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bio-molecules: working in liquid
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AFM in liquid

An important step of development,
' oeor boam "} enabling biological AFM, was the
g development of a liquid cell in which
/ ‘ cantilever, tip and sample are immersed in
‘/ = buffer solution.

\ Liquid cell /

-~

| Piezo Laser beam

» ¥

Movement
of the cell

Cantilever = —%—Liquid meniscus

Figure 1.8 Need of a liquid cell device for  glass window, a well-defined interface is
imaging in liquids. The incoming laser beam created and the laser light is transmitted
(red line) continuously changes direction without scattering In the liquid (middle).
due to surface waves at the gas-liquid in- By means of two holes, liquid can be ex-
terface. As a consequence, a nonsteady spot changed in the course of an experiment
is obtained (left). By using a transparent (right).

Sample

1

Figure 1.12 Side view of a design of a liquid cell showing a
possible mechanism to oscillate the cantilever. A piezoelec-
tric ceramic is located below one of the supporting balls and
far away from the liquid meniscus. This solution also moves
the liquid, and that excites many other resonances of the
liquid cell.

In the case of soft biological samples,non-destructive imaging at nanometer-resolution in
physiological conditions (i.e. in aqueous buffer; at ambient temperature and pressure)
requires the ability to control forces < 00 pN.

With a high optical lever sensitivity, one is able to control normal forces applied by the
cantilever down to about 50 pN in liquid, enabling contact mode imaging

of biological samples. Although lateral scanning forces impose a restriction on the
sample type to be imaged in contact mode, it has yielded fascinating insights into the
organization of proteins in biological membranes



AFM In liquid
. E= Young Modulus
p = density
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Main concern: electrical isolation of the piezo to avoid any shortcut due to wetting
For imaging in liquids: recommended to move the tip relative to the sample to minimize the
added effective mass m* (only the tip and parts of the tip holder are immersed in the buffer

container)

A cantilever in thermodynamic equilibrium with the thermal bath at temperature T has a
thermal energy kgT that increases the elastic energy stored in the cantilever, giving a thermal
noise amplitude A which can be of the order of surface corrugation for k = 0. Nm-' (A =

0.2 nm)



sample deformation

too high force
| destroys fragile
| samples

Schaap et al. 2004 33



AFM intermrttent contact imaging mode
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Figure 6. Resonance curve of a TappingMode cantilever above
and close to the surface. Note that the resonance shifts to lower
frequencies and exhibits a drop in amplitude.

The tip touches the surface only for a short
time, thus avoiding the issue of lateral forces
and drag across the surface

The cantilever is oscillated at or near its
resonance frequency normal to the sample
surface. Typical amplitudes of oscillation are
in the range of tens of nanometers, and
thus very small compared to the cantilever
length.



AFM intermrttent contact imaging mode

We are not measuring a direct force in TappingMode.

When the probe approaches the sample, it experiences an attractive force and is pulled
toward the surface until contact is made. From that point on, the repulsive interaction forces
dominate the response. The probe can then be retracted and additional information can be
extracted from that trace.

The TappingMode AFM, while experiencing these interactions, does not actually measure this
force curve, nor the direct forces between the tip and the sample for that matter.

AFM oscillates back and forth on this curve, interacting without being in direct control of
the force, and reporting only an average response of many interactions though the lock-

in amplifier.
T —;

Amplitude -

One can certainly measure the reduction of

cantilever amplitude as tip and sample approach
each other, but it must be understood that each i
point on that curve represents an average value
and not a single interaction. This restricts :
information beyond sample topography.

T T T
Distance




AFM intermrttent contact imaging mode

Then, the adjustment of the feedback system is essential to achieving reliable information
from the AFM.

It Is easier to control a contact mode scan when compared to a TappingMode scan due to
the added complexity of the oscillating system. TappingMode operates at cantilever resonant
frequency, where the cantilever dynamics are relatively complicated. The cantilever dynamics

can be dramatically changed by changing the amplitude set-point, while the tapping dynamics
depend strongly on the sample properties.

TappingMode does however offer the undeniable benefit of lateral force free imaging, which
has made it the dominant imaging mode in AFM to date.



