CELL MECHANICS
LECTURE 4

2. Physical principles

2.1.

2.2.

Forces at molecular and cell level

Physical forces and their magnitudes at the single-molecule level

Modeling complex mechanical devices as protein machines by using three elements:
Spring, Dashpot, Mass; example: Mass, Stiffness and Damping of Proteins

Thermal forces, diffusion, and chemical forces

Boltzmann Distribution Law and the Principle of Equipartition of Energy

Diffusion equation - Einstein relation — Stokes law

Autocorrelation function and Power Spectrum

The effect of force on the equilibria and rate of chemical reactions

Example of single molecule force spectroscopy experiments — unbinding, unfolding

Reference: Book_Howard Ch_ 5 + others see slides




In addition to mechanical forces and thermal forces proteins and cells are subject to
chemical forces, arising from formation of intermolecular bonds

OUTLINE

« Chemical forces; amino acids — protein; types of forces;

« Ligands: how they work and examples

« Chemical equilibria and the effect of force on chemical equilibria

« Rate theory of chemical reactions and the effect of force on the chemical rate constant
« Examples of single molecule force spectroscopy experiments — bonds unbinding, --->

protein unfolding



Strength of Chemical bonds

Type of Bond  Strength (kcal/mole) ~ Strength(KT)
Covalent 50 to 100 150
lonic 110 80 100
Hydrogen 3to 6 10
Van der Waals 0.5to 1 2
Hydrophobic 0.5to 3 5

1 kcal / mole ~ 4.184 kJ / mole ~ 1.6 KT / molecule
1KT ~4.1x102"J

NA~ 6 x 1023

RT= KT x NA

https://earth.callutheran.edu/Academic Programs/Departments/BioDev/omm/jsmolnew/bonding/chymo.html#top

An Introduction to Chemical Bonds and Protein Structure


https://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/jsmolnew/bonding/covalent.htm
https://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/jsmolnew/bonding/ionic.htm
https://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/jsmolnew/bonding/hydrogen.htm
https://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/jsmolnew/bonding/hydrophobic.htm
Protein Bonds
https://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/jsmolnew/bonding/chymo.html#top

Chemical bonds and chemical forces in proteins

Amino Acids — the structural units that make up proteins
H Size:0.4—-1nm

Molecular Mass: 75 — 205 Da
Smallest AA: glycine; Biggest AA: thryptophan

In nature there are more than 100 aa.

R

20 aa are making up the proteins in the human body

chemical structure 11aa of these 20 aa are synthetized by the human body

A central carbon atom is bonded on four sides with: a carboxyl group COOH; an amino group NH2;
a hydrogen atom H; a side chain R.

R is the only conponent that differs between amino acids.



Amino Acid AA Peptide Protein

<40 AA

% » Size +

Amino Acid Peptide Protein Structure
(Lysine) (Angiotensin) (IgG)

More than 20000 proteins in the human body

How is it possible that from only 20 structural units to get so many proteins and so many functions ?

https://www.drawittoknowit.com/course/biochemistry/glossary/biochemical-pathway/protein-structure-classes



PROTEIN STRUCTURE

Primary Secondary Tertiary Quaternary
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Amino acid residues o Helix Polypeptide chain Assembled subunits

The primary structure consists of the specific amino acid sequence.
The resulting peptide chain can twist into an a-helix, which is one type of secondary structure.
This helical segment is incorporated into the fertiary structure of the folded polypeptide chain.

The single polypeptide chain is a subunit that constitutes the guaternary structure of a protein,
such as hemoglobin that has four polypeptide chains.




CLASSES / LEVELS OF PROTEIN STRUCTURE

Primary Structure = sequence Secondary Structure =

of amino acids alpha helices, beta strands
3-letter code
Lys-Thr-Tyr-Phe-Pro-His- -
Phe-Asp-Leu-Ser-His-Gly ... 1
1-letter code )
KTYFPHFDLSHG

Quaternary Structure (Biological Units)
| = functional assemblies of chains

Tertiary Structure = fold
helices and strands into domains




PRIMARY PROTEIN STRUCTURE
CLASSES OF PROTEIN STRUCTURE

_ _ _ _ Primary Secondary
Together, peptide bonds and amino acids form a polypeptide Polypeptide chain Alpha helix Beta sheet
chain (i.e. a protein). R Hvdroden
_ _ _ _ Aminoacid  pptide bond bgndsg
The primary structure of a protein determines its secondary and } f Farallel
tertiary structures. ?S
Anti-parallel
As a clinical correlate, in sickle cell anemia, a single substitution of
: g : : : Terti t
an amino acid in the primary structure of the protein results in a erany Qua ernar; ,
onas
structural defect in hemoglobin.
> Polypeptide
Bonds chains



SECONDARY PROTEIN STRUCTURE

Two basic forms: alpha-helices and beta-sheets
Hydrogen bond interactions within the alpha-helix and beta-sheet
provide the stability of secondary structure of proteins.

Alpha-helices

Low energy conformations that enable higher-order packing of
proteins. Large or charged amino acid groups (such as proline) can
disable the alpha helix conformation by manually disrupting the
hydrogen bond interactions.

Beta-pleated sheets

More structurally diverse than alpha helices and thus facilitate more
diverse protein functions. Create stable, diverse structures within a
protein to allow higher order functions.

As a clinical correlate, prions are pathogenic, transmissible agents,
which cause conversion from an alpha-helical form to a beta-sheet-
rich conformer. Prions accumulate in the brain and cause a variety

of spongiform encephalopathies, such as “mad cow disease”.

CLASSES OF PROTEIN STR
Primary Secondary
Polypeptide chain Alpha helix Beta sheet

Aminf acid ngtide bond

Hydrogen
bgndsi% )1
?SParaﬂel

Anti paraﬂe

Tertiary Quaternary
Bonds
> Polypeptide
Bonds chains
r



TERTIARY PROTEIN STRUCTURE

|s the protein’s three-dimensional shape (its "native conformation")
and the function of a protein is dependent on this three-dimensional

globular structure. Primarily comprises alpha helices and beta sheets.

QUATERNARY PROTEIN STRUCTURE

Forms through the interaction of 2 or more separate proteins.
Comprises multiple polypeptide chains and occurs in certain protein
types, called functional multimeric proteins.

TERTIARY & QUATERNARY PROTEIN BONDING
The most significant stabilizer of tertiary and quaternary protein
structures are hydrophobic interactions.

The following additional forces stabilize these structures:
-Hydrophilic interactions.

-Electrostatic interactions.

-Hydrogen bonds between side chains.

-Strong disulfide bonds.

Primary
Polypeptide chain

Aminf acid ngtide bond

10

Secondary
Alpha helix Beta sheet

Hydrogen
%bgndé% )l
?SParaﬂel
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Tertiary

c
>

Quaternary
Bonds

Polypeptide
chains




Covalent bonds are the strongest chemical bonds contributing to

protein structure. A covalent bond arises when two atoms share a
pair of electrons. lonic Bond vs. Covalent Bond
Strength ~ 150 KT / molecule lomc Bond]

Transfer of

electrons _oo
o~ /_""'l
A )
—_

_'

Electrostatic Interactions

- - Atom 1 Atom 2 lonic molecule
A. lonic Bonds (salt bridges) (metal) (nonmetal)
Strength ~ 100 KT / molecule Covalent BondJ
lonic bonds are formed as atoms of amino acids bearing Shlanng of

electrons

opposite electrical charges are juxtaposed. lonic bonds can o
be important to protein structure because they are potent s
electrostatic attractions. In the hydrophobic interior of P T .
proteins, ionic bonds can even approach the strength of i oo

covalent bonds.

https://earth.callutheran.edu/Academic Programs/Departments/BioDev/omm/jsmolnew/bonding/chymo.html#top
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Protein Bonds
https://earth.callutheran.edu/Academic_Programs/Departments/BioDev/omm/jsmolnew/bonding/chymo.html#top

Electrostatic Interactions

B. Hydrogen Bonds

Strength ~ 10 KT / molecule

When two atoms bearing partial negative charges share a
partially positively charged hydrogen, the atoms are engaged
in a hydrogen bond (H-bond).

