STRUCTURE AND
DYNAMICS OF

BIOMOLECULAR SYSTEMS

FLUORESCENCE, SINGLE-MOLECULE BIOPHYSICS,
RADIO SPECTROSCOPIES (EPR, NMR, MRI)

John Dalton (1766-1844) Oxygen atoms on a rhodium single crystal

Fluorescence and its special applications
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Radiative and non-radiative transitions!




Forster Resonance Energy
Transfer (FRET)

* 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 fluorophores.
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+ = donor (D) 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

E=—R§
R, +R°

Ro: Forster-distance
(Distance at which transfer
efficiency (E) is 0.5)

R: Actual distance between
fluorophores (D-A)

Spectral overlap
(overlap integral)

/

Wavelength (nm)

Fluorescence intensity or OD

Application of FRET

* Molecular ruler: distance measurement in the nm (10-°m) range.
* Highly sensitive (see power function)!
* Applications:

— Measurement of intermolecular interactions.

— Measurement of intramolecular structural changes.
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In vitro motility assay

o, Motility of rhodamine-labeled single actin filaments
on a myosin-coated surface




Multiphoton fluorescence microscopy

*Energy of two or more photons is summed during excitation

*Excitation, hence emmission, is only in the focal point (limited photodamage)
*Excitation with long-wavelength (IR), short (fs) light pulses

eLarge (upt to 2 mm) penetration distance due to long wavelength
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Super-resolution microscopy

Nobel-prize in chemistry, 2014
Resolution problem is converted into position-determination problem

Position determination problem
(precision depends on photon count)

Resolution problem (Abbé)

“Stochastic” data collection, single fluorophores
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Single-molecule biophysics

I Individuals (spatial and temporal : :
trajectories) can be idenditfied in an ensemble 2. Stochastic events may be discovered
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Manipulation of single molecules
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Measurable parameters |.
Force

How much force develops during the stretch of a single dsSDNA molecule?

Optical tweezers %7 Snosereres

DN

Enthalpic regime

Force (pN)
:

Latex
bead
201 m&%@m
‘movable Entropic regime
micropipette
0=

T T Ll T 1
0.0 0.5 1.0 15 20
Extension (um)

Measurable parameters |l.
Distance

What is the step size of a motor protein?
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Measurable parameters lll.
Rotational angle

How does the ATP synthase work?
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Measurable parameters IV.
Fluorescence

What are the conformational states of a molecule?

Phosphoglyerate kinase (PGK) Kymogram
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Single-step photobleaching (exponential
function in an ensemble!)

NFI WI ‘w fluorescent state

6000

X oM 5 g Wy W}""l'w*hﬂ‘%l\lﬁj&lfhllw Fhe e

PGK molecules labeled with Alexa488, TIRF microscopy %

Intensity (a.u.)

Time (s)




Ensemble versus single
molecule behavior
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“RADIO SPECTROSCOPIES”:

REVOLUTIONIZED PHYSICS, CHEMISTRY, BIOLOGY AND MEDICINE

e Electronspin resonance (ESR, electron paramagnetic resonance - EPR)
e Nuclear Magnetic Resonance (NMR, MRI)

EPR spectroscopy NMR spectroscopy

Protein molecular dynamics with NMR High-resolution, anatomical MRT

‘
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MRI spectroscopy

Musculoskeletal MRT

ATOMIC, MOLECULAR SYSTEMS MAY
BEHAVE AS ELEMENTARY MAGNETS

Elect o
Stern-Gerlach experiment “ romagr‘|e\s) S R
(1922) Ag-atom beam

splits in
Net magnetic moment is determined by two.
the valence, 5s! electron (orbital angular
momentum=0).

Strong magnetic field

The spin
In an inhomogenous magnetic
agnetic field not "
Otto Stern Walther Gerlach r(‘x‘l:l%/“lin";u: bl:\low y rr;;)me?t may
J 4 \ attain two
(1888-1969) (1889-1979) net force also acts on l ! discrete
the magnetic dipole: % % values.

Weak magnetic field

Nuclear magnetic resonance, NMR) "‘5.’
Nobel-prize, 1952 -
A
Isidor Rabi Felix Bloch Edward Mills Purcell
(1898-1988) (1905-1983) (1912-1997)

Magnetic resonance: resonance-absorption of electromagnetic
energy by a material placed in magnetic field.

SYSTEMS WITH NET SPIN:
ELEMENTARY MAGNETS

e Elementary particles (p, n, e) have their own spin.

