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Structure

Small molecule
(ligand):

may bind to the protein
surface in different
conformational states

Protein molecule:

in different
conformational states;
there are binding sites
on Iits surface



Dynamics

Phosphoglycerate
kinase (PGK)

Molecules are in constant rapid motion. In complex molecules (e.g., proteins)
the hierarchy of different dynamic modes (e.g., vibration, rotation) results in
extremely complex motions. Certain global motions are related to function of

the molecule (e.g., domain rotation in a motor protein).



X-ray diffraction, crystallography

slit smaller than wavelength
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What grating is comparable with x-ray?
)\X-ray: 10'200 pm

Information obtained with x-ray
diffraction: spatial coordinates of atoms
— gspatial structure of the molecule
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Solving molecular structure with

X-ray crystallography

Globular protein: Molecular complex:
ribosom

myoglobin
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8 tilt of helix
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p 34 A repeat unit of helix (one pitch)
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\Vlass spectrometry

Mass spectrometry (MS): analytical technique producing spectra of the masses of the atoms
or molecules in a sample. The spectra are used to determine the elemental or isotopic
signature, thereby elucidating the chemical structures of molecules.

Steps: Detection
o Faraday
1. lonization collectors
- m/g} =46~
2. Acceleration Em/q} — 45 —Fy |
3. Deflection ma} =44 ——
4. Detection Deflection depends on

mass-to-charge ratio (m/q)
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lonization of biological samples

—lectrospray ionization

Solvent cantaining analyte ]
_Mass
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(2) solvent evaporation = smaller droplet
— greater surface charge — (3)

Coulomb repulsion = droplets explode
— jonized, accelerated molecules
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MALDI: "matrix-assisted
laser desorption/ionization’

Mixing sample matrix
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Laser light is absorbed by the atoms/
molecules of the matrix.

|deal for investigating large molecules.



Methods of mass analysis

Magnetic method “Time-of-tlight” method

zmﬁcﬁ = Zg Acceleration (voltage, U)
m/q} =
m/a} = 44 lonisation Flight path (d)
area g .
sample inlet o ° Il,th lons
Particles with oL o} » Jion-detector
smaller mass are on o * _
3 magnet PaaéPu\éVIth smaller heavy ions
/ 4 >
vacuum chamber Time measurement (¢)
lon source . .
Potential energy of charged particle
Lorentz force accelerates (a) particles (qU) is converted into kinetic energy:
. 2
of mass m and charge g: 1, 1 d
E=electric field qU =—mv" =—m| —
q(E + v X B) = M@ VvxB=vectorial product of speed 2 2 !
and magnetic induction

| | from which time () and hence m/q can
from which the mass-charge ratio be calculated:
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g N V2U \ ¢ q

instead of m/q, usually m/z is used, where z=g/e (dimensionless number).




VMass spectrometry applications

1. Protein analytics (proteomics) 3. Real-time tissue analysis (“onco-knife”)
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2. Diagnostic screening:
Metabolic diseases (from 1 drop of blood)
e.g., phenylketonuria (PKU)



IR spectroscopy

Provides insight into chemical composition and vibrational dynamics

Molecules vibrate and rotate

Vibration: periodic motion along the axis of the covalent bond
Rotation: periodic motion around the axis of the covalent bond

s R R P AP

motion in the triatomic
= % = % = %

methylene group (-CHa-):
Asymmetric stretching Symmetric stretching Scissoring

Energy of a molecule: Born-Oppenheimer approximation:

E =FE +E +E Scales of transition ~100x ~100x
total e v r energies: Ee > Ey > E;
e Types of energy states are independent (not coupled)
e Energy states are non-continuous, but discrete ~3x1010J (~2eV) > ~3x1021] > ~3x10-23]

¢ Transition between states involves packets (quanta) of energy

e Scales of transition energies between different states are different ("Rule of thumb™: ultraviolet/visible > mid-IR > far-IR )



Volecular vibrations

Molecule: mass on a spring description

e fwo-atomic molecule (e.g., CO)
e masses (m1, mz): atomic nuclei
(me<<mnucleus)
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m,

distance of

nuclei

g ® spring: covalent bond
connecting the atoms

e distance-depedence of
interaction energy: can be
approximated with a parabola

® ro: equilibrium inter-nuclear
distance

e D: spring constant

Frequency of vibration
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energy of the molecular system)
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Wavelength of In IR spectroscopy, the
this radiation: wavenumber (v) is used:
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Values for the CO molecule:
Measured wavenumber, v =2143 cm-?

) =4,67 um, f=6,43x1013Hz (64,3 THz), D=1875 N/m



IR spectroscopy

standing mirror

Fourier Transform Infrared
(FTIR) Spectroscopy:

e multiple wavelengths are generated
(with a Michaelson interferometer)

® |[ntensities at multiple wavelengths
are converted to wavelength-
dependent intensities

IR spectrum:

e very rich information about
molecular structure and
vibrational propertries

e absorbance versus wavenumber

¢ fransmittance versus wavenumber

A
. light _
-— light path A Michaelson
moving ﬂ,"i—; light interferometer
mirror | | source
-«
’, JO(A",)»?,A‘;.“) J
sample A=1]o Y
! o J
J(Ap R0 5..) ) t
S A f \
> —- A 4"
detector i " \\ A
l / \_] \_ >?