C. Water Shells and Polar Surface Residues

Strength ~ 10 KT / molecule

Polar amino acids, mostly found on protein surfaces, promote
appropriate folding by interacting with the water solvent.

Polar water molecules can form shells around charged or
partially charged surface residue atoms, helping to stabilize
and solubilize the protein.

There are six amino acids with side chains that are polar:
serine (Ser), threonine (Thr), cysteine (Cys), asparagine (Asn),
glutamine (GIn), and tyrosine (Tyr).

()

S Hydrogen

12

A Covalent vs
'w) | Hydrogen Bond

2 b Polar Covalent Bond
2 .

bonds

The hydration shell of myoglobin



Van der Waals Forces 13

Atom - A Atom -B
Strength ~ 5 KT / molecule P -y 0N
@ - D

: : : : ) | )

Van der Waals force is a transient, weak electrical attraction of one atom for another. (-& g a f‘
i i i ' Attraction

This attraction exists because every atom has an electron cloud that can fluctuate, High density High density
yielding a temporary electric dipole. The transient dipole in one atom can induce a clouds clouds
complementary dipole in another atom, provided the two atoms are quite close. VaRGerivass Dond

12 6

the Van der Waals force. F =4 ?_ fr’_,

These short-lived, complementary dipoles provide a weak electrostatic attraction, Energy
1
|
|
|

Positive

If the two electron clouds of adjacent atoms are too close, repulsive forces come into
play because of the negatively-charged electrons. The appropriate distance required PRIN Distance (r)

for Van der Waals attractions differs from atom to atom, based on the size of each o @ R
electron cloud, and is referred to as the Van der Waals radius.

o

Negative
S

Van der Waals attractions, although transient and weak, can provide an important component of protein structure because of their
big number. Most atoms of a protein are packed sufficiently close to others to be involved in transient Van der Waals attractions.
Van der Waals forces can play important roles in protein-protein recognition when complementary shapes are involved.

An example is the case of antibody-antigen recognition, where a complementary fit of the two interacting molecules across a
broad surface yields extensive Van der Waals attractions.



Hydrophobic Interactions

Strength ~ 5 KT / molecule
Hydrophobic interactions ("bonds") are a major force driving proper protein folding.

They juxtapose hydrophobic sidechains by reducing the energy generated by the intrusion of amino acids into
the H,O solvent, which disrupts lattices of water molecules.

Hydrophobic bonding forms a hydrophobic protein core, where most hydrophobic sidechains can closely
associate and are shielded from interactions with solvent .

Hydrophaobic
Region

Hydrophilic
Region

Isolated Protein Protein in aqueous solution

14



Chemical forces 15

Chemical forces arising from changes in bound ligands

What is a LIGAND ?
Any molecule or atom which binds reversibly to a protein producing a conformational change of the target / receptor protein.

The ligand travels through the fluids of an organism, within the blood, tissues, or within a cell itself.
It can be natural, as an organic or inorganic molecule. Some ligands can be made synthetically > drug synthesis.
Ligands are typically used in cellular signaling and cellular regulation.

How LIGANDS work and which is their function

The ligand binds to the protein by weak interactions, inducing a conformational change of the protein. The physical action of the
ligand changes the overall shape of the entire structure without breaking or forming new chemical bonds.

The movement /change of the protein itself activates another chemical pathway, or triggers the release of another messenger ligand,
to carry the message to other receptors.

Biologically active proteins are active because of their shape. This shape interacts with the chemistry of the ligand to create a stable
connection between the two molecules, which will eventually reverse, leaving both molecules the same.

Binding
Difference between protein-ligand and enzyme-substrate reaction: site
» The ligand binds reversibly and leaves the protein unchanged when it leaves.

« In a substrate and enzyme reaction, the substrate is permanently changed.

Protein-Ligand Enzyme-Substrate



Chemical forces 16

How LIGANDS work and which is their function

The ligand activates a protein for a short amount of time and then it is recycled, which allows for the biological control of many

interactions. The amount of time a ligand spends attached to its receptor or specific protein is a function of the affinity between

the ligand and the protein. The affinity of a particular ligand for a particular protein is determined entirely by its chemical

makeup and that of the binding site of the protein.

At the binding site, amino acids will be exposed which tend to complement the desired ligand.
E.g If the ligand is positively charged, the binding site should be negatively charged. This creates the strongest interaction and

the protein can obtain a certain degree of specificity for a ligand.

While this is the basis for how cells can begin to distinguish different molecules, it is also at the heart of one of an organism’s
biggest problems. Many poisons and toxic substances are so toxic because of their ability to interfere with the protein-ligand
binding process. Either the toxin directly binds to the protein itself, because it has a higher affinity, or the toxin otherwise

prevents the normal bonding of a ligand to its target protein.

https://biologydictionary.net/ligand/



Chemical forces 17

Examples of a Ligand: the Oxygen

In the body tissues, oxygen must reach all the mitochondria in the body if the organism is to survive. All organisms of a certain size
must contain some sort of circulatory system and use specialized proteins for this.

Hemoglobin is the major blood protein responsible for transporting oxygen in humans. Hemoglobin picks up oxygen in the lungs and
releases it in capillaries. Release is induced by a conformation change of hemoglobin, which is produced by a lower pH level because of
CO2 increase and because of red blood cells (RBC) squeezing in capillaries. Oxygen diffuses then in tissue to reach the cells. RBC can
then pickup CO2 and bring it to lungs.

4 oxygen molecules / hemoglobin; 270 million of hemoglobin / RBC;
5 x 10° RBC / mL blood; 0.21 mL oxygen / 1 mL blood

Hemoglobin is a protein made up of four polypeptide chains (al, a2, f1, and B2).
Each chain is attached to a heme group composed of porphyrin (an organic ringlike
compound) attached to an iron atom. These iron-porphyrin complexes coordinate the
attachment and detachment of the oxygen molecules.

Note: another ligand is the carbon monoxide. CO has a higher affinity for hemoglobin than
02 has. Once CO is bound to the hemoglobin, it won’t come off. This means that someone
exposed to large amounts of CO will soon have all their hemoglobin saturated by the wrong
ligand. Their body will have no ability to transfer oxygen to the brain and body tissues.

“ heme

group
2007 Encyclopsedia Britannica, Ine.



Chemical forces
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Examples of a Ligand

Dopamine

Dopamine is a ligand used heavily in the brain. It is a neurotransmitter. When the brain (dopaminergic neurons) releases it and the
dopamine receptors are reached, signaling cascades are triggered inducing the sensation of a pleasure coming from success. In other
words, dopamine is tied to the sensation of motivation. When the receptors are full of dopamine, the brain feels as if you have done

something good ©

Drugs such as cocaine and methamphetamine increase the effectiveness of dopamine, limiting the amount of dopamine which can be
recycled. Thus, the brain stays in a constant state of feeling “rewarded”, sensation / situation which can easily lead to drug addiction.

Bacteria and virus proteins

ACE-2 is the host cell receptor responsible for mediating infection by
SARS-CoV-2, the novel coronavirus responsible for coronavirus disease
(COVID-19). Treatment with anti-ACE-2 antibodies disrupts the

interaction between virus and receptor.