AFM intermrttent contact imaging mode

Movement of the cantiliver described as damped harmonic oscillator model:

. b 0 k, =F
m* + QK5 = g
3P at
% with m* being the effective mass of the cantilever, z the
displacement of the lever, b the damping coefficient, k the
spring constant, and fg the driving force (Fo= k Ap). With the
Speciman fo
A7 natural frequency:
al=
(b) i k . : m”*
Wy = — and the relaxation time 1g = b_
m

one can write the amplitude of the lever as:

frfa

\ Y
Figure 6. Resonance curve of a TappingMode cantilever above Ao
and close to the surface. Note that the resonance shifts to lower Alog =
frequencies and exhibits a drop in amplitude. / ( Wy )2 1 ( Wy )2
1-|1— -
/ ®o (0o T)* \ D0

The quality factor “Q" of the system is the ratio of the energy stored in the system divided by the

energy loss per cycle. For a lightly damped system, Q= w0 t. The maximum amplitude at resonance
then becomes: Ar = A0 Q.



cantilever oscillation in liquid

piezo I
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C) MASS and SPRING in serie. Model to describe the vibrations of the atomic bonds.

©)
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MR = -1 — k
m 772 +kx=F x(t) P |1 — cos(wt)]

Harmonic motion

J. Howard — Book, Ch. 2



MASS and SPRING with DAMPING.

Simple mechanical model of a protein undegoing a large scale conformational change that is damped by the
surrounding fluid, and possibly by internal viscosity.

This model captures the main qualitative features of more complex models in that it can display oscillatory
of monotonic motions depending on the strength of the damping.

Elastic solid in liquid
(A)

The solution depends on wether the damping is:

d?x dx small y2
C X v Z rkx=F 1 <1
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Underdamped Motion (y2 < 4mx)

F t ) sin(of + ¢)
t)=—|1-exp| -= (A2.1)
() K[ exp( 1) sin¢ J
where 1=2—m, a)2=a)§—l2, (og:i,tamp:an
Y T m

Where

2K
an is hi erdam
Both 1, and 1, satisfy (/1) + xt = 7. When the motion is highly overdamped

m
e 1, =— , where 7, >> T,
(r>> 4mx), the time constants become Ty = and T2 =7



his solution is monotonic, like that in the
uammw/z,mm jisplace




Operation modes in liquid

Contact Mode

Feedback set point chosen depending on exp. Conditions. Drawbacks: drift of free
cantilever deflection photodiode signal; friction

Jumping Mode

Developed to minimize shear forces. At each pixel, a force-extension curve is
perfomed. Accurate control of force; lateral motion performed out of contact. Not
applicable in air due to capillary forces. Drawback: bit slow
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Dynamic Mode

Tapping mode: AM-AFM mode. Linear decrease of amplitude with tip-sample distance
due to interaction with the surface. Reduction of amplitude in the tapping region gives
the force. Comparable results, in liquid, to jumping mode, but much faster.



A. Ortega-Esteban,...J. Gomez-Herrero, Ultramicroscopy 114 (2012) 56-61
F. Moreno-Madrid, ...Pedro J. de Pablo, Biochemical Society Transactions (2017) 45 499-511
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Imaging of single soft objects in liquid:
jumping mode AFM

High resolution in dynamic mode requires a good control of the cantilever free
oscillation, which is difficult on liquid, where the cantilever oscillation is the
convolution of cantilever resonance and the mechanical resonance of the fluid cell
(“forest of peaks”). As the liquid in the fluid cell changes shape, volume and
composition throughout an experiment, these resonances shift, changing the tip-
sample applied force.

New imaging modes needed!




Jumping-mode AFM: quick F-Z scan at each point of the scanned area, moving laterally the
tip at the farthest tip-sample distance to minimize lateral forces.

photodiode

-

In order to reduce piezoelectric resonances,
the F-Z is performed using a sinusoidal
voltage wave al low frequency (few kHz, i.e.
thousands F-Z curves per second) that is
applied to the scanning piezoelectric.

E
JUMPING MoDE

Figure 3. AFM working modes.
(A and B) The normal and lateral force concepts, respectively. (C and D) Contact and jumping modes, respectively.

