Living cell: ensembles of molecular machines

INVESTIGATION OF
BIOMOLECULAR SYSTEMS

Crawling keratinocyte Microtubule dynamic instability

SPECTROSCOPIES AND MICROSCOPIES

Vesicle transport with kinesin Protein synthesis on the ribosome
http://m

METHODS LUMINESCENCE

$Relaxation from excited state

e SpeCtr OSCOopYy: followed by light emission
-interaction between electomagnetic radiation and
matter $Radiation emitted by matter in
-absorption; fluorescence (FRET); NMR excess of thermal emission

* Microscopy: ¢“Cold light”
-image formation about objects invisible to the eye
-getting around the Abbe criterion $Processes of fluorescence and

phosphorescence




SIMPLIFIED STEPS OF
LUMINESCENCE

Excitation

Energy absorbance
gy (stepping to higher energy levels)
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De-excitation

Emission of radiation -
(relaxation to ground state)

FATE OF ABSORBED ENERGY

Internal conversion
(heat)

Fluorescence
quenching

) ENERGY
Intersystem crossing

Skl
FRET
Fluorescence (ns)

Phosphorescence (ms)

Radiative or non-radiative transitions!

FLUORESCENCE RESONANCE
ENERGY TRANSFER

In general:

*Occurs by  non-radiative  dipole-dipole
interaction between an excited donor and an
proper acceptor molecule under certain
conditions (spectral overlap and close distance).

* Fluorescence Resonance Energy Transfer (FRET):
if the participants of the transfer are florophores.

FRET

* Acceptor emission contributes to the relaxation of
the excited donor molecule.
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CONDITIONS OF FRET

*Fluorescent donor and acceptor molecules.

*The distance (R) between donor and acceptor
molecules is 2-10 nm!

*Overlap between the emission spectrum of the
donor and the absorption spectrum of the
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DISTANCE DEPENDENCE OF FRET

Forster-distance

4/(Distance at which transfer

E =

efficiency (E) is 0.5)
6 1.1
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// 08

Actual distance between
fluorophores

APPLICATIONS OF FRET

* Molecularis ruler: distance measurement on the
nm (10-°m) scale.
* High sensitivity!
* Applications:
— Measurement of interactions between
molecules.
— Measurement of structural changes on
molecules.

MRI

“MAGNETIC
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MRI IS A REVOLUTIONARY MRI IS A NON-INVASIVE
DEVICE TOMOGRAPHIC METHOD

NUCLEAR MAGNETIC RESONANCE IMAGING: ATOMIC NUCLEI WITH NUCLEAR SPIN:
BASIC PRINCIPLE ELEMENTARY MAGNETS

EXCITATION PULSE ,

4 Atomic nuclei
¥ | have mass: Myroon = 1,67.10% g

Atomic nuclei carry 1= l(l + l)h

angular momentum: .
I = spin quantum number

Proton transmits a Otto Stern

radiofrequency electromagnetic
wave (yellow) after excitation
by an RF pulse (red)

Atomic nuclei

- -19
carry charge: Qproton = 1,6 105G
I g c
{ ‘ vA‘PJ\A’b J Atomic nuclei possess Laf
e jECelach magnetic moment: =7

Cross-section of an NMR scanner Y = gyromagnetic ratio
b= angular momentum




NUCLEAR MAGNETIC
RESONANCE (NMR)

In absence of magnetic field:
random orientation of elementary magnets

In magnetic field:

elementary

magnets orient

Bo

parallel

antiparallel

levels split

energy

+1/2

Edward Purcell, 1946

NUCLEAR MAGNETIC RESONANCE:
SPIN PRECESSION

" Precession or
| B Larmor frequency:

W, =YB,
i
fLarmor = EBO

Felix Bloch, 1946

NET MAGNETIZATION
DUE TO SPIN ACCESS IN DIFFERENT ENERGY STATES

Low energy state
parallel in case of proton

480

High energy state
antiparallel in case of proton

Bo = magnetic field
M = net magnetization

Ratio of magnetic spins in high-
(antiparallel) and low-energy
(parallel) states:

N _AE

antiparallel kT
N

parallel

Boltzmann distribution

EXCITATION

USING RADIO FREQUENCY RADIATION

Resonance condition: Larmor frequency

Bo = magnetic field
M = net magnetization
By = irradiated radio frequency wave A




SPIN-LATTICE RELAXATION SPIN-SPIN RELAXATION

T1 OR LONGITUDINAL RELAXATION T2 OR TRANSVERSE RELAXATION

1 BH 1 Bll

“free induction decay”
M, M,, indu y
(FID)

t AV
M, M M. \/ \/ t
E T1 relaxation time: y

depends on interaction
between elementary magnet (proton) T2 relavation
and its ehiionien : depends on interaction between

elementary magnets (protons)