Spike (5] protein
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https://www.rndsystems.com/resources/articles/ace-2-sars-receptor-identified
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Chemical forces

Examples of a Ligand Retinal ligand in rhodopsin - cis to trans isomerization of retinal bound to the opsin protein

Rod Cell in Retina

Synaptic Inner Outer
endings segment segment :
rhodfpsm b disk
Membrane dis . .
Rod cells are light sensitive
oo 00NN —
| N A \ photoreceptor cells in the retina of
Synapse Nucleus Mitochondria | Membrane disks -
Eonnecting the eye that work better at low light

Inside disc -

cilium ;
N\ G000

) et intensity levels (dark/night), while
cone cells work at higher light levels.

CEeees: CLEEEe

Surface of |
disc

Rhodopsin molecule

Rhodopsin is a light-sensitive receptor protein involved in visual phototransduction.
It is is a biological pigment found in the rods of the retina and is a G-protein-coupled receptor.
Rod (and cone) are photoreceptor cells in the retina.
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Retinal ligand in rhodopsin - cis to trans isomerization of retinal bound to the opsin protein

Retinal is a small molecule derived from retinoic acid, vitamin A.
It has two interesting properties: retinal ligand molecule

- The structure of retinal is such that the electrons be excited
easily by light: they can absorb photons in the visible range
of wavelengths (400 - 800nm)

light

) 12 L\"
- The double bonds can isomerize upon absorption of photons. m

. . 7\
Isomerization means that for a short moment the atoms can NP In < picosecond ! .
] 11-cis-Retinal All- trans -Retinal
freely rotate along a double bond, thereby changing the Figure 1-18b
Lehninger Principles of Biochemistry, Fifth Edition
geometry of the whole molecule. When retinal is bound to R P

opsin (rhodopsin without retinal is called “opsin™), only one
isomerization is possible: 11-cis retinal is transformed into all-
trans retinal. This leads to a conformation change of the
whole protein, thereby activating a signal pathway.
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Cis to trans isomerization

Isomerization process in vision: 100

irradiation of Rh 11-cis-retinal isomerizes to all-trans-retinal in 200 fs

50

Energy (kcal/mole)

11-cis rhedopsin % All-trans photoproduct

Isomerization coordinate

11-cis-Retinal All- trans -Retinal

—— Fig. 1. Schematic ground-state and excited-state
Lehninger Principles of Biochemistry, Fifth Edition potential energy surfaces for the 11-cis — 11-trans
© 2008 W.H. Freeman and Company - . . . -
isomerization in rhodopsin, adapted from (714).
The reaction path of the photoisomerization is
indicated by the nonadiabatic potential surfaces
(broken lines).

Schoenlein et al, Science 254, 412 (1991)



Reversible cycle of retinal isomerization in rhodopsin

raceptors

all-trans retinal
- - — —

mzyn'i\
energy

vitamine A

retinal



Phototransduction pathway occurs via a 4 step process that uses a 2nd messenger cascade to amplify the signal.
Activation of rhodopsin ultimately results in the closure of cyclic nucleotide gated Na+ channels,
and hyperpolarization of the photoreceptor.

{A) (B
Outer segment Amplification factor : 107!

i) PDE hydrolvezes cGMP,

reducing its concentration

Light stimulation

of rhodopsin leads

bo activation of a
G-protein, transducin

Y Activated G-protein
activates cGMP
phosphodiesterase

(PDE})

This leads
to closure of
Mat channels

11-cis retinal

/ y &2 Inside of cell Outside of cell

Transducin

Cyclic guanosine monophosphate (cGMP)

https://openwetware.org/wiki/BlO254:Phototransduction Phosphodiesterase (PDE)



Phosphodiesterase (PDE) and cyclic Guanosine MonoPhosphate (cGMP)

Cyclic guanosine monophosphate (cGMP) is a cyclic nucleotide derived from guanosine triphosphate (GTP).

A phosphodiesterase (PDE) is an enzyme that breaks a phosphodiester bond in the second messenger molecule cGMP.

24



Lab Experiment Stimulating a single Rod cell

Stimulating Rod cell

with light and measure current

A single rod cell is illuminated and the current

generated is measured in the micropipette

Lab exp.

Optical fiber

50 pm

Suction micropipette

Rod cell

25



Chemical forces 26

How mechanical force affects chemical reactions

To understand how molecular machines work we need to understand how molecules (proteins) move/deform in

response to these chemical forces.

Just as a chemical force might cause a protein to move in one direction, an external mechanical force might cause the
protein to move in opposite direction. Thus, mechanical forces can oppose chemical reactions and conversely chemical

reactions can oppose mechanical ones. If the chemical force is strong enough, the chemical reaction will proceed even

in presence of a mechanical force - reaction generates force.

How force affects ligand-receptor bond equilibrium,

or the equilibrium between two structural states of a protein E1 &E2 ?



Chemical equilibria and the effect of force on chemical equilibria 27

What is a structural state of a protein ?

A structural state refers to an ensemble of a large number of individual conformational states that do not very too
much from mean state (stable minimum energy state).

Due to the thermal fluctuations, a complex molecule like a protein can occupy an enormous number of different
conformational states.

Conformational state: is defined by a set of coordinates of all the atoms.

Examples of different structural states:

folded vs unfolded protein, closed vs open ion channel, ligand — receptor unbound vs bound

The probability of finding the protein in a certain conformational state is given by Boltzmann’s law

The probability of finding the protein in a certain structural state can be also determined using the Boltzmann’s law.



The probability of finding the protein in one of the two (structural) states

Two structural states:

E1 : E2
i i
i=1: N
Energy ! 1 =1
7 =1: N
) 5 ) s
6
5 4
(Upy— = 5
4 ‘_'(U-.Z)
2 2
1
i}
Structural Structural
state 1 state 2
E, = {state;} E; = [statej}

Ensembles of states

Suppose a molecule can be in one of two structural states E1 and E2.

The probability to find the molecule in conformational state i or j is:

N
1 Ui Z—Zexp[ Ui N=N,+ N
| — S EeXp|—71+ = — T = N4+ N
The probabilities of finding the molecule in the structural state E1 or in the

structural state E2 are:

N, N,
p,=p(E1)=}3p;=2,/2 p,=P(E2)=3p;=2,/Z
P,/ P,=2,/2,
- Ui : Uj
= ) exp [—— Z,= ) exp [——
1 Z kT = kT

28



Chemical equilibria and the effect of force on chemical equilibria

29

For a structural state E we define the free energy as: G=<U> - TS, where:

U is the potential energy comprising the internal energy associated with all the bonds (covalent, electrostatic) +
the external energy corresponding to external variables such as pressure, force, electrical field or gravity.

The entropy S is a measure of disorder: S= KIn Q with Q number of microscopic configurations; the larger the
number of conformations in an ensemble, the greater the entropy S
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Chemical equilibria and the effect of force on chemical equilibria 31

The Boltzmann’s law holds for ensembles of conformational states E1 and E2,
if the energy term is replaced by the Gibbs free energies, G1 and G2.

It relates probabilities to free energy.

[Ez] P2 ,:__A_Gi| = epnstanfe Keq [E1], [E2] concentrations of E1 and E2

K., — equilibrium constant

Law of Mass Action

If E1 and E2 are in equilibrium and more protein in the E1 form is added, then the amount of E2 will increase as
the system returns to the equilibrium ratio. Likewise, adding E2 pushes the reaction back toward E1.



Chemical equilibria and the effect of force on chemical equilibria

Force can influence the equilibrium between two (or more states).
Boltzmann’s law allows to calculate how force influences the equilibrium.

Displacements associated with structural changes The difference in free energy G

(A) Ex: motor moves along a filament

Translation Y _F, AG = - F-Ax

f Ax
State 1 State 2
(B)
| B AG = AG® - FAx
Lengthening «mxr =
11 ——xp | AG® The free energy difference in the absence of tension
State 1 State 2

At equilibrium

00— — - Egl=exp{_£}=exp[_AG°—PAx Ko 2
P Statlel i ) Stafez " [El] kT y kT ® kT

Lengthening with a constant stiffness




Chemical equilibria and the effect of force on chemical equilibria
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B, AG AG -FAx| [Fﬁx}
kT

EJ = exP[— E} = exp| - T = Keq €Xp

K°,, is the equilibrium constant in the absence of force.

