease.

As a member of the wwPDB, the RCSB PDB curates and annotates
PDB data.

& Visualize The RCSB PDB bullds upon the data by creating tcols and resources for
research and education in molecular biology, structural biclogy,

i Analyze computational biology, and beyond.

& Download Structure and Health Focus: Ebola Virus Proteins

Ribbon Surface

All atom views can be busy so it is often advantageous
8 m to show secondary structure or whole surface view.
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History of experimental structure determination

* Due to the challenging nature of the experiments and the importance for understanding biological
systems, major structural biology efforts have been rewarded with Nobel Prizes

J. Steinbec'
%

& & B )

1962 — Nobel Year of Structural Biology

2024: Chemistry
2020: Chemistry

2017: Chemistry
2013: Chemistry

2012: Chemistry
2009: Chemistry
2006: Chemistry
2003: Chemistry

2002: Chemistry

1997: Chemistry
1991: Chemistry

1988: Chemistry

Jumper, Hassabis, Baker
Charpentier and Doudna

Protein prediction and design
CRISPR-Cas9x

Dubochet, Henderson, Frank development of cryoEM

Karplus, Levitt and Warshel

Brian Kobilka

Venki Ramakrishnan,
Thomas Steitz, Ada Yonath
Roger D. Kornberg
Roderick MacKinnon

Kurt Withrich

John E. Walker
Richard R. Ernst

Johann Deisenhofer, Robert
Huber, Hartmut Michel

Molecular modeling
G-protein coupled receptors
Ribosome

RNA polymerase

potassium channel

development of protein NMR

FoF1-ATPase
development of protein NMR

photosynthetic reaction centre

1982: Chemistry  Aaron Klug development of cryo-EM
1972: Chemistry  Christian B. Anfinsen ribonuclease
1964: Chemistry ___Dorothy Hodgkin penicillin

1962: Medicine

1962: Chemistry

Francis Crick, James Watson,
Maurice Wilkins

Max Perutz, John Kendrew

DNA double helix

myoglobin and haemoglobin

1946: Chemistry

James Sumner

first crystals of an enzyme
(urease)



=FrL Structure determination is key =i

Number of Entries

250000

200000

150000

100000

50000

0

= the goal is atomic resolution (~1-2 A)
. >240K
= experimental methods are:
= X-ray crystallography (any size)
= nuclear magnetic resonance (< 50 kDa) soom
Number of entries in UniProtKB/TFEMBL
= cryo-electron microscopy (> 100 kDa) |
intro of RefSeq non-
150M - redundant proteins
I \Number of Structures Released Annually Total Number of Entries Available
A S O O I O A S S e ———y ) K -------.-.--........lll..

= The Protein DataBank — PDB

http://www.rcsb.org

Matteo Dal Peraro
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“P*L " The main structural biology methods

« 3 main methods for experimental structure determination:

Molecular Type X-ray|? EM NMR
Distance info spectra-derived Protein (only) 166,790 15,369 12,516
o H rotein (on b - f
Nuclear from NOESY § constraints . .V |
) ) W /‘\ Protein/Oligosaccharide 9,624 2,600 34
M agn etic Protein/NA 8,710 4,654 286
Resonance : w7 Nucleic acid (only) 2,867 137 1,507
starting model simulalt.ed Other 170 10 33
anneaiin
9 Oligosaccharide (only) 11 0 6
Total 188,172 22,770 14,382
iterations of
modeling
X-ray amplitudes A
Ea— - Most structures came from X-ray crystallograph
Crystallography - Most structure: y crystallography
. phases since it is historically the oldest method
electrn density
terations of - The outputs of computational (Al) prediction of
projection /4% biomolecular structures are usually not referred to
matching build best-fit as “structures” but rather as “models”
Cryo-electron A model
Microscopy - - This is because they have not been experimentally
improved verified
model

11 m
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PFL Relative sizes of biological macromolecules

* The relevant size range is: ~0.1 nm - 100 nm
* Molecular weight range: 1 Da - 100 MDa

phospholipid sugar nucleotide
(PC) (glucose) (dTMP)

S )
: -
s Human et/ 3 Fruitfly o , @

~Je - : T 5 8

jO AR b Mitochondria oy piood cell N ﬂ!?-’\:gﬁ
XD f,ﬂ;’ <, 8 Animal cell -
D 29 , y . pm ] g

S 8§ 5{,.:. " ' 3 :

Atbm Protein x

AY amino acid
\ ] (serine)
2 ( ) Brain
1'. q‘i Paramecium :
actera N\ A \$ - "6 !,s' ’.) Chicken egg ]
DNA v/ L?"’ Human egg Fraart 1nm
2nm g3y Plant cell Fro —
yeast g egg Human =
4 pm
10 A
| | | | | | | I 1 |
0. nm 1 nm 10n$m 10pnm 1pum 10 pm 100 pm 1 mm 10 mm 100 mm 1m

Some reminders:

» Molecular weight of biomolecules is usually expressed in Dalton (1 Da = 1 g/mol)
- Average amino acid has a MW of ~110 Da

- Average nucleotide pair has a MW of ~650 Da
» Length and resolutions are often expressed in Angstrom (A) which is 10-10m

- Average atom diameters and bond lengths in biomolecules are ~1-2 A
- Basic building blocks (amino acids, nucleic acids) will be ~5-15 A

12 m



=F*L " Abbé’s law on diffraction limited optical systems

* The wavelength of electromagnetic radiation needs to be at a similar or lower
order of magnitude as the features that are visualized (d ~ 250 nm)

Increasing wavelength

\‘.
\

Frequency (s-7)

