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1

General Introduction

1.1

Brief History of Scanning Probe Microscopy

The understanding of many biological processes is eminently based on our ability to
visualize them. Therefore, microscopes have always been indispensable instruments
in any bio or medical oriented research. The beginning of microscopy can be accredited to two Dutch spectacle makers, Zaccharia Jansen and his father in the 16th
century, who discovered that by arranging several lenses in a tube, nearby objects are
greatly enlarged. Some years later, Antonie van Leeuwenhoek (1632-1723) used this
knowledge to construct the first microscope that was used in cell biology and microbiology. Since then, the improvement of microscopes has been a regular topic in Science.
However, even with immense techaological development in the early 20th century, conventional light microscopy faces the limits of resolution by the diffraction limit of Ught;
details that are smaller than the wavelength of visible light (A = 390 —750mn) cannot
be distinguished. To overcome this limitation, in 1931 Ernst Ruska and Max Knoll
invented the first electron microscope which uses an electron beam to illuminate and
create magnified images of surfaces. Even though the electron microscope can achieve
the resolution of a single atom, it can be operated only in vacuum which represents a
true bottleneck for biological applications [1]. Overcoming these limitations seemed
unimaginable at the time; however new hope arose in 1981. That year Gerd Binnig
and Heinrich Rohrer, two physicists working in the research and development department of IBM invented the Scanning Tunnelling Microscope (STM), the first in a series
of novel "local probe" microscopes that can image surfaces with atomic resolution by
1
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mechanically moving a very sharp probe (tip) in a raster scan over the sample. This
invention started a completely new and exciting research field called Scanning Probe
Microscopy (SPM). For the first time it was possible to reconstruct the S i ( l ll ) surface, visualize the surface density of states of S i ( lll) and Si(100) and to investigate
the initial stage of Ag condensation on S i ( l ll ) [2, 3]. These novel microscopes could
for the first time provide complementary structural and chemical information not accessible by optical microscopy or X-ray diffraction. Unlike the optical microscopes
whose resolution is determined by the wavelength of light, the resolution of SPMs is
determined by the size of the probe used to scan the sample, the precision of the scan
ning device and the speed of its electronics. The scientific community recognized the
importance of this new technique very quickly. In 1986 Gerd Binnig, Heinrich Rohrer
and Ernst Ruska, were awarded the Nobel Prize for Physics for their contribution to
the development of microscopy [1].
The first scanning probe microscope, the Scanning Tunnelling Microscope (STM) is
based on the concept of quantum tunnelling [3]. When a conducting tip is brought
close to a conducting sample and a bias is applied between the two, electrons can tun
nel through the vacuum between them. The tunneling current depends exponentially
on the tip-sample distance. As the tip-sample distance changes due to the height
variations of the sample, the tunneling current changes accordingly. The recorded
changes in the tunneling current can be used to reconstruct the topography of the
sample [4]. The first obvious advantage of STM in comparison to electron microscopy
is the relatively simple sample preparation and ability to obtain atomic resolution
images at ambient conditions and in different solvents. This aspect of STM opened
new possibilities for studying crystal growth, self-assembly of molecules, chemical
reactions and nauomanipulation of molecules and atoms [5]. However, while the applications of STM in surface and material science have progressed substantially since
its commencement, the application in biological sciences has been sporadic [2, 6]. The
main obstacle for engaging the STM in biological research is that it can be used only
on conductive, relatively small and flat samples [4].
These limitation of STM were overcome only several years later. In 1986 Gerd Binnig,
Calvin Quate and Christoph Gerber invented a new microscope, the Atomic Force
Microscope (AFM) that could be used on both conductive and insulating samples and
did not require a conductive tip [7]. While the main principle of scanning the surface
line-by-line remained the same, a different kind of signal was used to reconstruct the
sample’s topography. In AFM, the tip is mounted on a soft flexible cantilever, which
provides information by sensing a force. When the tip is scanned over the sample
surface small forces acting between the tip and the sample will make the cantilever
deflect. The changes in deflection signals are recorded and used to obtain the topographic image of the sample surface. Since there is no requirement for conductive
substrates, various samples can be imaged. The main advantages of AFM compared
to its predecessor STM axe numerous: it can be operated in vacuum, air, and liquid,
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Figure 1.1: (a) A schematic representation of AFM: By applying a voltage to a PZT scanner
the sample is moved in X —Y — Z direction. A cantilever with a tip acts as force sensor
and is used to scan the sample surface. An optical lever system consisting of a laser and
a photosensitive diode is used to detect deflection of the cantilever during scanning with
less than nanometre precision. (b) Design of the tube shaped piezo scanner. Scanning in
the X —Y plane is done by the outer electrodes of the piezo tube, while the inner single
electrode moves the sample in the Z-direction [18]. (c) Electron microscope image of MLCT
cantilevers (top) and the tip (bottom) from Veeco.

on conducting and insulating samples with high surface roughness, and on samples
that range in lateral size from a few nanometres to hundred micrometers (e.g. cells)
[8]. Therefore, the samples studied by AFM range from the smallest biomolecules
such as lipids, proteins, RNA, DNA, to viruses and living cells [8, 9]. Real time observations of biochemical processes were also reported [10, 11]. In special operating
modes, AFM can also be used to study electrostatic, magnetic and elastic properties
of the samples, to manipulate single molecules and measure forces between single
molecules [8, 12-15].