A r=— - == Z Motion B —
LN Wihdraw When the AFM probe is brought
) /;\ ) | ) : 1 | into contact with the sample
=/ i‘f{ RERah 2 R surface, the tip-sample
ppproacn | ) winaraw D interaction is controlled by
Tine ’ Z Position y maintaining the maximum
> > s s> > force, or “peak force,” between

= TR R ' the tip and the sample constant
T T



JM is particularly suitable for scanning in liquids, where the low adhesion forces allow using
small Z displacement at each point. Because of the oscillation damping in liquid in
amplitude modulation modes (NC, Tapping), JM although slow can give better performance.
N.B.: Dynamic modes use as feedback the oscillation amplitude. JM the cantilever
deflection! Like in contact mode...easier. Is like a CM with the fine tuning of the zero
interaction force

Figure 1. Attaching protein shells on surfaces.
(A) HOPG, glass, and mica bare substrates before attaching the samples. (B) Cartoon of the experimental system. Protein cages and cantilever are

not in scale. (C) HAdv on HOPG, glass, and mica. (D) Individual HAdv particles showing 2-fold, 3-fold, and 5-fold symmetry axis orientations after
adsomtion on the surface. HAdV has a 95 nm diameter icosahedral, non enveloped capsid enclosing a ds DNA genome



JM is particularly suitable for scanning in liquids, where the low adhesion forces allow using
small Z displacement at each point. Because of the oscillation damping in liquid in
amplitude modulation modes (NC, Tapping), JM although slow can give better performance.
N.B.: Dynamic modes use as feedback the oscillation amplitude. JM the cantilever
deflection! Like in contact mode...easier. Is like a CM with the fine tuning of the zero
interaction force
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Figure 2. Protein shells collapse on the surface.

(A) P22 bacteriophage particles on glass and HOPG oriented to 5-fold and 3-/2- fold symmetry axes. (B) Comparison of topographical profiles
obtained on two particles adsorbed on glass (black) and HOPG (red) obtained from A. (C) Comparison of average height of particles adsorbed at
different orientations and substrates.



Fig. 4. (a) 250 nm x 330 nm AFM topography image of two HAdV particles acquired with JM+. (b) Time evolution (downwards) of the topography at the dashed line of
figure (a). At the horizontal solid line the new algorithm is switched off, reverting to conventional JM. Notice the sudden change in the scanning profile. (¢) Subsequent
imaging of the same area with JM+ procedure demonstrates total destruction of the scanned virus while the other particle remains unmodified. Set point 150 pN.

under the new JM procedure, HAdV particles can be scanned for a long time without
significant damage.



Jumping mode AFM

Bacteriophage T7 has an
icosahedral capsid around
51nm diameter, with a triangu
lation number T=7, and a non-
contractile tail. The shell is
made of 415 copies of the
gplO0protein that encloses a
dsDNA 40 kb in size.

Fig. 5. (a) 500 nm x 500 nm AFM topography image acquired applying the new algorithms of bacteriophage T7. (b) When JM+ is switched off a particle is detached
(circled particle in Fig. 5a). (c) Switching back to JM+ confirms that the particle has been completely removed. Set point 115 pN.
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Figure 2. Protein shells collapse on the surface.
(A) P22 bacteriophage particles on glass and HOPG oriented to 5-fold and 3-/2- fold symmetry axes. (B) Comparison of topographical profiles
obtained on two particles adsorbed on glass (black) and HOPG (red) obtained from A. (C) Comparison of average height of particles adsorbed at
different orientations and substrates.

PJ. de Pablo / Seminars in Cell & Developmental Biology 73

(2018) 199-208 201



Figure 5. Dilation effects in the protein shell of bacteriophage P22.

(A) The EM-1826 model of P22 bacteriophage oriented to the 2-fold symmetry axis. (B) Dilated data of (A) obtained with a tip
of 10 nm in diameter by using the dilation algorithm of the WSxM software. (C) AFM image of a single P22 bacteriophage
oriented to the 2-fold symmetry axis. The cartoon of (D) indicates the dilation as a function of the tip size: black, red, and blue
curves are the topographical profiles obtained with tips of 0.5, 10, and 15 nm in diameter, respectively.
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Figure 6. Single indentation assay.