Resolution :
limit of a Light W\/\/\/\/\/W\/\/\/W\ X LD
microscope wavelength N
l by i\ Increasing energy
Insinfd  2NA 101 10510 (o6, 40 M0 108 0@ WO 10 IO MR 4 MO 02 07 paasnin
| | | | | | | | | | | | | | |
T | | | | |
. | | P\ | |
'k‘:;ft'l'j‘::' G?;?(rsna i X rays | t,Jilct,li:E ,': |\ Infrared | Microwaves | Radio
| | o | |
| | | | |
| | | |

| /
| | | | | FT A\l N | | | | | | | | |
1022107 10% 107 10%® 10%5 10™ 10%._ 102 10" 107 10° 10° 107 10° 10° 10

Visible |

600

750 nm

Ernst Abbe
(1840-1905)

13 m ® Sapling Learning




Visible light is too “coarse” to study biomolecular structures

~ 600 nm

Wavelength of
visible light is
400-750 nm




=PFL " X-ray crystallography

 X-ray diffraction applied to study the structural properties of

el i~ Aca =200 1915 Physics . . . . .
F e Y| o WH. Brags crystalline materials in atomic detail
Diffraction of 3 Use of X-rays 1o
X-rays by C determine crystal
1901 Physics 2N crystals structure
W.C. Réntgen Increasing wavelength

Discovery of X-rays 1946 Chemistry

. 4 | Forhis discovery that O\

enzymes can be crystalized

1954 Chemistry
L.C. Pauling

For his research into the
nature of the chemical bond

Increasing energy

sl 1¢-1 100 109 1t 107 106 105 104 10 102 10 1 10 102 10°  \vovernan (m)
of complex substances | | | | | | | | | | | |
\
1962. Physiology or Medicine 196§gh'(e;::;;y, 1964 %h:':;sg}:;! G?;}Sma Xrays leiI:’::; ‘f \ Infrared Microwaves Radio
E;fﬂf.ﬁgi;nfm’laf@ﬁ’!'ﬂ? g e Structure of many / Frequency (s~)
structure of nucleic acids and its significance Studies of the blochemical substancee, T 7 | T P NT N | T | — T | T T
structures of  Including Vitamin 812 1020 TOTTOTTOT—I0% 10'S 10% 10%S_10%2 10" 107 10° 106 107 106 105 10¢

for information transfer in living material

Rosalind Franklin

Gets X-ray diffraction s
image and suggests the &S
helical structure of DNA

globular proteins

Visible

1988 Chemistry
J. Deisenhofer,
R. Huber, 400 500 600 700 750 nm N
H. Michel 1997 Chemistr ©Sapling Learing
For the determination JE W b
of the three-dimensional -E. Walker
~| structure of photosynthetic Elucidation of the
| reaction center enzymatic mechanism
V> underlying the
synthesis of ATP

) TS - First applied to determine the structures of inorganic molecules
4L o s (e.g. salts) or organic molecules

2003 Chemistry eukaryotic transcription

* Relatively easy for small molecules but the proteins are much

s f}i’, v . more challenging. Compare:
2009 Chemistry | £ gl i IS s
R T - C4H5OH (Phenol)
“ | coupled receptors




=PFL Sources of X-rays: Synchrotrons

« Synchrotrons are cyclic particle accelerators in which the magnetic field bends the particles (e.g.,
accelerated electrons) into a closed path which results in production of X-rays.

« The radiation is projected at a tangent to the electron storage ring creating a very intense, coherent beam at a
single frequency

SLS in Villigen

ESRF Grenoble

> |

4
| e—
4

s

Crystal is mounted onto a goniometer-controlled
stage and shot with X-rays while it rotates

16 . .
“ Note: There are also smaller X-ray anode-based sources housed in research labs that are very much in use today



P Why do we need crystals?

« X-rays can interact with matter in different ways including elastic scattering
« X-rays are scattered by the electrons in atoms comprising the sample molecule

Absorption processes

Fluorescence  Photo-electron  Auger

hve emission electrons
E. ER
o o
hv
sampl
incoming beam attenuated outgoing beam

Inelastic Elastic
scattering scattering
hv' hv

Scattering processes

X-ray scattering from a single atom/molecule is too low to generate contrast while imaging.
Protein crystals (0.2 mm cube) contain ~1015 molecules. They scatter in phase and amplify the signal.

[ ]
17 m
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What are crystals?

crystal
/[ 7 7 7
. / 7 7 7
molecule unit cell
veb 4
: e Yol e K //
A form of solid state where molecules are packed together %% oo ® e
. . (oL ¥ && /
in an ordered lattice held together by non-covalent bonds
/
/

Unit cell is the smallest repeating structural unit of
dimensions (a,b,c) and angles (a, B, Y)

Bravais lattice defines how atoms can assemble into unit

cells compatible with highly regular crystal pattern z (ERss ‘

c c ¢ c¥

> b A b A b H/\ b
14 different Bravais lattice systems P | Othorhombic C .

a=hec Qubac
@ F=90% y=120° a=p=y#90
- - L .

230 space groups = lattice + rotational and translational ,.
symmetries f. - S

P Tetragonal |

- e d
Trigonal / Hexagonal P Trigonal R

a=be=c a=b=¢ a=b=(
a=f=y=90° a=f=y=90" a=f=y=90°

\ M\ ‘k\ : Auguste Bravais
z . : (1811-1863)

Cubic




*F*L " Protein crystals - Difficult to make but very beautiful

* Proteins do not naturally crystallize, and most of the work in the process is spent on their production

* Proteins are crystallized by precipitation with high amounts of salts, organic solvents or polymers

* Typical sizes needed for structural analysis are 0.1 - 0.3 mm
19 m



=PFL. How to get protein crystals?