An external force couples to a structural change if it is associated with a length change in the
direction of the force.

Example:

If the change Ax in the length of molecule is Ax = 4 nm, then a force F=1 pN will change the free energy by
AG= 4 pN nm= 1 KT. This will lead to an e-fold change in the ratio of concentrations !



Example of how the forces modulate the state of a protein. Mechanically sensitive ion channel in hair cells. 34

The sensory hair cells of the inner ear underlie the
perception of sound, linear and angular accelerations, and gravity !

Hair cell anatomy:
(a) Hair bundle in a bullfrog saccule, comprising ~60 stereocilia

(b) Two stereocilia and the tip link extending between them

The Micromachinery of Mechanotransduction in Hair Cells
Annu Rev Neurosci. 2007 doi:10.1146/annurev.neuro.29.051605.112917.
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Simplified scheme of stereocilia bundle deflection and ion channel opening

Channels - Channels b)
closed open

Membrane -
Actin %

Linker
Channel

Tip link

a) Hair bundle in resting (yellow) and deflected (pink) configurations.

b) Deflection, i.e. shearing of the stereocilia relative to each other,
causes the tip links to pull directly on K* (and Ca?*) channels in the
stereocilia, causing the channels to open.

Myosin motors (blue circle) that link the channels to the actin core
of the stereocilia can adjust the position to restore resting tension in
the tip link, allowing adaptation to persistent stimulation.

Hair-Cell Mechanotransduction Review and Cochlear Amplification

https://www.cell.com/neuron/pdf/S0896-6273(05)00881-0.pdf



Mechanically sensitive ion channel in hair cells

36

At rest

Positive
stimulus
close
_‘. F
open

External Force = deflection of hair bundle = shear between

adjacent stereocilia = tension in the elastic tip link

= pull and open ion channels.

The opening of a channel shortens the tip link

- the open state is stabilized by deflection that increases the
tension in the tip link

- the open probability increases as the hair bundle is displaced to
the right.

~Leopen

/C'-/oﬁe




Mechanically sensitive ion channel in hair cells
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OPEN / CLOSED Probability %
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Open probability increases as the hair bundle is displaced to the right.
1

Popen =

1+Exp[%~x} F=ax(X—-X,)

k - the stiffness of the tip link k= 2pN/nm
X — the displacement of the hair bundle (X=-0.1 -1 um),
X0 — the displacement at which the channels are open 50% of the time,

X0= 0.3 um; a - geometric factor (a>1)
Ax is the swing of the gate, Ax= 2 -4 nm, FAx = 200 pN nm ~ 50 KT
(a= 0.1, X-X0= 500 nm, Ax= 2 nm)

B 100—

Open Probability (%)
&
I

T
0.0 0.5 1.0
Deflection (pm)
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Problems

(force influencing the chemical equilibrium defined by the probabilty of a protein to be in one of two possible states)

home work

Suppose that one could pull directly on the gate of an ion channel, and that
the gate swings through 2 nm as it goes from the closed to the open posi-

1 tion. If, in the absence of force, the channel spends half its time open and
half its time closed, how much force is needed to increase the open prob-
ability to 0.97

Suppose that a protein has a stiffness of 2 pN/nm in state 1 and a stiffness
of 1 pN/nm in state 2, but that the two states have the same resting length
(the length in the absence of a force). If there is initially a very low proba-
bility of being in state 2, how much force is needed to increase the open

probability e-fold?
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Forces also affect the rates of chemical reactions.

The simplest chemical reaction is the conversion between two species that satisfies:

s d[E]
E, k\__\l E, dtl = —k{[E{]+ k_1|E;]

This reaction obeys first-order kinetics because the rate of change depends linearly on the concentrations of species.
k, and k_, = forward and reverse rate constants [s!]. (Association and dissociation constants)

When the reaction reaches equilibrium, (d[E,]/dt=0), and:

AG

_=—=Keq=exp[—ﬁ

The equilibrium constant Keq, defined with the concentrations, is equal to the ratio of forward and reverse rate constants.

If the free energy difference between product and reactant AG depends on the force, then either the forward or the
reverse rate (or both) must depend on force.
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Some properties of the first-order reactions can be understood using

Aﬂﬁ"fﬁltEdtOl; the idea that the reaction proceeds via a high-energy activated state,
transition s .
G, F T or transition state.
The activated state corresponds to a position (x,) in the reaction
coordinate, intermediate between the initial (x,) and final (x,)
? positions.
g
9] q
E Assumptions:
| - the reactant is in equilibrium with the activated state
Gir State 1 - The activated state is equally likely to break to reactant or
- ' product with some rate A.
2 State 2
1 1\ !
x YA AG
Reaction coordinate k, = Aexp [_ al] AGa, = G, G,
KT

Arrhenius equation; A- frequency factor
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The transition between two strucutral states in a first order reaction is very fast,

i.e. the duration of the transition is very much shorter than the average lifetimes of the states
(1/k, for E1, and 1/k_, for E2).

e Covalent chemical changes : about 0.1 picosecond;
How fast might the transition be ? :
o7 e e U2 TRmSen o * Global conformational changes: about 10 nanoseconds;

e Lifetime of the structural states : > 1 miliseconds .

Energy landscape of protein structures and

protein motion time scales

a protein’s atoms’ intramolecular positional fluctuations result in

extended intermediate rapid loop and side chain motions at fast time scales

Free energy, G

nanosecond (ns) and picosecond (ps)

compact
reaction coordinate
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AG
Arrhenius equation provides no information about the frequency factor A: ki =Aexp|— K;l

more detailed theories are Eyring rate theory and Kramers rate theory

Both require that the reaction coordinate, i.e. the parameter that measures the progression of the reaction,
E,=E,
be specified.
E.g. the length of a protein, if this changes as a result of the transition.

If the protein is subject to a force, then a natural reaction coordinate is the length of the protein in the direction
of the force.

For a chemical bond, the reaction coordinate is the distance corresponding to unbinding.
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In the Eyring rate theory,
the reaction is assumed to correspond to the breakdown of a single quantum-mechanical vibration of the protein.

Therefore the frequency factor is considered A~ KT/h = 6 x10*? [s'!], where h is the Planck constant.

E.g. A reaction with a rate constant k;= 2 x 103s !, would have an activation energy : AGa, =22 KT

_ﬁ_ o " 4 Gay _5/n’2"4“’
L, “*/ kr] 1
AG 4 4 34T
k1=Aexp[— a] =W L
KT
L86ay= kTl (3% 22 kT

The Eyring theory is expected to apply to covalent changes of proteins and their ligands but it is not expected to
apply to global conformational changes of proteins in which a large number of bonds are made and broken, because

in this case the reaction does not correspond to a single mode of vibration of the protein.
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ki =Aexp|— AGa, = G- G,

KT
Kramers rate theory

is more adequate as a model for protein conformational changes.

The protein diffuses into the transition state with a rate that is the reciprocal of the

1 |AGa

diffusion/relaxation time: A= ; KTl with  ©=y/k (relaxation time)

The protein is sampling a different energy level every t seconds, because tis the time over which the
protein’s shape becomes statistically uncorrelated.

The protein can react only when it attains the energy of the transition state, and the probability of
AGa, ]

this occuring is proportional to  exp [—



Rate theory of chemical reactions and the effect of force on the chemical rate constant 45

ki =Aexp|—

KT

The Eyring and Kramers rate theories represent two extreme views of the mechanism of global

conformational changes of proteins.