Stiffness or spring constant: obtained by fitting the elastic part from 0to 8 nm (k =0.18 N/m);
breaking or yield force: force value when the elastic regime f nishes at 8 nm (Fb = 1.4 nN),
critical indentation &c :deformation of the virus when it breaks (8 nm).

Thin shell theory relates the protein shell stiffness with the Young’ s modulus as k Et2=R, where
t is the thickness of the shell and R is its radius
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Figure 6. Single indentation assay.
The area enclosed between forward and backward curves from indentation O up to 8 nm is the
energy used to break the cage. In this case, it is about 8.8 nm x nN, i.e. 8.8 x 1078 J or 2141k,T,

which approaches the order of magnitude of the total energy for assembling all the proteins

The precise control of nanoindentation permits access to the inner cargo of protein cages. For
instance, the consecutive application of nanoindentaion cycles in human adenovirus cracks
open the shell in a controlled fashion to probe the mechanical properties of the core. These
mechanical properties are related with the condensation state of dsDNA.



AFM

fluorescence
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Figure 8. AFM/fluorescence combination for monitoring mechanical unpacking. -

(A) Sketch of AFM/fluorescence combination for monitoring the access of YOYO-1 to released DNA. (B) AFM and fluorescence
data of an HAdv particle before and after releasing DNA. (C) Simultaneous force (orange) and fluorescence (green) data during

a nanoindentation experiment that disrupted the particle and released DNA. (D) Evolution of the fluorescence signal along time
after particle disruption for mature (blue) and immature (green) particles (adapted from ref. [60]).
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Figure 2. Protein shells collapse on the surface.
(A) P22 bacteriophage particles on glass and HOPG oriented to 5-fold and 3-/2- fold symmetry axes. (B) Comparison of topographical profiles
obtained on two particles adsorbed on glass (black) and HOPG (red) obtained from A. (C) Comparison of average height of particles adsorbed at
different orientations and substrates.
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Fig. 4. (a) 250 nm x 330 nm AFM topography image of two HAdV particles acquired with JM+. (b) Time evolution (downwards) of the topography at the dashed line of
figure (a). At the horizontal solid line the new algorithm is switched off, reverting to conventional JM. Notice the sudden change in the scanning profile. (¢) Subsequent
imaging of the same area with JM+ procedure demonstrates total destruction of the scanned virus while the other particle remains unmodified. Set point 150 pN.

under the new JM procedure, HAdV particles can be scanned for a long time without
significant damage.



Figure 5. Dilation effects in the protein shell of bacteriophage P22.

(A) The EM-1826 model of P22 bacteriophage oriented to the 2-fold symmetry axis. (B) Dilated data of (A) obtained with a tip
of 10 nm in diameter by using the dilation algorithm of the WSxM software. (C) AFM image of a single P22 bacteriophage
oriented to the 2-fold symmetry axis. The cartoon of (D) indicates the dilation as a function of the tip size: black, red, and blue
curves are the topographical profiles obtained with tips of 0.5, 10, and 15 nm in diameter, respectively.




Balancing Electrostatic Forces

Main Forces in Liquid:
1) Van der Waals, globally attractive, short range.

2) Double layer forces: Repulsive, long range, dependent on pH and ionic strength. Due
to ionic atmosphere over the surfaces of the tip and the surface. The 2 layers create
the repulsive force.
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Fine tuning of electrolyte concentration is always required to minimize the distance of
tip-sample electrostatic interactions and achieve high-resolution.



SPEED LIMITS OF AFM IMAGING

AMAAAA AN

SpRRcizizicaRsiRass 64 x 64 = 4096 px

yl Sesteeien ity need a few oscillations per pixel (~5)

fast bio-cantilever ~ 25 kHz

X —0.04ms*5*4096 =1s

30nm 30nm 30nm

(there are other limiting factors (z-piezo, feed-back loop)

Courtesy of |. Schaap
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small cantilevers are faster
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ATOMIC FORCE MICROSCOPY
Imaging in Biology 2
Examples



Single molecule imaging 1



HR-AFM imaging: DNA

Also, high-resolution AFM imaging has been recently employed to
study topological details of DNA/RNA — enzymes interaction. For
example, the upstream interaction of Escherichia coli RNA

polymerase (RNAP) in an open promoter complex (RPo) formed at
the PR and PRM promoters of

bacteriophage A.