» Mix purified concentrated protein with a crystallisation cocktail
* Try a few hundred (or thousand) combinations and vary also
temperature (20 °C or 4 °C are most common)
« Wait! (minutes, hours, days, weeks, months, ...)
« Components of protein crystallization solutions:

« Buffer

- Salt

* Precipitant

« Additive (detergents, organic molecules, ...)
* Protein concentration (typically high: >2mg/ml, sometimes up to 50mg/ml)

Mix cocktail Turn slide and Observe for

s, sl formasen induce production of crystals
2t . using vapor diffusion techniques:

P \ % @OQ - technique the most used for crystallization

\ [C) Bemhard Rupp 2010 = dlfoSIOﬂ Of Water from drOp tO We" A '
\ - allow the screen of thousands of different i £
" reciant, sda mk'a"\H o el S precipitants in presence of your protein _
datargants, k. ikl omcenionih T - goal is to reduce solubility of the sample ﬁ | \
corﬁbnnatnons possible) drop increase \\

- (Mosquito, TTP biotech)



“PFL . .
- Structure-solving using X-ray crystallography
* Protein crystals are placed in the X-ray beam which produces a diffraction pattern (diffractogram)
 Fourier transform of the diffractogram produces real-space map that can be used for model building

diffraction electron atomic

crystal pattern density map model

refinement

21 m



=Pl Diffraction pattern

 Diffraction pattern is the raw output of X-ray scattering experiments from crystalline samples

Where are the spots coming from?

Diffracted

V

i; X-ray beam ? [ —
Crystallux

molecule
object “- crysial Jr
I,‘ i
N /N
lens {_"_'_':'_':_‘;- detector
NI/ FT

22 m Image U *

image
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P7L Diffraction pattern origin

» Diffraction pattern is generated as a result of (constructive) interference of X-rays elastically scattered from
electrons in the crystallized biomolecule

« Bragg's law connects the scattering angles and intensities of spots to the information on spacing in the crystal, i.e. on the
position of atoms in a protein molecule

\\_\ A
-\::\‘ « Depending on the phase offset between the
- / two X-rays the waves will interfere differently

\\—0 ‘ &
N \\/ Constructive Interference VS. Destructive Interference
N ANE A NN LAY
—o—o NHATHHNEA NHA LA
TN AN AT NN
nA = 2d sin® N TR A N T N TN
* Ais the wavelength of incident X-rays /\ /\
« dis the spacing between the planes \/ \/

in the atomic lattice
- B is the angle between the incident _ _
2% ray and the scattering planes Intensity ~ (Amplitude)?



=PrL Resolution can be estimated from diffraction patterns

» The further out spots (wider © angles) are visible the finer the distance between diffracting atoms

* This minimum measurable distance translates into the resolution of reconstructed 3D map

d ~1/sin
Bragg's law —
2 A
\\ //'
\\ //
N A oz
\\:\ 3
N ~
/0 Ot e\
1L ® A7 AT N P .
\\ P "-.I
N 9 /),/ lll |||
N -
\\F H// |
| |
) |l| |'|
—& e O &—
G

nA = 2d sin®




=PFL  Reconstructing electron density map

» The diffraction pattern is related to the scattering object by a Fourier transform:

h k Fi. - Structure Factor at coordinates h k|
p(x,y,z)= Z Z Z F,),, exp[ 2ri(hx+ ky + Iz ] h,k,l - Miller indices (dimensions in reciprocal space)
—h =k =N Pxyz - Electron density at position xyz
X,Y,z - Coordinates in real space

o - Phase angle of X-rays hitting position h k|

- Detectors measure only intensity (amplitudes) of
X-rays but not the phase of the resulting X-rays

- Phase problem can be solved using heavy
metals during crystallization or a known starting
model of the protein during reconstruction.

The crystallographic
phase problem

« Structure factors F(h,k,l) are calculated from the diffraction pattern and “inverted” to reveal the 3D
structure of a scattering object in real space (x,y,z)



=PFL  Interpreting the map and reconstructing the model

« Resulting electron density maps are used for building atomic models of the biomolecules
 The higher the resolution (lower value in A) the greater the detail in EM maps

SGuracy and detai 9
S -— | A

In case of proteins and nucleic acids:

10-20 A Molecule shape

5-10 A Secondary structure elements

4-5A Main-chain trace (+ bulky side-chains)
1.5-4 A Side-chain densities

<1.5A Atoms

The interpretation of data is confined by the final map
resolution (i.e., you cannot build atoms in a 20 A map)

26 m



=PFL  Reconstructing the atomic model

* The structure is built using:
- Electron density map restraints
- Known sequence of the model (e.g., amino-acid sequence)
- Geometric restraints (e.g., Cis-Trans peptide bonds, allowed Ramachandran angles)

—_—

Sequence: Geometric restraints: Atomic model

PVNSLEKHSWYHGPVSRNAAEYLLS
SGINGSFLVRESESSPGQRSISLRYE

GRVYHYRINTASDGKLYVSSESRFNT
LAELVHHHSTVADGLITTLHYPAPKRN

Amide plane

o
N-terminus

—
C-terminus

Electron density map
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=PrLX-ray crystallography - Pros and Cons

30

Positive sides
Versatile and highly applicable

Historically, it is the most fruitful method
for structure determination

No limitations with respect to molecular
weights of biomolecules that are studied