A = KT/h A . ~1012--108 [s1]

Eyring
In the Eyring model, a sudden, local chemical change (such as the binding of a ligand or the chemical
change in a bound ligand) creates a highly strained protein that then relaxes into a new stable

conformation. The relaxation is along the quadratic energy curve and has time constant 1=y /k .

In the Kramers theory, the protein undergoes a global diffusion into the activated state.
When a sufficiently large conformational change has been achieved, the protein converts to the final state.

In the extreme, the protein diffuses all the way to the final state, which is then locked in by a subsequent

chemical change.

A= 1/t V(AGal/KT) with t=y/k, A ~ 108 —-10° [s! ]

Kramers
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State 1 Eyring like mechanism

State 2

E, Energy diagram

Myosin fibril

myosin
head lever
arm

Il
(Post-rigor/
Pre-recovery)
Rigor-dissociation binding
1-10ms cleft
open
Free F- Actin i
energy State 1 2 &
.-E ‘E
ADP + P -(-..\ :'_" E‘ =1ms
g 3
i 8
o
The reaction coordinate is the extent of opening of the cleft.
E1 Ea B2 Pre-
power- —11:Ir1|'=.
— stroke
! Z (ADP.Pi) ™ ATP
- v i Hydrolysis 11
{Post-recovery)
Steps I-1l-1ll : ATP binding to myosin (State 1) = Myosin unbinding and cleft opening (state 2)

(_/,v Step llI-IV : Phosphate rapidly dissocciates (State 1), leaving the protein in a highly strained state.
@ @ @ The relaxation (state 2) of this highly strained state drives the sliding of the actin filaments and the
shortening of the muscle

The principle for proteins is that global structural or ‘physical’ changes of proteins are much slower than local chemical changes, because
structural changes are slowed by protein and solvent viscosity.

The fast local changes leave the protein in an unstable state which then relaxes more slowly into a new stable state.



The model of the working stroke of myosin — assuming the Eyring like mechanism

The principle for proteins is that global structural or ‘physical’ changes of proteins are much slower than local chemical changes,

because structural changes are slowed by protein and solvent viscosity.

The fast local changes leave the protein in an unstable state which then relaxes more slowly into a new stable state.

47
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The protein undergoes a global diffusion into the activated state and
Kramers like mechanism. then converts to the final state.

Energy diagram. The free energy available from ATP hydrolysis is 25 KT. The drag
coefficient y= 60 pN s/m, and the relaxation time: T=Y/k=15ns

It takes about 5 s to pick up 20 KT of energy by a purely diffusive

process:
AG 4
ki =Aexp|——= »1 (A0,
1 p [ KT A=~ =
Ey Ea Ep But for myosin, the complete ATP hydrolysis reaction only takes
The reaction coordinate is the extent of opening of the cleft. about 50 ms. Therefore, if the ATP hydrolysis reaction has an
efficiency of 80% (20KT/25KT), such a diffusive step could not be on

Monomolecular the myosin’s reaction pathway.

model However, if the efficiency is 50% the time necessary to pick up 12.5 KT is

reduced to about 3 ms.

More details on the mechanisms in force generation in motor proteins — Lecture Motor proteins
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The model of the working stroke of myosin — assuming the Kramers like mechanism

In the Kramers view, the protein undergoes a global diffusion into the activated state. When a sufficiently large

conformational change has been achieved, the protein converts to the final state.

In the extreme, the protein diffuses all the the way to the final state, which is then locked in by a subsequent

chemical change .

This extreme case is called a thermal ratchet mechanism on account of the prominent role played by diffusion in

reaching the transition state.

If the forward process is purely diffusive, then the reverse is Eyring like. However, even in the Eyring mechanism the

activated state is also reached by a thermal fluctuation, which is more localized.
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If the state transitions E;,=> E_, = E, are associated with displacements x1, xa, and x2 in the direction of the force, F, then
the energies of the states will be decreased by Fx1, Fxa, and Fx2, respectively.

This implies:
k= Aex éGal — Pmal k FAxal where AG_,= G_,-G1 and A x,,=X,;-X;.
. P kT JEXp kT An analogous expression holds for k ;.
The effect of force on the reaction rates:
tilting the free energy diagram.
£3
&
E o . — F<0
43 s o
—ﬁ:"‘: ‘‘‘‘‘‘ F= U
rrrrrrrrrrrrr F=0
] ] I

Displacement



Rate theory of chemical reactions and the effect of force on the chemical rate constant 51

How to determine the dissociation rate of a ligand — receptor bond using force

Model and design experiment — single molecule vs bulk

(A) Direct observation of the dissociation under a mechanical
force. The force on a single complex increases until it
dissociates. The dissociation is monitored by an abrupt
relaxation of the macroscopic spring of a force probe.

(B) The dissociation over a sharp energy barrier is

— i > characterized by a decrease of the barrier, giving rise to a

time SEparaﬁﬂn characteristic length scale x.

F=rt withr—loading rate

Strunz et al, Model Energy Landscapes and the Force-Induced Dissociation of Ligand-Receptor Bonds, Biophys.J 79 (2000) - model
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Eyring theory - Reaction rate without force ki = W exp |— =
%‘(0 - ‘/é"ff - ohisgocia flor rafe Wém;/wc’ﬁ The goal is to determine the

dissociation rate kg

() % = Aoy, e"/"g %(] wdth nHar% - dsoubion weth frrw

fvcms */2134,4(& Mof/e/) assarrl/é/l'on . |
(2J el - r"f with - /Mﬁé}f‘j mffe ”’!g/} 1 '74'?”1[5] In the limit of large statistics, the

distributions of rupture times and forces

%e etocleathe nature a)-{/—(u icCocrtetinn e venre s ccyg!w-a( follow a first-order (Markov) process
where time and force are tied together

6‘7 sdvﬁg AHe ek efua.lr?m ﬁr% _proé‘aé;‘fz? M) fo through the loading dynamics.
be tn Hhe hovead state, vncler z‘ncmahwj dral F=r.4

(g) d”(‘t‘)z g A
at G
This reselbe tn a lisnbubion ofuvémaééfoy‘/ﬂms .

() PE =2 pE)

Evans, Probing the relation between force — lifetime —and chemistry in single molecular bonds, Annu. Rev. Biophys Niomol Struct. 2001. 30:105-27
Strunz et al, Model Energy Landscapes and the Force-Induced Dissociation of Ligand-Receptor Bonds, Biophys.J 79 (2000)
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Strunz et al, Model Energy Landscapes and the Force-Induced Dissociation of Ligand-Receptor Bonds, Biophys.J 79 (2000)
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Use the force to measure unbinding forces and dissociation rate k, of Ligand to Receptor 54
How it works in practice / experimentally ?

X): AFM, OT, MT, AT; the choice depends on the
strength of the bond. The probe exert force on the ligand —receptor bond.

1. We need a tool to exert force (F= ko,

2. We need linkers to connect the ligand with the probe (e.g. OT bead, AFM tip ) because
the probe is much bigger than the ligand molecule.

¥ Mea surwent fBTOLrﬂC{LU\E.'
4. Yull fhe "ecnstmet " Gpunct s ivker ) va¥h & foee F:
7: rt - lead rote [‘i?f] y -ty [s]
I ;’r oT : Sé,lﬁrpgra;‘#w/%a/oé =0, 00f - ﬁff}g:’r e é

f-o’)’u H‘ ﬁ/OJF&FcS( &:/v Maﬂ’?’;j #l{ &j :ﬂ;f/%,;gd’m,és&ﬂé)
Wwith o eonshant welec ;’J V0 ye2p- Zﬁoﬂ/f?m]
ﬂ‘d (sad rafe f;«w‘ﬁfée r—:ﬁpn ek é

r=0.02 — 1000 [pN/s]
Aubin-Tam et al, Adhesion through single peptide aptamers =S AR

dx.doi.org/10.1021/jp1031493 |J. Phys. Chem. A 2011

—X
y (pulling axis)

0 2 4 6 8 10 12 14 16 18 20 22 24

tls ——

iy
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Adhesion through Single Peptide Aptamers

Aptamers are biomolecules with specific binding affinity,
enabling applications in sensing, diagnostic, drug delivery,
imaging, and therapy.