100 nm
T

. Mangiarotti, S. Cellai, W. Ross, C. Bustamante, C. Rivetti, L. Mol. Biol. 385, 748 (2009)



Prokaryotic
transcription

Courtesy of Prof. C. Rivetti
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Struttura del DNA
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AFM image simulation of DNA

Re=0.1 nm
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C. Leung, B\W. Hoogenboom  dx.doi.org/10.1021/nl301857p | Nano Lett. 2012, 12, 3846—3850

(b) ~ RH-DNA
- LH-DNA
£

i:

o

—
4 nm

Figure 4. High-resolution AFM on plasmid DNA. (a) 3486 bp plasmid DNA, which on magnification shows a right-handed double helix, superposed
to substantial height differences on and along the DNA. (b) Profiles along right-handed (RH) and left-handed (LH) DNA, acquired along the lines
marked by the red and blue arrows in the insets of A and D. (c) Elongated configuration of the 3486 bp plasmid DNA displayed at the same scale as
part a. (d) On subsequent magnifications of the dashed rectangle in ¢, an elongated left-handed double helix is resolved. Color scale: 1.5 nm (a); 1.1
nm (a, inset); 1.5 nm (c); 1.1 nm (d); 0.7 nm (d, inset). Green arrows indicate the two strands of the double helix, separated by the minor groove
(depth 0.1 nm). The major groove (depth ~0.2 nm) separates the subsequent turns of the double helix



DNA adhesion on mica

DNA negatively charged
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DNA deposition methods
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Figure 1. Siloxy groups on the surface of freshly cleaved mica.
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Figure 2. APTES treated mica substrate.




Courtesy of C. Rivetti
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DNA deposition steps T How do DNA molecules go from

[!/ solution to the surface?
3

Once bound to the surface can
T they go back into solution?

\ | : e m What happens to the molecules on
\ &r/ i e the surface before removing the
\ Ot z buffer?
V : 0 Can they move in 2D or are they
L Z '\ o / trapped in a single conformation?
- : ¥
e _’:: : 3 ‘95 2 Can we quantitatively distinguish
S <& = R between the different cases?

Courtesy of Prof. C. Bustamante
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On cleaved mica, transfer of DNA from solution to the surface is solely governed by diffusion:

Ny initial DNA concentration in molecules/cm?®
' of D diffusion coefficient
Nng= . of Nolecuies = 2 no«/Dt t time of deposition
Area T
0.6 v 576 104
100F
E
=
_04 '384:,:(
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0.0 M 0 1 22l ' AA b iazal 3 AA A iazal i LA A iaral 't
0 1000 2000 1 10 100 1000
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D=(5.4£0.2)10° em?/s
Valid if:

The molecules are irreversibly adsorbed to the surface
Convection currents do not contribute to the transport of the molecules to the surface
The solution is not significantly depleted of DNA molecules and the surface is not saturated during the time of

deposition Courtesy of Prof. C. Bustamante



Diffusive dynamics

we divide space up into a bunch of small boxes, large
enough to include many molecules, but small
enough so that the density is nearly uniform over
the scale of the box.

We use the notation c(r,t) to signify the
concentration in a box centered at position rin
three-dimensional space (with units of number of
particles per unit volume) and c(x,t) to signify the
concentration field in one-dimensional problems
(with units of number of particles per unit length).

”Concentration gradient” is a spatial variation
in the concentration field.

simple concentration profile where on the left-

5
hand side of the domain of interest, the §
concentration of the molecule of interest is §
high, while on the right-hand side of the 5 — o

domain of interest, the concentration is low , ——
position

Phillips, Rob; Kondev, Jane; Theriot, Julie; Garcia, Hernan. Physical Biology of the Cell (Page 516). CRC Press.