SPIN-SPIN RELAXATION

T2 OR TRANSVERSE RELAXATION

THE SPIN-ECHO EXPERIMENT

Repetitive pulses of excitation and subsequent relaxation: spin-echo sequence Excitation Refocusing Excitation Refocusing
pulse (90°) pulse (180°) pulse (90°) pulse (180°)
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CONTRAST IN MR IMAGES IS DETERMINED NUCLEAR MAGNETIC RESONANCE IMAGING:

BY THE INTERACTION OF SPIN SYSTEMS TwWO IMPORTANT RELAXATION MECHANISMS

Hychogen bridges T i ‘- ‘ Spin-lattice relaxation‘ ‘ Spin-spin relaxation‘
" Y o el
of '

" * ot
- Bloembergen Pound Purcell
. FREE
L ] WATER

8 .....\’,o High mobility

INTERMEDIATE M
LAYER

‘.\".5” Restoration of longitudinal magnetization Dephasing of transverse magnetization
Energy transfered to lattice (phonons) Energy transferred between spins

Entropy increases No entropy change of total spin system

Low mobility Repopulation of spins between spin energy levels No repopulation of spins between spin energy levels

Interactions with magnetic field fluctuations at Larmor frequency Interactions with magnetic field fluctuations at low frequency

Protein, polymer, membrane

NUCLEAR MAGNETIC RESONANCE IMAGING: FROM NUCLEAR MAGNETIC RESONANCE SIGNAL

BASIC PRINCIPLE TO
MAGNETIC RESONANCE IMAGING

EXCITATION PULSE

Proton transmits a
radiofrequency electromagnetic
wave (yellow) after excitation
by an RF pulse (red)

Image
Processing ‘
(2D-FFT)

Cross-section of an NMR scanner




FIRST NMR EXPERIMENTS IN VIVO MRI:
NET MAGNETIZATION OF THE HUMAN BODY IS GENERATED

Downstate Medical United States Patent (19 3769802

Center - Brooklyn, 1972 Damadian

{541 APPARATUS AND METHOD FOR f A
DETECTING CANCER IN TISSUE ¥ i
(76) tavemor: Raymend V. Demedien, 64 Shor s s o=vB
Hill Rd... Forest Hill, N'Y. 11375 ! L]
22) Filed: 72 ¥ =

Resonance condition

> s. 282 VAT = 3
U‘Il I';:.‘_L. v 12802 Ry 12812 A, b = fulfilled
[SK] Field of Search .. 1262 R, 2

{

Raymond V. Damadian

Inhomogeneous I L “Indomitable”

First MRI scan 1970: detection of lengthened relaxation times in cancerous tissues magnetic field
1972: theoretical development of human in vivo 3D NMR
1977: first human MRI image

SPATIAL ENCODING OF THE NMR SIGNAL: SPATIAL ENCODING OF THE NMR SIGNAL IS BASED

IMAGING GRADIENTS el
FREQUENCY CHANGES IN THE PRECESSION

X-gradient coil

- i G- ()

RF COIL

s

Fourier
transform

Y-gradient coil

Z-gradient coil

IMPORTANT NOTE:
The magnetic field is always in the Z-direction




SPATIAL ENCODING: SLICE SELECTION
NMR SCANNER WITH BACKPROJECTION

o=7B

Paul Lauterbur, 1973 Peter Mansfield, 1973
Tllinois Nottingham

GRADIENT COILS

f=64.8 MHz

T Nature 242, (1973), 190-191
64.8 MHz

Nobel prize for physiology and medicine (Lauterbur & Mansfield) in 2003

NMR SCANNER WITH 2D FOURIER
TRANSFORMATION The first MRI scanners ...

Richard Ernst, 1974
Ziirich

NMR Fourier Zeugmatography

ANIL KUMAR, DIETER WELTI, AND RICHARD R. ERNST
Laboratorium fiir Physikalische Chemie, Eidgendssische Technische Hochschule,
8006 Zirich, Switzerland

Received August 2, 1974

A new technique of forming two- or three-dimensional images of a macroscopic = - . . ..
sample by means of NMR is described. It is based on the application of a sequence - Interventional MRI unit Open MRI unit Mobile MRI unit
‘of pulsed magnetic field gradients during a series of free induction dmyl.'ﬂ\cm - e =

formation can be achieved by a straightforward two- or three-di ry ==

imensional F
mnsfomlvon. ‘The method has the advantage of high sensitivity combined Mlh -
and computational simplicity.

... and recent ones

Nobel price for chemistry in 1991




MRI IMAGING:
COLOR RESOLUTION (CONTRAST)

BASED ON SPIN DENSITY AND RELAXATION TIMES

T1-weighing Proton density- T2-weighing
weighing

MRI:

IMAGE MANIPULATION I

Reslicing in perpendicular plane

MRI:

IMAGE MANIPULATION II

Spatial projection
,volume rendering”)

ANATOMICAL IMAGING:
MULTIPLE SCLEROSIS

Proton density
(sagital)

Proton density T2 weighted
(transverse) (transverse)

T1 weighted
With contrast agent




ANATOMICAL IMAGING: ANATOMICAL IMAGING
ONCOLOGY BONE AND SOFT TISSUE
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(cyst) (Breast carcinoma)
Protéﬁdénsity Rheumatoid arthritis Rheumatoid arthritis
(Brain metastasis) whrist

.