Peptide aptamers typically contain 8-20 amino-acids and
bind materials or biomolecules.

They can be engineered via selection from large libraries of
random sequences (~10%°) by directed evolution techniques
such as phage display.

Schematics of optical tweezers pulling on a single peptide
aptamer molecule linked to a carbon nanotube. The optical trap _ _ | |
captures a bead (A) that is linked to an aptamer (D) via a DNA Aubin-Tam et al, Adhesion through single peptide aptamers

molecule (C) and a biotin/streptavidin linkage (B). dx.doi.org/10.1021/jp1031493 |J. Phys. Chem. A 2011
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Force ramp approach
Wfﬂ’vﬂ.\&{t’.rlf P app

The force F increases with time t:
B - heaod mevernent  Ety=rt
: ~ Force is calculated measuring the
displacement x5: F(xB) = k xg

- pu&t};'né
= %'7{5 - {ﬁmg

The load rate r = v k and is the slope
of the tangent to the measured

‘ o : displacement of the bead.
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k. and x as free
parameters

_...J.n-'

Having more than one dataset at different load rates r is

7(1@ wof?‘/aroéﬁé/e uné«mc(nj/aﬂwo&f) " ﬁc(
= kT An /X

crucial to extrapolate the value of k off IN absence of load F=0,
V4 kr fa;;) 2 "2 (i.e. natural thermal off-rate), that is the most relevant

parameter the assay can return.

Ky (F*)= ko -exp(F*x/KT)
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The slope is g= KT/x

=02 ky=1,/4

r,— extrapolated load rate r for F*=0

of(F*) off EXp(F*X/KT)

model prediction




I Material-aptamer rupture force

- -+ - Evans-Ritchie model
Hummer-Szabo model
Dudko-Hummer-Szabo model v=1/2
= = Dudko-Hummer-Szabo model v=2/3

F*

glass
RSGRRRSHHHRL

0 10 20 30 40 50 60

polystyrene
RAFIASRRIKRP

0 10 20 30 40 50 60

carbon nanotube
HWSAWWIRSNQS

0 10 20 30 40 50 60
FIpN —=
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Rupture-force probability P(F) distributions

for peptide aptamer binding to :

(a) glass,
(b) polystyrene, and
(c) carbon nanotubes

Evans—Ritchie model

@=1
0 = Vkoss
interaction rua
glass/aptamer 96.9
polystyrene/aptamer 109.5
CNTs/aptamer 20.7

b
I-t

0.747
0.652
0.404

*Units are s. * Units are nm.  AG" is in kg T units.
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The effect of force on the free energy of a two-state system, where x
represents the mechanical reaction coordinate.

(a) No applied force.

(b) Red curve: positive applied force.

The application of force lowers the energy of both the transition state
¥ and state B relative to state A, which increases the rate of the
forward reaction and the population of state B, respectively.

The positions of the free energy minima (x, and x;) and maximum (x#)
shift to longer and shorter x, respectively, with a positive applied force.
Their relative shifts in position depend on the local curvature of the
free energy surface.

The free energy change of states A and B upon stretching is AGg e, a 8

2020 Annual Review of Biochemistry
Single-Molecule Studies of Protein Folding with Optical Tweezers
Carlos Bustamante et all Review



Unfolding rate of a single protein domain 61

Carrion-Vasquez et al, PNAS 96:3494, 1999

Mechanical and chemical unfolding of a single protein: a comparison

3
oo s : AFM was used to reversibly unfold immunoglobulin modules (1G27) domain.

; Ax — — E
And measure the unfolding rate, which was compared with that obtained
Experiment principle from chemical unfolding using a denaturant reaction.
Unfolding force frequency histogram Unfolding force vs pulling speed
Unfolding rate k, = 3.3x10%s’ 350
50 - -3 -1 / 2 T 2x107 51
3 3):]0 8 \ /3.3)‘]0-5 s-l =, 300 3.3x10% s
40 %’ 250 | 33x10% ¢
fa o ‘ |
5 30 & 3.3x10% 7|
> an 200 |
(0] =
R § 150
Z o ]
5. g
§ = = 100 - |
b = 50 — i
20 nm 0 50 100 150 200 250 300 350 o o o - o .
Force-extension relationship for recombinant poly(127) Unfolding Forces (pN) Pulling Speed (nm/ms)
L. (nm) 528 80.3 108.1 136.2 1644 1924 220.7 2487 . . g g —
WLC model (Worm Like Chain) unfolding distance Ax=0.25 nm,

100 pN

p=0.56nm
pulling rate v=0.6 nm/ms.
2
- kT |1 [1 X ] 1 X
s —||= S — - — + — . i — 4 -1
b |a L 4L Chemical unfolding rate k, =4.9x10%s

50 nm



Unfolding rate of a single protein domain

62

Diagram of the unfolding pathway for an Ig domain as determined by using AFM

L)
1
L]
'

N A CD ED ——
i 1

Ax=0 025nm 2.55 nm 284 nm
N = native state, A = activated state, CD = compact disordered state,
ED = extended state

Diagram of the unfolding pathway for an Ig domain as determined
by using chemical denaturants

T

AG, =22.0keal / molf |

AG, = 15.4kcal / mol

D
1

Free energies are calculated from the rates constant using
Eyring rate theory.

A small strain of 0.25 nm, about 5% of the length of the

folded protein (5.1 nm), is enough to completely
destabilize the structure and lead to unfolding.

The folding of the protein requires the formation of a
nearly fully folded transition state.

Carrion-Vasquez et al, PNAS 96:3494, 1999

Mechanical and chemical unfolding of a single protein a comparison
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| Relaxed §

Z disc Thick filament Z disc

}7 Relaxed sarcomere 4|

Z disc Z disc

A band

a Relaxed skeletal muscle

—_— - Contraction - —_— Contraction —s——

| e
|
:7!& band———!

— — |
|———Fully contracted ———| —— Fully contracted ——
sarcomere sarcomere

b Fully contracted skeletal muscle

The sarcomere is the smallest functional unit of striated muscle tissue.
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Sarcomere shortening during skeletal muscle contraction.

(a) In the relaxed state the sarcomere, | band, and H zone are at their expanded length. The springlike action of

titin molecules, which span the | band, helps pull thin and thick filaments past one another in relaxed muscle.

(b) During muscle contraction, the Z discs at the sarcomere boundaries are drawn closer together as they move

toward the ends of thick filaments in the A band. Titin molecules are compressed during contraction.



Scheme of one half of the sarcomere from Z disk to M line

d Z disk Titin filament Actin Myosin M line
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The three main sarcomeric proteins: actin, myosin and titin.
Domains 165-172 from the elastic part of titin is shown.
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Why TITIN ?

Titin has nearly 250 Ig immunoglobulin-like and fibronectin domains arranged in a linear fashion, for
a total molecular weight of almost 3 MDa. It is big ! (length up to 1 um).

This morphology greatly facilitates its grabbing and tethering between the surface of two beads in an
optical tweezers instrument, or between the tip of an AFM cantilever and a surface, making it

possible for the first time to investigate the response of a protein to mechanical denaturation.

l

Rief M, Gautel M, Oesterhelt F, Fernandez JM, Gaub HE. 1997.
Reversible unfolding of individual titin immunoglobulin domains by AFM.
Science 276:1109-12

Il Published in the same issue of Science

M. S. Z. Kellermayer, S. B. Smith, H. L. Granzier, C. Bustamante,
Folding-Unfolding Transitions in Single Titin Molecules Characterized with Laser Tweezers, Science 276, 1112-1116 (1997).