Diffusive dynamics

The other key quantity of interest for our
macroscopic description of diffusion is the flux.

no. of particles = Mx)

no. of particles = Mx+Ax)

Flux can be seen as the net number of molecules
that cross area A per unit time. That is the
component of the flux vector in that direction.

In three dimensions, the flux is actually a vector
whose components give the flux across planes
that are perpendicular to the x-, y-, and z
directions.

The goal of our thinking is to determine what
amounts to an “equation of motion” that tells
how the concentration field changes in both
space and time.



Diffusive dynamics

in one dimension, flux is linearly related to concentration gradient:

j==D25, (13.)
d X

J = current density, number of particles crossing unit area/ unit time
D = diffusion coefficient

1
lengthz x time

[-‘w] _ number of parucles/lenglh3 _ number of particles
length B length* “

[D] = length?/time, indipendent on dimensionality of space!
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Isotropic rod continuously flexible. L at T=0 K, the polymer adopts a rigid rod conformation

The .worm-like.chain model _is_ _ Is smoothly curved at RT
particularly suited for describing stiffer

polymers, with successive segments
displaying a sort of cooperativity:
all pointing in roughly the same u, i

direction R
- = _£ The persistence length of the molecule, P,
U-u.'=e " is the decay length through which the initial
l 2 orientation of the molecule persist. It is a

measure of the stiffness of a polymer chain.

In 2D the mean square end-to-end distance of a worm-like chain of length L, and
persistence length P, is:

Y
<R2>2D =4PL 1“2,_2 1<a & For L—x <R2>20 = 4PL

T —

Courtesy of Prof. C. Bustamante



WLC is for semi-flexible polymers.

Assumes polymers are inextensible, has a linear elastic bending energy and is

subjected to thermal fluctuations.

a) L=NI segments, freely rotating

f(s)

Worm-Like Chain (WLC) Model, Fig. 1 (a) Discrete model of
a polymer composed of a chain of segments r; cach of length £
(b) Continuous WLC polymer parameterized by the tangent

' "l
vector f(5) = == along the contour

Adding energy cost associated to the bending:

N—1

H = —;:ZF,.I-F,-. (1)

which imposes an energy cost of ££° times the cosine of
the angle between neighboring segments. The right-
hand side of (1) can be rewritten using the relation
Fiap = F; = 3'—":—'—'-'- Moving from a discrete model
to a continuous model requires taking the limits
N — oc and £ — 0. Likewise:

L __-:‘ (s
Iim(" L :):«{(»)' )
[ —0) f ' iIs

where r(s) is a tangent vector at location s along the
contour of the polymer (see Fig. Ib). Finally,
converting the sum to an integral yields:

H ¢ /’- ():(s))’
—— 2 3
kel 2 Jo ( s 3 a4




WLC is for semi-flexible polymers.

Assumes polymers are inextensible, has a linear elastic bending energy and is

subjected to thermal fluctuations.
a) L=NIl segments, freely rotating

(s)

Worm-Like Chain (WLC) Model, Fig. 1 (u) Discrete model of
a polymer composed of a chain of segments r; cach of length £
(b) Continuous WLC polymer parameterized by the tangent
vector f(x) = 3:7‘-'-' along the contour

which is the Hamiltonian for the WLC mode! assuming
that the contour length L is very large (Dot and
Edwards 1988). Note the introduction of the persis-
tence length £ = #5. The persistence length serves as
a charactenstic length scale over which two tangent
vectors along the polymer remain correlated, i.¢.:

(H(s)-1(s)) =7 (4)

The WLC describes a polymer that is stiff over
short distances and flexible at longer ones, with the
persistence length setting the length scale of this
transition in characteristic behavior, Moreover, while
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DNA contour length (nm)

2000

4 mM Hepes pH 7.4, 10 mM NaCl, 2 mM MgCl;

4 mM Hepes pH 7.4, 10 mM NaCl, 100 mM MgCl;
10 mM Hepes pH B.0, 80 mM NaCl, 5§ mM MgCl;
10 mM Hepes pH 6.8-8.0, 5 mM NaCl, 5 mM MgCl,
P=53nm

4p>0O0

Courtesy of Prof. C. Bustamante and C. Rivetti



(R?)sp = 2PL (1 - I,—)(1 - e’%ﬂ
(R?),p = 4PL (1 — ZTP (1- e'z%))

2
(Rz)proj = (R:Zc) + (R}Zl) = §(R2)3D

Theoretical model for a 1258 bp DNA <R%> nm?
Ideal worm-like chain in 3D 35600
Ideal worm-like chain in 2D 60500
Orthogonal 3D — 2D projection 23700

<R2> = 51300 nm? <R2> = 26000 nm? <R2> = 25100 nm?