“Fingerprint” regime

“Fingerprint” regime
< >

energy absorbed due o

' g the O-H bond strefching energy absorbed due o
C-H bonds bending
’% 100+
GJ =
O o
% =
o ethanol ¢ propanol
3 i
%p) =
Q =
o =
£
¥
,I ] ] I> O llll]llllllk:l]lllll 1 L T L I T L} L} L} I L} L} L) T I
1000 1500 2000 2500 3000 4000 3000 \\ 2000 1500 1000 200
wavenumber (cm-1) LY wavenurmber (crm-1)

b
energy absorbed due to
C-H bonds strefching



IR spectroscopy applications

e |dentification of chemical species (e.g., intermediate Lipid Protein Nucleicacid  Carbohydrate
and end products of reactions) m &‘\z & e
e Determination and verification of molecular structure * o
* Detection of metabolites 109 .
¢ |n proteins, both backbone (amide vibrations) and ef
side chain (ligand binding) behavior can be followed 08 ] I
(e.g., denaturation, folding, aggregation) 2 | :
* [n nucleic acids, the bases, the sugar and Sy
phosphate components can be studied g . Ty
independently £ Ve 5 €9
e In lipids, phase transitions (e.g., order-disorder) can 0.2 \ A C
pe followed /4 %
e N.B.: In agueous samples, due to water absorption, - ~yM— &
neavy water (D20) is used instead. el AeS W:;‘::zmber(c;f‘)” s &
ooy, T *ftga
,f{ _-;1 N 4 i/ amide | bond
R 2 w_f_' g’_ stretching vibration
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molecule .

Dermal fibroblasts imaged

FTIR microscopy at 1224 om-1




Single-molecule biophysics

|. Individuals (spatial and temporal

trajectories) can be idenditfied in an ensemble 2. Stochastic events may be discovered

Intensity

(a.u.)

0 50
Time (s)

Single microtubules - Ensemble - Single quantum dot - blinking
treadmilling intensity

Ensemble - microtubular system

3. Parallel-pathway processes may be 4. Mechanics of biomolecules may be characterized

described von Willebrand factor Kinesin
Unfolded state

F1FO ATPase

Ribosome

~

NS L\
~ N \ &

Conformational
space

Native
state




Manipulation of single molecules

lascr beam
«-V deflection

Atomic Force

pulled glass micropipette Microscope
‘ (AFM)

Cantilever
methods

microfabricate
silicon cantilever

cantilever
—bending = F/ix

Az
pedestal
magnctic ficld
(magnetic
phaton field N \weeZers)
(optical tweezers) ow fic

. (Stokes drag)

Field-based | I~
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methods

moveable &
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Measurapble parameters |.

Force

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

Optical tweezers

DNA

Latex bea

movable
micropipette

Force (pN)

80 -

(o))
o
|

NS
o
|

Overstretch transition

Enthalpic regime

Entropic regime

1 I I 1

0.5 1.0 15 2.0
Extension (um)



Measurapble parameters |.
Force

T7 bacteriophage
capsomere

T7 phage particles immobilized on mica
surface

Nanoindentation |
of viral capsid

Force (nN)

Distance (nm)

landing on
capsid

-
/

elastic deformation

capsid breakage
(“trepanation”)

Trepanated inca skull,
Museo Rafael Larco Herrera, Lima



Measurable parameters Il.

Distance

What is the step size of a motor protein?

380

304
MyosinV molecule

N
N
@

Distance [nm]
o
N

7

Myosin V
cryoelectron-

microscopic image
series Feedback
control

0.2 0.4 0.6 0.8
Time [s]



Measuraple parameters lll.
Rotational angle

How does the ATP synthase work!?

Proton
Outside
=

Mitochondrial F
inner membrane o

Inside \

ADP+Pi =~ 5 3
B :
ATP " /

Actin filament
y'Streptavidin
ﬂ’a

22 nm

“ =
| mMMATP 200 nM ATP 20 nMATP

Discrete rotational steps of 120

12

11

10

Revolutions




Measuraple parameters |V.
-luorescence

What are the conformational states of a molecule?

Phosphoglyerate kinase (PGK) : - . " Kymogram
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Single-step photobleaching (exponential
function in an ensemble!)
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PGK molecules labeled with Alexa488, TIRF microscopy



Ensemble versus single
molecule behavior

Exponential decay
[Product] [ES] [ES] =

. [Enzyme-

Ensemble: substrate

complex]

Time Time
Steps may appear FIu;@uation between
d t ES IsCrete states
Single Froduct ES) ON state

molecule:

. OFF state

Time Time



Relationship between structure and mechanics: titin

Cardiac myocyte Sarcomere

Muscle|:
sacromere|:

AFM structure of a
single straightened

titin molecule Kinase domain

Titin functions:
. . |. provides elasticity
Fibronectin

(FN) domain | 2. structural template

Ima:gt;ndoégrlrc‘)abiﬁlm PEVK domain 4 nm 3. mechanosensor

7 anti-parallel,
4 nm f3-strands

A
v



Force (pN)

T1tin mecnhanics;:
non-linear elasticity + domain unfolding

0 0.5 1 15 2 25

Extension (um)




Planck Length

Quantum Foam EEEE—
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