Tskhovrebova L, Trinick J, Sleep JA, Simmons RM. 1997.
Elasticity and unfolding of single molecules of the giant muscle protein titin. AFM
Nature 387:308—-12
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AFM Laser /Optical Tweezers

Detection laser

Laser light

PSD

Cantilever

Laser light )
F=kz Stiffness or spring constant
Spatial resolution / Kagm >> Kor
displacement detection 1
et il 6z~ 1nm for both Force resolution: AFM < OT

OF v >> OF 7

Load rate = probe stiffnes x pulling speed Load rate AFM > Load rate OT for the same pulling speed
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250 7 Force vs pulling speed

200 nm

Force vs extension curves

A
SR
e i L N T AN RN

| / [ ' I| {

Force

150 1

100 -

Unfolding forces (pN)

0 200 400 600 Pulling speed (pm/s)

Extension (nm)

C) 0 ;50 - 1{]{_] 1IED Ellilﬂ
Extension (nm)

A) Individual titin molecules were repeatedly stretched, and the applied force was recorded vs elongation.
Unfolding of individual Ig domains was observed (shark tooth pattern). AFM tip attachment to the protein is at random points (the

observation starts at different extensions in the three curves shown).
B) Unfolding forces vs pulling speed . If we consider a tip stiffness k= 10 pN/nm, the range of the corresponding load rate is: 0.1 — 10 nN/s .

C) Fitting with the WLC (Worm Like Chain) model for each Ig domain unfolding
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B 40,
Force vs extension curves . 355
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Force vs extension curve Z(pm)
Z (pm)

A) Stretch and release of single titin molecules at a load rate of max 0.01 nN/s. Hysteresis is observed (the rate of stretch is different from
the rate of release). The differences between the three curves are assigned to the different contact point on the titin.

B) The points at the beginning and at the end of the transistions are highlighted. At the beginning of the stretch 5-4% of the the molecule
is already unfolded. a-c : WLC model ; at higher force (after c) transition fold — unfold ; d-e WLC model, no refolding; e-b refolding;
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Force denaturant vs chemical or temperature denaturant

Advantages of studying protein folding by using force, one molecule at a time:
1. the direction along which the force is applied in a mechanical unfolding experiment establishes a well-defined reaction coordinate.

Along this privileged spatial direction, parameters of the reaction such as the distance to the transition state, the height of the

energy barrier, and the energy difference between the initial (folded) and the final (unfolded) states can be determined.

2. unlike its bulk counterparts (urea, temperature), force is a selective denaturant capable of acting on one part of the molecule
without directly affecting another. This locality has made it possible to investigate, for example, the energetic coupling during the

folding or unfolding of different regions of a protein.

3. the use of force as a denaturant, which typically requires studying the folding process at the single-molecule level, makes it possible

to avoid complications such as aggregation that often plague folding studies in bulk.

4. Studies in bulk — average the parameters.
2020 Annual Review of Biochemistry
Single-Molecule Studies of Protein Folding with Optical Tweezers
Carlos Bustamante et all Review



Examples of OT configuration for force spectroscopy

Micropipette Laser beam

Protein of mterest .

A — trapped bead ‘\
B - biotin/streptavidin Imkage v
C - DNA molecule DNA linker Antibody linker

Substrate > Bead- micropipette (far from substrate).

F= k x — for the moment we consider OT as a Hook spring with
elastic constant k= 0.001 — 0.5 pN /nm (1-3 order of magnitudes lower than thar of AFM cantilever)
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OT configurations for force spectroscopy

Trap-glass surface tethering

Most frequent: Single or two beads.

Three beads is also proposed.

Trap-pipette tethering.

Each of these geometries can be implemented as:
* Force ramp F(t)= r*t

* Force clamp F(t)= ct

Dual-trap tethering. * Position clamp x(t)= ct
Using feedback system to adapt the position of

the bead / trap

Weak trap Stiff trap
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Manipulation of single molecules using dual OT.

Optical

c T T T T Unfolded prOtein
ST « Raw data (1000 Hz)
50 -
e ~ o — Filtered data (30 Hz)
g 0~ E
o 301
v
S i
& 207 —
10 + ﬂixunfotdarig 4
0 k& |
Molecular Molecular extension
extension (nm) Bead Bead

displacement displacement

2020 Annual Review of Biochemistry

Single-Molecule Studies of Protein Folding with Optical Tweezers
Carlos Bustamante et all Review
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Manipulation of single molecules using optical tweezers.

a)

b)

Light from a tightly focused laser beam (red) passes through a bead. When the center of the bead is aligned with the laser
focus (/eft), all rays hit the bead surface at a right angle, and the light does not change direction. When the center of the
bead is not aligned with the laser focus (right), the change in momentum of the light elicits an equal and opposite change
in momentum of the bead, resulting in a force F that attracts the bead to the laser focus.

Schematic of a protein tethered between two trapped beads via DNA handles. At low forces, the protein remains in the
folded state. However, an increase in force results in stretching of the DNA handles, increasing the molecular extension of
the assembly between the beads. Unfolding of the protein results in a further increase in extension . Further increasing
the force results in stretching of the DNA and the unfolded protein Note that the bead displacement is proportional to the

applied force, because the traps behave as harmonic springs.

Example of a typical force—extension curve, generated by applying a continuously increasing force to a tethered protein;
gray dots represent data at 1,000 Hz, and the green curve represents data filtered to 30 Hz. The numbers are as in panel b.
The curvature is due to the entropic elasticity of the DNA (region 1 ) and DNA plus unfolded protein. Unfolding of the
tethered protein is apparent as a discontinuity in the curve (rip; from point 2 to point 3).

2020 Annual Review of Biochemistry
Single-Molecule Studies of Protein Folding with Optical Tweezers
Carlos Bustamante et all Review



Single-trap geometry. Example.

Single bead

Bead displacement (nm)
S

Time (s)

Uemura, S., et al., Nat. Struct. Mol. Biol., 11, 877-883, 2004

A myosin V molecule is attached to
a trapped bead which proceeds
along an actin filament stuck on the
coverslip surface.

The optical trap position is fixed and
the bead displacement x, .4
measures protein displacement.

Example showing stepwise movement of a
single myosin V motor in a single-bead assay.
Consecutive 36 nm stepwise movements (6x)
and dwell times between steps (6t) are
clearly visible.

Backward steps are also visible at high force.
The force was calculated as: F= k Xy .4

Trap stiffness k=0.009 pN/nm

Stall force is about 2.5 pN.
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(Nd) 20103

km otor

km otor + ktrﬁp

Xbead = Xmotor

Measured bead displacements
(Xpeaq) dO NOt correspond to motor
displacements (x.,..,,) but depend
on the motor protein displacement
and on the values of the trap and
protein stiffness.

Capitanio, M . Book Chapter 2017
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More flexible and precise Double-trap assay.
Example
Fu.r{l_:e Extension
& ARRRE— Left trap is stationary and measures the force applied to the polymer.

i

. . The right bead (OT) moves in steps or ramps and, for each displacement,
Force—extension curve of a biopolymer.

140 the force applied to the polymer and its extension are measured.
_ 120 .
% 1{8]3 WLC - The elastic properties of DNA below the overstretching force of 65 pN are
Y 60 - well described by the extensible worm-like chain (WLC) model (gray line).
s 40+
=20 . "y
0 At 65 pN, the DNA molecule undergoes the overstretching transition,

0608 1.01.2 1416 1.8 during which the intrinsic contour length of the DNA increases from 100%
Relative extension (L/L )

(a)

to about 170%.

van Mameren, J., et al., Proc. Natl. Acad. Sci. US A, 106, 18231-18236, 2009



Double-trap assay. 77

a L~ Example: Dynamics of DNA-processing enzymes.

dF/dx = constant

Single, transcriptionally active molecule of RNA polymerase
(RNAP, green) attached to a bead held in a trap and tethered via
the upstream DNA to another trapped bead. During elongation,
the DNA tether lengthens and the beads move apart.