>

v

Freshly cleaved Glow discharged H*-exchanged

Courtesy of Prof. C. Rivetti



AFM under Liquid

To Photodiode Laser Beam
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Courtesy of Prof. C. Rivetti



DNA imaged in liquid
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Courtesy of Prof. C. Rivetti



DNA bend angle measurements

A-tract
10 bp
— AIAWCGCS ANAIMCGOG AAMMMNCSCG AARANNDGED w—
xxxxxxx GC TTTTTTGO0C TITTTTGCSC TTITTTTIOC0C] s

Hidden DNA

— —— \
\



Using the end-to-end Distance to Determine Bend Angles

For a polymer molecule that is bent
at any location along the chain, the
mean square end-to-end distance
is given by:

), =rtfp- 2o o) coply-e e )



DNA fragments containing A-tracts

2 A-tracts 4 A-tracts o A-tracts

4 A-tracls 5 A-tracts

6 A-tracls 7 A-tracts




Mean square end-to-end distance as a function of the number of A-tracts

3
o 0 B per A-tract = 14 deg.
T=25 °C
105 r
100 ¥
&E‘ 95 »r
L
‘_{‘\ 90 r
e
v
8st
80 Fr +
75 F ®
TG L L ' A A ' -
0 2 4 & 8 10
Number of A-tracts

155 2 bp
2 [AAAAAACGCG] L



Structure of the E. coli RNA Polymerase

Courtesy of Prof. C. Rivetti



Template A 1008 bp
APy

439 bg = 569 bB

+1

Template C 1150 bp
AP AP

439 bp :" 298 bp :" 413 bp

+1 +1

Courtesy of Prof. C. Rivetti




AFM image of Open Promoter Complexes

—s|

l10 nm
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'
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30 nm

6 nm of DNA compaction

Courtesy of Prof. C. Rivetti



DNA Contour Length Measurements of Open Promoter Complexes

OPC on Template A OPC on Template C (2 2.3)
m i
o Bl DNA B DNA
I OPC 50 BN 10PC
8 &8 1 20PC
g 90 - 3 w0
H 2
w 1
S 80 - S
S 2 E
= = 10
0 - ‘ f—t : !
200 250 300 350 400 240 260 280 300 320 340 360 380 400
Contour Length (nm) Contour Length (nm)
Contour length (nm) Compaction (nm) N. of molecules

DNA (A) 32912 947

OPC (A) 297 £ 34 32 514

DNA (C) 3638 317

One OPC (C) 332 14 31 157

Two OPC (C) 308 £ 20 55 173

(a) NO wrapping NO wrapping Wrapping

(side view) (top view) (top view)

¢ =55d L=61d {¢=35d
— .

L=8.1d

__B |




Proposed model for the open promoter complex at Ao

Downstream DNA

Downstream DNA
Upstream DNA

Courtesy of Prof. C. Rivetti



Single molecule imaging 1



Myosine V walking on actin filaments

’
a ‘
/_H2 ADP
H1: ADP. 4 \ + end

\.\/ TN

R-ARH ARH

}

foot stomp
l ‘
/‘

R-ARH | ARH

In dynamic HS-AFM the molecule itself is
visualized while working and moving on its

i biological track, providing concomitant

structural and dynamic data: not only did the

Q
X
>
o
v
15 B B
»
o
o
free energy
S

ADPvirATP
b '-?\ observation confirm the hand-over-hand
M walking mechanism of myosin-V, it did reveal
N\ TS that the power stroke of this motor is driven

by intramolecular mechanical tension

N. Kodera, D. Yamamoto, R. Ishikawa, T. Ando Nature 468, 72 (2010)



Myosine V walking on actin filaments

Each head of the double-headed myosin hydrolyzes ATP into ADP and inorganic phosphate
(Pi). The ATPase rate is very low when myosin is alone but is markedly accelerated by its
interaction with actin, where the chemical energy liberated by ATP hydrolysis is converted
into mechanical work.