No limitations in terms of achievable
resolutions

Molecular Type X-ray EM NMR

Protein (only) 166,790 15,369 12,516
Protein/Oligosaccharide 9,624 2,600 34
Protein/NA 8,710 4,654 286
Nucleic acid (only) 2,867 137 1,507
Other 170 10 33
Oligosaccharide (only) 11 0 6

Total 188,172 22,770 14,382

Negative sides

Needs highly purified and homogenous biomolecule
material

Biomolecule crystallization is a very challenging and
unpredictable process

Cannot be used to study heterogeneous samples
(e.g., flexible complexes, pleomorphic viruses)

High material requirements (many milligrams of
purified biomolecule)

It is a static picture of a molecule and cannot capture
dynamic information

Difficult to solve membrane proteins due to
heterogeneous membrane environment

Membrane proteins



cPrL
Electron Microscopy

Nucleus of a cell Rotavirus Ribosomes

TR 5 O A S

... same technique, but at different magnification, as
protein are much smaller than cells!

31 m



=PrL

How to visualize biomolecules?

“It is very easy to answer many of these
fundamental biological questions;
you just look at the thing!... Make the microscope
one hundred times more
powerful, and many problems of biology would
be made very much easier.
| exaggerate, of course, but the biologists would
surely be very thankful
toyou....”

32 m

Richard P. Feynman

“There’s plenty of room at the bottom”
lecture given at the APS in 1959



=PrL - X-rays for microscopy applications

« X-rays can interact with matter in different ways but are relatively poorly scattered

Absorption processes

Fluorescence  Photo-electron Auger

th emission electrons
Ee E A
o 0

hv |
sample*
incoming beam attenuated outgoing beam

Elastic Inelastic
scattering scattering
hv hv'

Scattering processes

33 m

—3 S
Crysta|§

- Difficult to produce good lenses/mirrors

X- ravs Z’

- Protein crystals help amplify the scattering signal



=PFL  Accelerated electrons as an alternative for X-rays

1924 thesis of Louis de Broglie
RECHERCHES

SUR LA Combined the equations of special relativity & quantum theory to suggest

_ that electrons could be thought of as waves as well as particles.
THEORIE DES QUANTA

et la fréquence v des ondes s’exprime par_:

1 % -

myct
Y == —_— —————

TR hioB

\— h h . v2
Coymgy myv c?
;o ymope:  myc? - v

h h c2
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=PFL - Accelerated electrons as an alternative for X-rays

« Electrons with energy of ~100 keV have a wavelength of 3.88 pm

10-11 10-° 10-° 10-8 10-7 105 105 104 103 102 10- Wavelength (m)

Gamma
rays X rays

0

I I I I I | I I I | | I I
I
|
|
‘ |
violet | I
| |
|

|

I |
' |
| Ultra- |
I I
| ]
| |
| |
| |

|
|
|
\ Infrared | Microwaves
“ :
|
|

Frequency (s7)

K | I I i | I I I I I l l | | I
1020 | 10% 0% 1047 “10'6 P15 4080 90°A 102 10'T 109 10T 108 107 108 105 “10f

6.626x107>*
A= _ _
 Typical voltage in a microscope is 100-300 kV V2V x1.6x107° x9.11x10™!
- )"=12.27x10'lo eter
« 100X shorter A than typical X-rays in a synchrotron W
(or)h%)\
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=P*L What are the advantages of electrons?

36

The main benefit comes from the
negative charge

Compared to X-rays, elastic scattering
of electrons is ~103-106 times stronger

Electrons are easily accelerated using
potential difference

Electron beam can be readily collimated
with electromagnetic lenses

Readily detected by films and cameras

Incident

Secondary
high-kV beam sy

electrons (SE)

Backscattered
electrons (BSE) Characteristic
X-rays

Absorbed’ Electron-hole

electrons < 2 pairs

s / \ Bremsstrahlung
Specimen X-rays
Inelestically
scattered
~5% electrons .
~15%




=F7L What are the disadvantages of electrons?

* Need high vacuum within the microscope to
reduce interactions with air molecules

« Samples need to be applied as a very thin layer
(~10-100 nm) to achieve sufficient contrast
against surrounding ice

« Radiation damage in the sample caused by
inelastic scattering of electrons (i.e., collisions
with biological material leading to energy transfer)

 |nsufficient contrast when imaging small proteins
(lower molecular weight limit for EM is ~50 kDa)

37




=Pl The first Transmission Electron Microscope
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“P*L The first Transmission Electron Microscope

39

The Nobel Prize in Physics
1986

Ernst Ruska Gerd Binnig Heinrich Rohrer
Prize share: 1/2 Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 1986 was divided, one half awarded to
Ernst Ruska "for his fundamental work in electron optics, and for
the design of the first electron microscope”, the other half jointly to
Gerd Binnig and Heinrich Rohrer "for their design of the scanning
tunneling microscope".




=pFL  Microscope principle and components

__—Condenser Lens

—— Specimen

d-.

Objective Lens

l —Projector Lens

40 m

Magnified Image



=P*L Typical cryo-EM workflow

t b -
H H p— J-" H
===V Vel

’
’
s,
’
’
’
-~
Seo

Sample preparation Cryo-EM grids setup Cryo-EM imaging

Structural analysis Model building Map reconstruction Data pre-processing

- Unlike X-ray crystallography, cryo-EM maps are recovered in real-space

441 m



M

PFL " Preserving Biological Specimens for EM Imaging

® Biological samples are about 80% water

&

- Placing biological samples into the vacuum of electron microscope will cause immediate
dehydration and destruction of sample

- Need to preserve ultrastructure to withstand vacuum

® Biological samples are susceptible to radiation damage

- Conversion of electron beam flux to radiation dose:
1 Coulomb/m2 @100keV = 40 Mrad (4x107 rad)

- To view samples in EM, typically use 30 C/m2/sec (1200Mrad/sec)

Equivalent to standing 30 m from
a 10Mt H-bomb explosion




=L Plunge-freezing method (the “cryo” part of cryo-EM)

Plunge freezing

Liquid ethane
Liquid nitrogen

Rapid vitrification is critical to
avoid crystalline ice formation!