Stiff trap Weak trap
A representative record for a single RNAP molecule transcribing

- > 5 under 18 pN of assisting load. Horizontal lines (dotted) are
3.4 A | = 3.7 A o . .

o I , 2 4 . spaced at 3.4 A intervals (distance between base sets)

o .
O "

= < 34 ' The power spectrum of the average autocorrelation function

-— — A

ﬁ g 2 * derived from position histograms shows a peak at the spatial

ik oy 1+ frequency corresponding to the inverse of the fundamental step

a0 size, 3.7 £ 0.6 A.

e B S L T
0O 10 20 30 O 0.2 04 0.6
Time (s)  Spatial frequency(A)
Abbondanzieri, E.A., et al., Nature, 438, 460—-465, 2005



RNA polymerases and DNA transcription

RNA polymerase

DNA exit _
p Coding strand

channel <

DNA entry
channel

RNA exit
channel Direction of transcription

Figure 15-14
Molecular Biology: Principles and Practice
© 1002 W H, Freerman and Company

/8

RNA polymerase is the main transcription enzyme.
It transcribes DNA into RNA

Transcription begins when RNAP binds to a promoter
sequence near the beginning of a gene .

RNAP uses one of the DNA strands as a template to make
a new, complementary RNA molecule.

RNAP needs to have the substrate nucleoside triphosphate
(NTP) diffuse into its deeply buried active site.



Calmodulin folding-unfolding energy landscape, Stigler, J., et al., Science, 334, 512-516, 2011 79
Double-trap assay. Example

Calmodulin (CaM) Pathway - briefly

In the Ca-bound form CaM consists of two globular domains
connected by an alpha-helical linker. Each of the two globular
head domains consists of two helix-loop-helix motifs (EF hands),
each binding a Ca++

Calmodulin binds to 4 Calcium lons and Undergoes
Conformational Changes

: @
' ' membrane Ca™ channel
calmodulir Ca++/calmodulir
®
o binds changes binds to tivated
@ activate
‘: : conformation other proteins protein

L ) e 4
o
@ @

sarcoplasmic or endoplasmic reticulum

Sketch of the experimental setup with the
protein linked with ubiquitin-DNA handles

A

Folding and unfolding of single CaM molecules

Representative stretch-relax cycles for CaM at v =500 nm/s.

The rapid oscillations in the upper traces provide indications
for deviations from a simple two-step unfolding behavior



Sample trace during 5min of the fluctuations of a singleWT-CaMmolecule at a pretension force of 11 pN 80

AL

8 | 1 poin The vertical scale denotes the force acting on the
molecule as measured by the deflection of the
— Fully folded

Force [pN]

beads from the trap center.

Expanded: Six different states (see colored regions)
can be identified using hidden Markov modeling.

[34)
Pap|o) spuey-43 #

cam-234 | 1§ _. cam-123 (@ _‘ CaM-23 !

WT (Wilde Type) and truncation mutants

Unfolded + two heads folded



g 7.6pN

9.8 pN

10.5pN

11.0 pN

11.6 pN

1pNI 1s

Traces of WT-CaM at different pretensions

At low pretensions of 7.6 pN folded or largely
folded states dominated. The more tension applied,
the more unfolded states were populated, until, at
11.6 pN, the unfolded state prevailed.

uolsuajeid

Integrated Probability

81

1 0.001 0.01 0.1
Lifetime [s]

Integrated lifetime histograms of WT-CaM at
different pretensions. The colors correspond

to the respective states. The continuous lines
are fits to a single-exponential model.
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°
L
s U (Unfoldad)
Rate fit parameters for WT-CaM at 10mM Caz2+.
>
o
6 I
Transition log10(ko,unt) (57 log10(ko fota) (57%) AXyne (M) Alsog (nm) U:J :
Fi23a = Fa —0.7 + 0.9 5.0 + 0.4 1.3+ 0.8 14.4 + 1.3 o : .
Fiasq < Fag —0.8+0.3 5.6 + 0.2 1.7+ 0.3 16.9 + 0.8 o | ,
Fi23 = Faz —0.13 + 0.04 5.0 + 0.2 1.92 + 0.04 7.2+ 0.6 L : !
Fio = U —5.0 + 0.7 5.8 + 0.5 5.0 + 0.6 18.2 + 1.5 | : ,
Fyp = U —41+05 5.8 + 0.5 4.1+0.4 17.3 + 1.5 ! | |
Fa3 = U -1.4+03 5.4 + 0.3 3.7+ 0.3 15.6 + 1.0 : : : =24.8nm
| I |
| | I

. S R Nt

Full kinetic network of WT-CaM folding and unfolding at zero
load. Arrows show all observed transitions. The percentage
values provided for each transition give the fraction of transitions
along the respective pathways out of each state. Distances in the
lower part are differences in contour length.

Calmodulin folding-unfolding energy landscape, Stigler, J., et al., Science, 334, 512-516, 2011



Three-bead assay. Example: working stroke of myosin

Three-bead

Displacement (nm)

Actin filament connected to polystyrene beads
held by optical tweezers.

A single myosin molecule is attached onto a third
bead stuck to the coverslip surface.

Movements of the actin filament produced by the
attached myosin are measured through bead
displacements (x,..4)

Capitanio, M., et al., Micr. Res. Tech., 65, 194-204, 2004
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mm Bound state
== [Jnbound state

Working
stroke

100 200
n® of events

Position recording while myosin is interacting with actin.

Position recording while myosin is interacting with actin.

Red and yellow lines indicate the average position of bound and
unbound events, respectively.

Distributions of the average position of bound and unbound
events of a 100 s position recording containing several
hundreds of interactions.

The working stroke is obtained from the displacement between
the centers of the two distributions



Position (or isometric) clamp. Example

(@) The left bead detects movements of the dumbbell (xbead),
whereas the right bead moves using an AOD (Acoustic
Optical Deflector) to oppose the detected movements.

The right bead measures the force applied by the motor
protein (Fmotor).

(b) A single acto-myosin interaction in the position clamp.

After the force peak the force rapidly declines.

The time between the start (Time B) and the point at which the
rate of force declines is fastest (Time C) is defined as the
duration of an episode.

Takagi, Y., et al., Biophys. J., 90, 1295-1307, 2006.

Position clamp

Position Force
A const F T

/ Transducer

: bead :
(a)
Force <= Event peak =
Time
Zero force line

Start End 10 ms

(TimeB) (Time C)
(b)

84
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OT for single molecule spectroscopy; spatial and temporal resolution.

- measure conformational changes and displacements produced by single biological molecules.

Such movements range from several nanometers (molecular motors) down to one base pair (0.35 nm, for DNA and RNA
processing enzymes) -- > high spatial resolution detection based on Interferometry (see next section).

Actually, position detectors do not set a limit on spatial and temporal resolution of OT.

Thermal noise sets instead fundamental limits on displacement and force measurements with single molecules.

Temporal resolution limit due to relaxation time for bead position.

When a single bead trapped in optical tweezers is perturbed from equilibrium, for example, by protein conformational
changes or by trap displacements, it moves exponentially to a new equilibrium position with a time constant (relaxation time)
T =V/k, where y is the viscous drag coefficient and k the stiffness of the system. Therefore, systems with higher stiffness
attached to small probes exhibit faster responses to perturbations. If the perturbation develops faster than 1, the bead moves
with the same relaxation time T, filtering out all the movements that occur on shorter time scales.

AFM : k=1 pN /nm = t— microseconds , OT : k= 0.001 pN/nm = t - milliseconds
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