Head
\ ‘Motor domain ; : ~ Leverarm
. N : Cargo-binding
: ATP blndlng : :: ook domam
1Q- mot|f
Actin blndlng Converter CaM

(or CaM-like light chain)



Myosine V walking on actin filaments

Using single-molecule fluorescence microscopy and optical-trap nanometry it has
been shown that M5 moves along actin filaments toward the plus end in a “hand-
over-hand” manner, advancing 36 nm per ATP hydrolysis cycle.

The 36 nm stride corresponds to a half pitch of the right-handed, double-helical
structure of an actin filament, and, therefore, M5 moves approximately on a plane.

Head

\ ‘Motor domain ; : ~ Leverarm
. N : Cargo-binding
: ATP bmdmg : :: ook domam
1Q- motuf
Actin blndlng Converter CaM

(or CaM-like light chain)

The mechanism underlying the alternate steps was suggested to arise from
asymmetric kinetics of ADP dissociation from the two heads; ADP dissociation at
the trailing head is more accelerated than at the leading head and/or ADP
dissociation at the leading head 1s decelerated.



Myosine V walking on actin filaments

Using single-molecule fluorescence microscopy and optical-trap nanometry it has
been shown that M5 moves along actin filaments toward the plus end in a “hand-
over-hand” manner, advancing 36 nm per ATP hydrolysis cycle.

The 36 nm stride corresponds to a half pitch of the right-handed, double-helical
structure of an actin filament, and, therefore, M5 moves approximately on a plane.

< sl s Actin binding and
\ ‘Motor domain ; : ~ Leverarm | ATP blndlng sites
' . : Cargo-bindin . .
AT bmdlng B Heck f,’oma.n ° are interacting
1Q- mot|f
Actin blndmg Converter CaM

(or CaM-like light chain)

However, despite numerous and extensive studies, the heart of the motor
mechanism, that is, how the tension for the forward step is generated in the
molecule, coupled with the ATPase reaction, and how the energy liberated by ATP
hydrolysis is used, has remained elusive.



Myosine V walking on actin filaments

dx.doi.org/10.1021/cr4003837 | Chem. Rev. 2014, 114, 3120-3188

A myosin head has
two states

with respect to
actin binding, i.e.
weak (ADP-Pi) and
«— PEST site strong (nucleotide-

free) bound states.
30 nm _
e — Forward lever-arm swing

—
C d
A+ M-ATP — A + M-ADP-Pi X

) i ADP ;
AE “ 1 z L Forward leaning  Backward leaning
A-M == A-M-ATP A-M-ADP-Pi = A-M-ADP == A-M poststroke state prestroke state

a Haad Motor domain

Coiled-coil ( Neck domain

Cargo-binding
domain m—

The nucleotide-free head tightly bound to actin detaches from the actin immediately
after binding to ATE quickly followed by hydrolysis of the bound ATP to ADP—PI.

When the ADP—Pi bound head is attached to actin, the bound Pi dissociates from the
head, which is followed by the formation of a strongly bound tertiary complex
A—M—-ADP (A and M denote actin and myosin, respectively) and then by ADP
dissociation, completing one ATPase cycle.

The main role of actin in the ATPase reaction is to accelerate the otherwise very slow Pi
and ADP dissociation from a myosin head.



Energy in the cell: ATP

In the cell reactions that require energy are associated with ATP hydrolysis
(hydrolysis= breaking down). ATP hydrolysis is an exothermic reaction, and
the energy generated can be used to drive a non-spontaneous reaction.

ATP+— ADP + P
(AH =-30 kJ/mol)

ATP > AMP + PP,
(AH =-30 kJ/mol)

phosphodiester
bonds have a large
energy of hydrolysis
(about 30 kJ/mol)

Adenosine Tri/Di/Mono phosphate

ATP
0