Ethane has a much higher heat capacity than liquid
nitrogen.

Ethane is liquid at temperatures just slightly above those of
liquid nitrogen (its melting point is -188 °C)

Therefore, liquid ethane is cold enough to vitrify water
quickly, while not boiling off in the process.

43 m



EM grid preparation

EM grid Grid square Hole in carbon film Cross section of hole
I _ - in carbon film

Ice spanning a hole

Embedded
protein
particles

k———3mm——— K——60 pm —— K—1 pm —| K—1 pm—

Plunge-freezing

Apply Blotting
Sample

sample deposition
on the grid

Sample solution

Tweezers I with biomolecules

Y
\.
‘.‘.
\L
kY
/
/
F 4
% /

B

Holey carbon Filter paper
EM grid

Vitrobot sample freezing
machine
(from http://vitrobot.com).

(usually 3 puL protein solution at a concentration of 0.05 — 5 pM)



A: Grid hole with ideal single particle and ice behavior .
- Homogeneity

Bl Sy w il o .
- - - Good distribution on grid
B: Grid holes with areas of ideal single particle and ice behavior

* Different orientations

- e e g ) .

il P

a Spot-to-plunge time: 500 ms
= N—
— (b)
\‘
(@]
=
. =
(o9 9 9
B 9 $9% 59 € I 9 ¢ ¢ ¢
b
o
()
é s
S | o . =% 0?1 0000000000
5 S5 BB © D O 6 6 O | R ——
rulyte et al.

Volume 74 | Part 6 | June 2018 | Pages 560-571 | 10.1107/52059798318006496

50 nm

Noble et al, Nature Methods, 15, 793795 (2018)



=PrL

What does the grid look like?




=PrL  Data analysis and reconstruction of 3D models

Imaging 2D projection images 3D reconstruction

2
¢

» Samples are vitrified in a thin layer of ice which provides structural support to the layer and reduces radiation damage
« 2D projection images are extracted from each micrograph and used to recover the 3D model of the object(s)

electron beam

i [ wﬂ lj{; iy I ' .
@@ % e R R
= e

F - . e

47 m
Adapted from: https://people.csail.mit.edu/gdp/cryoem.html



=PrL  Many particles needed to recover maps from 2D projections

 As many as ~103 - 106 particles go into final map reconstructions. Typically, the more -> the better

Frozen
sample
goes into
microscope

Cryo-EM image of proteins Computer 3D reconstruction

But how is map resolution estimated?

48 m



=PFL " Estimating the resolution of a cryo-EM map

=

half-map 1 \ )
half-map 2 ~ ’

1

o
o

0.5 correlation

4.2 A

Fourier Shell Correlation
o o
B o

“Gold Standard™ 0.143 correlation

o
N

Low Resolution (A) High

- Fourier Shell Correlation (FSC) plot

- Correlation between resolution shells in 2
independently refined half-sets of data (particles)

Y Fi(ri)- Ba(ry)

FSCO(r) = —
2 E |FL(r)]? - E | Fy(r;)]
T;ET T;ET

F1 — Structure factors for volume 1
F2* — Complex conjugate of the structure factors for volume 2

r. — Voxel element at the radius r

- “Gold Standard” is the most commonly used
criterion to define global resolution



=PFL " cryoEM map is used to build atomic models

» cryoEM map is used as a set of 3D restraints to approximate an atomic model that best recapitulates the reconstructed map.

» Amino-acid, nucleotide or monosaccharide sequence (depending on the biomolecule) needs to be known beforehand.
» Resolution in cryoEM typically insufficient to build hydrogen atoms
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Side-chain of residue Y28 of apoferritin at different EM map resolutions

cryoEM maps at different resolutions

Structural data alone is insufficient to unambiguously build atomic models in maps > 5 A

Map Quality

£
4

/

3

1.2A

3.0A

Map Resolution

3.9A

4.7A

PDB IDs: 7A6A, 6WX6, 5YI5, 6HPI, 4V1W



=Pl Let’s compare some protein maps

« What map has the highest resolution?
« Can you guess what the values may be?

Atomic model

HIV glycoprotein at different resolutions

52 m



=PFL  cryoEM analysis allows to reconstruct multiple maps

« 2D and 3D image classification algorithms allow to separate biomolecules that are
compositionally or conformationally different

State 1

I_“
Rt

Particle picking 2D Classification Initial 3D Reconstruction Final 3D reconstruction 3D Model

* |n the above example, the authors identified 2 different states of the same protein from a single
dataset

53 m



=PFL «Resolution Revolution” and “Democratization” of EM

Improved resolution of EM data EM map/model depositions

Data from EMDB/PDB

22,500
I EMDB maps [ PDB EM models

20,000

g 17,500
3
S

g 15,000
$

Dy 12,500
Q2
o

E 10,000
)

o 7,500
@
2

€ 5,000

2,500

0 -
lllustration by Martin Hoégbom; The Royal Swedish Academy of Science 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

» High-resolution maps became readily attainable starting ~2012 as a result of technological breakthroughs in the field, such
54 as the development of direct electron detectors, new electron sources, 300 kV microscopes and computational tools