T2 weighted
(torn ligaments)

T2 weighted 2 e 3 1 : P i1 T2 weighted
(chondrosarcoma) Fes: [ . - B Pl oSSR B (hernia)

T2 weighted

(cervix carcinoma) (pfjsiﬁﬁiﬁir) Osteoporosis (femur)
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THERE IS MORE TO MRI - MRI:
THAN ANATOMICAL IMAGING ... L8 NON-INVASIVE ANGIOGRAPHY

Signa 1.5T SYS#CVMROV University MRI of Boca Raton

4 — -

Image slice
0T:0.0

saturated PA:0/0/0
spins
P Th:1:443

unsaturated 9
In research phase spins M3/ TOF /FSPER/AV/F
* quantitative imaging ;
* cell-specific contrast agents
* hyperpolarized MRI
‘State of the art’ " in vivo spectroscopy
* functional imaging
* 3D images * ‘multimodality’ imaging
* dynamic images
First NMR images * sharp image resolution




MRI:

NON-INVASIVE ANGIOGRAPHY

arteria carotis Circulus arteriosus Willisii

FUNCTIONAL MRI (FMRI)

HIGH TIME RESOLUTION IMAGES RECORDED
SYNCHRONOUSLY WITH PHYSIOLOGICAL PROCESSES

IEgrae)

Effect of light pulses on visual cortex

MRI MOVIE

BASED ON HIGH TIME RESOLUTION IMAGES

Opening and closing of aorta valve

SUPERPOSITION OF MRI ON OTHER
INFORMATION (PET)




SUPERPOSED MRI AND PET
SEQUENCE

PET activity: during eye movement
Volume rendering

MICROSCOPY

IMAGE FORMATION IN THE LIGHT
MICROSCOPE

(Diffraction
graung)

Smallest resolved distance (Abbé):
o) b J 0.611

nsino

Due to diffraction: image of a point object is an Airy disk

POSSIBILITIES OF IMPROVING
MICROSCOPE RESOLUTION

1. Improving the parameters of the Abbe
formula

2. Conversion of the resolution problem into
a positioning problem

3. Non-diffraction-limited imaging




1. REDUCTION OF WAVELENGTH:
ELECTRON MICROSCOPY

A=wavelength
h h=Planck’s constant
)., —_ m=electron mass

v=electron travel velocity

1. Electron as wave,
De Broglie (1924):

F=force on electron
2. Deﬂecting the e=electron charge

electron beam: F —_ eBV Sln a B=magnetic indu?tion
. , e V.=electon velocity
with magnetic lens
a=angle between electron path
and magnetic field

Upper pole
; . A Gap
Magnetic lens: . Cavity - T— Lower pole
electron beam spirals — Coil
through it. Ferromagnetic

cover

Electron beam

THE ELECTRON MICROSCOPE

Source ¥

Condenser
lens

Intermediate
image plane

Ocular or projection
lens system

Receiver
{photographic plate)

Source: elektron gun

Wehnelt cylinder:
r_ focusing electrode

Cathode (tungsten
filament)

- Anode pinhole

Large vacuum: 102 Pa

RESOLUTION AND CONTRAST IN THE
ELECTRON MICROSCOPE

Modified Abbe-formule (for small o angles) d

A. Theoretical resolution: 2/
Based on electon velocity (100000 km/s), d=0.005 nm T

B. Real resolution: limited by small NA, ~0.1 nm.
Because of small NA, depth of focus is large (several ym).

C. Practical resolution in biological samples:
1/10 of section thickness.

D. Contrast mechanism: electron diffraction
Contrast enhancement: by electron dense dyes
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' Cryo-electron microscopy,

wg,“ﬂ particle-analysis
image reconstruction

3. Conversion of resolution problem into positioning problem

Photo-Activated Localization Microscopy

(PALM)

CD63, lysosome transmembrane protein




3. Non-diffraction-limited microscopy
Atomic Force Microscopy, AFM

Oxygen atoms on the
surface of rhodium crystal

sty of thie Aaviisaes, Cyluurnie Lo SRRl

i Unit of nanoworld:
Richard P. Feynman: 1 nanometer

“There is plenty of room at the bottom”
December 29, 1959

ATOMIC FORCE MICROSCOPE: AFM

bacteriorhodopsin DNA

@photodetector

,laser

cantilever >\ ,’

AFM Foundations

Image formation by scanning
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IMAGING ERRORS

true imaging
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Beta-amyloid fibrils
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DNA
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Manipulation of molecules with AFM

Single-molecule force spectroscopy Force sawteeth:
— non-cooperative unfolding of
\{»« V7 mechanically stable domains
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Nanoindentation, nanolithography

Lithos: stone, graphein: to draw

@ photodetector

laser
’

)

Pablo Picasso: "Don Quixote"
drawn in polycarbonate surface