® Depending on the number of elementary particles and organizational principles (e.g., Pauli principle),
net spin emerge within the system.

® Atomic nucleus: odd mass number - half nuclear spin (*H, 13C, 15N, 'F, 31P); even mass number, odd
atomic number - whole nuclear spin; even mass and atomic number - zero nuclear spin.

e Electron: net electron spin within a mmolecular system containing a stable unpaired electron (e.g., free
radicals).

® Because of charge and net spin magnetic moment emerges.

Nuclear magnetic moment:
M, =y,L

YN = gyromagnetic ratio (ratio of magnetic moment and angular momentum.)

L = nuclear spin (L = JI{I+1)h), = spin quantum number.

Magnetic moment of the electron:

M, =-gu,,|S(S+1)

g = electron’s g-factor (dimensionless number that describes the relationship
between magnetic moment and gyromagnetic ratio)

up= Bohr’s magneton (unit of the electron’s magnetic moment)
S = spin quantum number




In absence of magnetic field:
random orientation of elementary magnets

Paramagnetism: magnetism emerging in external
magnetic field (caused by the orientation of
magnetic dipoles).

In magnetic field:

PRECESSION

Precession or
Larmor frequency:
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NMR AND EPR NET MAGNETIZATION
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® NMR spectrum: intensity of absorbed T M = net magnetization

electromagnetic radtion as a function of frequency. I
® The area under the “NMR-line” is proportional to the ' ‘ O\f\fclzl:ﬁ’é:ﬁ:lx 1

number of absorbind atomic nuclei. S
o The electron cloud distorts the local magnetic field, Ihfhod ‘ i LOW'energy state

therefore the frequency condition is shifted: - r “ k *, A “ ’L el f th

“chemical shift”. Chemical structure determination is ’ parallel in case o the pI'OtOI'I

possible.

CHO 8=456 Hz CH;

EPR spectrum
of spin-labeled
cytochrome-C

® EPR spectrum: intensity of electromagnetic radiation
as a function of magnetic field.
® Magnetic field is lower, but radiation frequencies are | .
greater (microwave) than in NMR. of p—— .«‘J ‘/J Pt
e Spin-labeling: attachment of a chemical containing a | [ | *
stable unpaired electron.
® Dynamics of rotational motion can be measured ub :
the 104 - 102 s time range. o —

Magnetic field [G]

High-energy state

anti-parallel in case of the proton




EXCITATION

WITH RADIO FREQUENCY ELECTROMAGNETIC RADIATION

Resonance condition: Larmor frequency

By

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

SPIN-LATTICE RELAXATION

T1 OR LONGITUDINAL RELAXATION

Bo

T1 relaxation time:
depends on interaction
between elementary magnet (proton)
and its environment

SPIN-SPIN RELAXATION

T2 OR TRANSVERSE RELAXATION

Mxy “free induction decay”
(FID)

T2 relaxation time:
depends on interaction between
elementary magnets (protons)

MRI:

NET MAGNETIZATION OF THE HUMAN BODY IS GENERATED

Nobel-prize (2003)

80N 4
(1936-) Paul C. Lauterbur
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= Peter Mansfield
Figure from Damadian’s patent file. The “Indomitable” (1933-)




MRI IMAGING: SPATIAL ENCODING OF THE NMR SIGNAL IS BASED

ON FREQUENCY CHANGES IN PRECESSION
ADDRESSING SPATIAL LOCATION
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NUCLEAR MAGNETIC RESONANCE IMAGING:
SUMMARY

MRI IMAGING:
CONTRAST ACCORDING TO RELAXATION TIMES
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MRI:

IMAGE MANIPULATION

Reslicing in the
g
transverse plane

Spatial projection
(,,volume rendering”)

MRI MOVIE

BASED ON HIGH TIME RESOLUTION IMAGES

Opening and closing of aorta valve

MRI:

NON-INVASIVE ANGIOGRAPHY

Signa 1.5T SYS#CWMROV University MRI of Boca Raton

Image slice

saturated
spins
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unsaturated
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FUNCTIONAL MRI (FMRI)

HIGH TIME RESOLUTION IMAGES RECORDED
SYNCHRONOUSLY WITH PHYSIOLOGICAL PROCESSES

Effect of light pulses on visual cortex




SUPERPOSED MRI AND PET
SEQUENCE

R Planck Length

Quantum Foam [

Cary and Michael Huang (http://htwins.net)

PET activity: during eye movement
Volume rendering