=PFL «Resolution Revolution” and “Democratization” of EM

106
—X-ray (total)

———X-ray (yearly)
105 ——Cryo-EM (total)
Cryo-EM (yearly)

104

108

102

Released Entries (Cumulative)

Pre-2012 SONyOT wREEeR Present
& Sl i

Luciano Abriata

Number of structures released by wwPDB

lllustration by Martin Hogbom; The Royal Swedish Academy of Science

1
1980 1990 2000 2010 2020 2030

Year

» High-resolution maps became readily attainable starting ~2012 as a resuit or tecnnological breakinrougns IN Abriata et al. 2020 N
55 as the development of direct electron detectors, new electron sources, 300 kV microscopes and computational tools



=PFL «Resolution Revolution” and “Democratization” of EM

Improved resolution of EM data Nobel Prize in Chemistry, 2017

£

o e, A Jacques Dubochet Joachim Frank d Henderson

(University of Lausanne, (Columbia University, (MRC Laboratory of
Switzerland) New York) Molecular Biology,
Cambridge, U.K.)

lllustration by Martin Hogbom; The Royal Swedish Academy of Science
“for developing cryo-electron microscopy for the high-resolution
structure determination of biomolecules in solution”

» High-resolution maps became readily attainable starting ~2012 as a result of technological breakthroughs in the field, such
s6 as the development of direct electron detectors, new electron sources, 300kV microscopes and computational tools
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We are here!

Equipment Methods Fees/Palicies Contact S3Data Book a session

DUBOCHET
CENTER
FOR IMAGING

ATOMS
MADE

VISIBLE

©DCI - DUBOCHET CENTER FOR IMAGING

Instruments at the DCI| Lausanne

A —

Titan Krios (300kV), E-CFEG, Titan Krios (300kV), E-CFEG,
SelectrisX, Falcon4 Falcon4

Glacios (200kV), X-FEG, Falcon4


http://www.rcsb.org/
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Positive sides

Very versatile and quick

No requirement for protein labeling

No requirement for crystallization

No requirement for homogenous samples
Real space imaging — no phase problem
Can be used to study protein dynamics

Can be expanded to larger assemblies (e.g.,
viruses and cells) and very heterogeneous
samples (e.g., membrane proteins)

Membrane proteins

L cryo-electron-microscopy - Pros and Cons

Negative sides
Grid preparation procedure requires screening
Limited to samples with MW >40kDa

Preferred orientation problems (i.e., cannot
reconstruct a 3D map if there is limited
distribution of orientations in 2D images)

Computationally heavy (TBs of data +
requirement for GPU processing)



=PrL

Nuclear Magnetic Resonance
(NMR)




=P Nuclear Magnetic Resonance Spectroscopy

 |ndirect determination of relative atomic coordinates using nuclear magnetic spins
and radio-frequency radiation (~MHz-GHz range)

Increasing wavelength

Increasing energy

10-1" 10-"© 10-°® 10-8 10-" 10 10-5 104 103 10-2 1t"‘ 1 101 102 103
Richard Ernst Isidor Isaac Rabi | 1 | 1 1 | | 1 | 1 | | ST

I
"\

Ultra- IE

(1933-2021) (1898-1988) ! |
I\ |
i1\ Infrared | Microwaves
| | |
| |
| |

Gamma

rays Radio

AR violet |i
| \

Frequency (s-7)

— 71 T T T J T ~ T T T [r T T T T 1
1020 10% 108 10" 10% 10'S 10 10'S_10'2 10" 10% {0° 108 107 108 105 10

Visible

Felix Bloch Edward Purcell
(1905-1983) (1912-1997)
|
600 700 750 nm

® Sapling Learning




=PrL

NMR Spectrometer

superconducting

magnet in liquid helium/x

N
T = )
~_ | |~

B, =

Bo = 21.1 Tesla magnetic field > 'H resonates at 900 MHz.
(magnetic field of the Earth is around 50 uT)

I VUVUV

|
Recorder

h |

L‘L.x L.L\_J‘J U
|

|

i M i/ L

v

NMR sample tube
(400-500 pl protein needed)

61 m




=F*L Nuclei in the magnetic field

* NMR is the phenomenon occurring when “NMR active”
nuclei at equilibrium in a static magnetic field are exposed to
an external oscillating magnetic field.

* NMR active nuclei are those that have a magnetic spin
ideally of 1/2 (e.g.,: 1H, 13C, 15N, 31P)

* In a magnetic field, the nuclei orient either parallel or
antiparallel to the direction of the field creating energy levels

 The difference in energy levels is directly proportional to the
strength of the magnetic field

 The difference in energy levels matches the energy of
radio-frequent radiation

S =1/2 implies m_= *1/2
S = nuclear spin

m_= quantum spin number

1

AE=yhB,/2xn

—T=h/2 ———m=1/2

I=1/2

o LTI
vll Lol
TTTlTlTT

v : Gyromagnetic constant

m=-% (B)

|

|

1
B,

62 m Note: To readily detect C and N atoms in NMR experiments isotope labelling with 13C and 5N is necessary




=PrL

NMR “visible” atoms

isotope abundance [%] spin active in NMR?
|"H 99.98 1/2 yes

2H 0.02 1 no

12C 98.89 0 no
[13C 1.11 1/2 yes

14N 99.64 1 no
[ 15N 0.37 1/2 yes

160 98.90 0 no

170 0.036 5/2 no

|31P 100 1/2 yes




“"L Nuclear Magnetic Resonance Spectroscopy

» Radio-frequent pulse is used to deflect the nuclei out of their equilibrium distribution

No magnetic field External magnetic field

S Tttﬁlﬁ
gy, bt

Energy Pulse

!

}

}
b, v
}

Lt

I
By

Relaxation

I
r

1

It
t

By

* To return to equilibrium perturbed nuclei emit RF radiation which is recorded as FID and then

converted to frequencies by Fourier transform (FT)

Radiofrequent
Pulse

z
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) )\*

2 REN "
y

\ B,

\ ext x
\

Magnetization
Relaxation

Record

.

Free Induction Decay

RF Signal

(FID)

Time

NMR Spectrum

FT

Frequency (Hz)

Larmor
Frequency
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=PFL " Chemical shifts (5)

« All “NMR active” nuclei resonate at a characteristic frequency depending on their chemical
environment (i.e., the degree of electron shielding)

« Chemical shifts are proportional to frequency 6 reported in ppm with respect to a standard

resonance (ppm="parts per million™)
« THrange ~ 10 ppm or 5000 Hz of 500,000,000 Hz or 9000 Hz of 900,000,000 Hz
« 13Crange ~ 200 ppm or 25000 Hz of 125,000,000 Hz
1N range ~ 70 ppm or 3500 Hz of 50,000,000 Hz

Hz

C|3C\ Cl\ /CI HaC, H2(|:/C\(I:H2 (I:HS
C=0 = ‘g—0o H2C.. _CHz H3C-Si-CH
H H/C C\H HzC-NO2 H3CfS i Ez 2 e (IZIH3 ?
.
H H
*The detected frequencies (in Hz) are referenced I;f N - L Chiz
. . . . . H H P 25 72 L=0 HaC-C—CHa
against TMS (tetramethylsilane, Me,Si), which is ! o H MG Lz [HaC &Ha
assigned the chemical shift of zero.
10.0 7.5 5.0 2.5 0

65 m Chemical shifts (ppm)



“P"L " From a protein in solution to a structure using NMR

! : ‘%fé £
Ié’\ 4 e g:
= ‘ - —
- 87 3|t
i : ce2 é
e e >
/] ‘ '
"“f - o
data - | 1T data
‘ collection ‘ = analysis
BC = 22.§ ppm
TH chemical shift (ppm)
purified, labeled protein NMR spectrometer resonance assignment and protein structure

internuclear distance measurement

« Completely different to crystallography and cryoEM, as proteins are studied in solution

« Several different NMR experiments give you information on spatial restraints of particular nuclei (e.g.
proton of NH group of Ala-25 is close to C alpha of Tyr-88)

 The collection of several hundreds of such restraints is used to calculate several models of the
protein that adheres to the experimental restraints
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* 60 kDa protein has >4000 H-atoms which makes the "H spectrum “busy”

* One can distinguish folded from unfolded (denatured) proteins, but otherwise not too useful to

TH-NMR spectrum of a protein is very complex

get the structure of a protein since we cannot connect resonance to the atomic nuclei.

 How can we identify the corresponding atomic nuclei in a protein?

Enter these guys:

A% The Nobel Prize in Chemistry 2002
John B. Fenn, Koichi Tanaka, Kurt Wiithrich

The Nobel Prize in Chemistry 2002

Ncbel Prize Award Ceremony

John B.Fenn

Koichi Tanaka

Kurt Wiithrich

N\
)

——

4
John B. Fenn Koichi Tanaka Kurt Withrich

The Nobel Prize in Chemistry 2002 was awarded "for the development of methods
for identification and structure analyses of biological macromolecules” with one half
jointly to John B. Fenn and Koichi Tanaka "for their development of soft desorption
ionisation methods for mass spectrometric analyses of biological macromolecules"
and the other half to Kurt Wiithrich "for his development of nuclear magnetic
resonance spectroscopy for determining the three-dimensional structure of
biological macromolecules in solution".

-
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=FrL 2D NMR experiments: 15N/TH-HSQC

(]
]07‘ © Gis3 l‘.°1;,3
T141
¢
G
cony H?gN“l [ P Y
SX = a P OHR219 N»hr F206 NH.
1124 ? I sim 9 ‘NHe  N131NH,
e ~08-6 Oaieont,
a e 155 Q2165 NH;
N148.NH; ‘70 : 2165 NH; °
€
o ll7- '
Q.
S
=
wn
—
122+
127
W216.NHx,
g
L] T A T 1
10.3 9.8 9.3 8.8 8.3 7.8 7.3 6.8 6.3

'H (ppm)

e =  Heteronuclear Single Quantum Correlation

« Correlates amide nitrogen with its proton

* One peak for every amino acid (except Pro) i.e.

‘fingerprint’ of protein
« Additional peaks for aa with NH group in
sidechain, i.e. N, Q, K

Commonly used in protein NMR:
« Rapidly acquired (ca. 10 min)
« Cheap uniform 15N labeling

What it can assess:
Interactions (ligand, protein)

- Conformational changes (my—o—)  (ry—(oy—()
« Folding @)—@B ™ @_@B\ ®
[ 1 ,§
HN)  (Ho %} Her) (/E)[)
- J . J




1SN/TH-HSQC: Example 1

Structural changes of mutant proteins

wt - F1100E
9.0 8.5 8.0 7.5 7.0 6.5
110+
1154 >
€
Q
k=
P
w
= 1204
1254 - oD
o S
-
®
130 g
9.0 8.5 8.0 7.5 7.0 6.5

®,-"H (ppm)

F1100E mutant has no
global effect on folding*

F110

115

120

F125

130

* this is the F-actin binding domain of Abl.

- "N (ppm)

wt - L1116A
9.0 8.5 Bp 7.5 7.0 6.5
1104
1154 L -3
1204
1251
-
1301 d
9.0 8.5 8.0 7.5 7.0 6.5

L1116A mutant causes global
disturbance of tertiary structure

110

115

- 120

125

130

69
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Magnetic coupling in NMR

 NMR-active nuclei can “sense” each other if close in 3D space

« Scalar (J) coupling * Dipolar (NOE) coupling
(A)

ENERGY

S S e
N R
SB SA
Coupling of nuclei connected by 1-3 chemical bonds Coupling of nuclei proximal in 3D space

* The coupling can be detected by the methods developed by Wutrich and others, allowing to
7 = determine which atoms are in close proximity via bonds or through space
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(A) (B)
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Q.
e
=
f 5,2
S © ©
E 2
5 ©
c 3
i @ @
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,l' O ° 2,5
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Nuclear Overhauser Effect Spectroscopy (NOESY)

NOE Peak Intensity

F 1@

High Medium Low Very low

® o

23 A 335A 35-5A 56A
Small Larg;e

Distance between "H nuclei

<— Proton chemical shift (ppm)

Also protons that are not coupled directly via a few bonds, but are close in space influence each others’ chemical

shift (Nuclear Overhauser Effect)

The NOE is strongly distance dependent (~1/r6), therefore detectable only for distances < 5-6 A

Provides information on spatial proximity of protons in a protein

i

Kurt Withrich
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Nuclear Overhauser Effect Spectroscopy (NOESY)

Real example " W l uuw
g— : NOE Peak Intensity

! : w High Medium Low Very low
=3 o7 {
- » .0 “ b D
. e ® o
- L] 1 1 .
- & @ il 23A  335A 355A 56A
All photons off-diagonal = ¢ 4 B 3B
originate from 'H-1H = 0 ’ 1 Small Large
pairs close in 3D space Distance between H nuclei
= I T
T T

Also protons that are not coupled directly via a few bonds, but are close in space influence each others’ chemical
shift (Nuclear Overhauser Effect)

The NOE is strongly distance dependent (~1/r6), therefore detectable only for distances < 5-6 A
Provides information on spatial proximity of protons in a protein

: i

Kurt Withrich




=PFL How to get a structure from NMR experiments?

» The essence of NMR structure solving is to acquire as many connections between atoms (either through
covalent bonds or through space) which then serve as restraints for model building

TN T
330 g '-' ~. /‘,: -
s 0 ®
a &R
e
Atom proximity in 3D space Chemical shifts (oppm)
——
J NH CaH "
CaH N H Peptide bond
_ _ Ensemble of structures that satisfy all
Atoms connected by bonds Geometric restraints: — the imposed restraints.

73 m
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PFL  NMR Structure is an ensemble

* An NMR structure is in reality a model based on the
available restraints (e.g., recovered by restrained
simulated annealing)

* In contrast to crystal structure, ensemble of 10-20 lowest
energy structures

 Gives appreciation of rigidity and dynamics of structure
* Does not have a given resolution

e It is usually modelled with reported H atoms (in
comparison to X-ray crystallography and cryoEM that
usually do not have enough resolution to solve H atoms)

74 m




=P*L Nuclear Magnetic Resonance - Pros and Cons

75

Positive sides
Proteins studied in solution

Applicable to many more questions than
just the structure determination

Computationally light

Can be used to measure/approximate
protein dynamics

Hydrogens are “visible” by this method

Negative sides
Limited to studies of biomolecules with MW < 50kDa
Complex procedure to assign resonances to atoms

Requires isotopic labeling (13C, 15N) which is
expensive and not very practical



=PrL . .
"~ Methods for determining biomolecular structures

spectra-derived

Distance info constraints

from NOESY §2° - Versatile tool for studying protein structure and dynamics
A A - Computationally light
N M R - Full structural analysis limited to smaller proteins (<50kDa)
«# Random ) g - Requires isotopic labeling
starting model simulated - Results in model ensemble
annealing

iterations of Gold-standard method for solving protein structures

' modeling - Not limited in size or achievable resolution
X amplitudes §-% A - Computationally light
'ra)' — - Requires highly homogenous, crystallizable sample
) S - Requires screening of crystallization conditions
phases - Phase problem
CEEIGE, - Results in a single model
electron density
- Versatile tool for studying protein assembly, structure, dynamics
iterations of __ - Limited to proteins >40kDa
pr°‘ff]t.'°" . - No requirement for protein labeling
wg b”":‘:g;t'ﬂt - Does not require homogenous samples
CI')’OEM — - Grid preparation procedure requires screening
- - Real space imaging — no phase problem
improved - Can be used to study protein dynamics
model 8 ; ) : - Can be expanded to larger assemblies (e.g., viruses and cells)
"EM density 1 atomic model - Results in 1 or more models per dataset

(per map) - Computationally heavy (TBs of data + requirement for GPU
76 m processing)
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Additional learning resources

Extra material:
- Grant Jensen course on EM
https.//cryo-em-course.caltech.edu/

- Lectures and courses on X-ray crystallography:
https.//www.youtube.com/watch?v=mDbmfyOGLIM

- Lectures and Courses on NMR:

https.//www.youtube.com/watch?v=_rjYI8XXEQOs
https://www.khanacademy.org/science/



https://cryo-em-course.caltech.edu/
https://www.youtube.com/watch?v=mDbmfyOGLIM
https://www.youtube.com/watch?v=_rjYI8XxEOs
https://www.khanacademy.org/science/