1.2

Atomic Force Microscope

The AFM is nowadays often referred to as the most versatile tooi in biophysics
[8, 16, 17]. For an instrument covering such a wide range of research areas like
chemistry, physics, biology, nanotechnology, its design is surprisingly simple. The
main parts of an AFM are scanner, cantilever with tip, an optical lever system (laser
and photosensitive diode) and the feedback control. A schematic representation of
AFM is shown in Fig. 1.1 (a). The scanner of the AFM is used to scan the tip over
the sample (or vice versa) as shown in Fig. 1.1 (a). It is made of piezo electric material, a special class of materials that can shrink or expand when a voltage is applied.
Scanners of an AFM are tube shaped, consisting of four outer electrodes which serve
3
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to move the sample in the X — Y direction, and a single inner electrode, which is
used to move the sample in the Z —direction (Fig. 1.1b). Depending on the size of the
scanner, the maximum X — Y range of AFM can be from as little as 0.4 firn (e.g.
A-scanner, Veeco) to 200 fim (e.g. K-scanner, Veeco). The maximum Z-range of the
AFM spans from 2.5 /J,m to 10 fim. Such diversity in scan sizes makes AFM suitable
for imaging atomically flat surfaces as well as very coarse and high surfaces like cells.
AFM cantilevers and tips are the heart of the AFM, they define its force sensitivity
and image resolution. Nowadays cantilevers are mostly produced of Silicon nitride
(SisN i) material. Their mechanical properties are defined by the spring constant
ki and the resonance frequency uir . Depending on the imaging mode (described in
Sec. 1.3) and sample properties cantilevers of different stiffness and shapes are used.
For contact and force measurements cantilevers with higher force sensitivity are required (fc;=0.01-0.1 N/m). In dynamic operation modes, stiffer cantilevers can help
reduce the noise and instabilities [13]. Very often cantilevers are top-coated with
metallic layers to enhance reflectivity. However, enhanced reflectivity comes with the
price of unpredictable drift of the cantilever deflection. The drift is caused by the
difference in surface stresses on top and the bottom layer of the cantilever induced
by a temperature change. These disturbances are usually very drastic when AFM is
operated in liquid.
The lateral resolution of an AFM image depends on the radius of the tip mounted
on the cantilever. The radius of an AFM tip can range from 1 nm to 60 nm or
even more if the tip is coated with a special conductive layer (for magnetic or electrostatic measurements) [8, 12, 19]. The tip radius, however, is not the only limiting
factor in obtaining high-resolution images of surfaces. Since the image contrast in
AFM arises from the interactions between the tip and the sample, resolution of AFM
strongly depends on the imaging mode, type of dominant tip-sample interaction (van
der Waals, electrostatic, adhesion, capillary forces, etc.), imaging environment (air,
water, solvents) and the speed of the feedback mechanism [18, 20- 22].
The optical lever technique [23, 24] is used to amplify the motion of the cantilever
as it is raster scanned across the surface. A laser beam is focused on top of the
cantilever and reflected into a photosensitive diode (PSD). Because of the length of
the optical path from the cantilever to the photo-diode great magnification of the tip
motion (~2000 fold) can be achieved. This means that a deflection as small as 1 nm
can be detected [20, 23]. When a force is applied to the tip in normal direction, the
cantilever bends for an angle a. Accordingly, the reflected laser spot on the photo
diode moves through a distance A . Therefore, there is a direct connection between
these two variables can be established [20]:
A psd

2d ta n a

(1.1)

where d is the distance from the cantilever to the photo-diode (Fig. 1.2a). The position
of the reflected beam is detected by the split photo diode. The split photo diode
4
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consists of four squares: top (A and B) and bottom (C and D). Depending on the
portion of the laser spot that falls within each segment, different currents on each
segment of the photo-diode are produced. The differential signal between top and
bottom segments provides a measure of vertical deflection of the cantilever. The
differential signal between left and right segments measures the lateral motion of the
cantilever (torsion).
To produce high-resolution images of the sample surface AFM must be capable of
controlling the tip-sample distance with high precision. A feedback loop is engaged
to maintain the force applied to the sample equal to a certain set point value defined
by the user. Every time during scanning when a measured force value is different
from the set point value, the feedback loop will move the sample in the Z-direction to
correct for the discrepancy. The ability of AFM to trace the surface features precisely
depends on the speed of the response of the feedback circuit. The settings for the
feedback have to be optimized for each sample individually. These settings depend
on the type of the cantilever, imaging mode, scan speed, roughness of the sample and
imaging environment. Further explanation of feedback settings can be found in [18].

1.3

Imaging Modes of AFM

The two basic imarins modes of AFM are contact mode and tapping mode. In contact
mode, also known as repulsive mode, the AFM tip is in constant physical contact with
the sample. During scanning the deflection of the cantilever is changing due to the
sample’s topography, resulting in changes in tip-sample contact force. To maintain
this contact force constant at some predefined set point value 6S a feedback mechanism is used. The feedback loop uses the deflection of the cantilever 5 as an input and
moves the sample in the Z-direction to compensate for the error between the set point
value and measured deflection value. Images are obtained by recording the Z —piezo
position required to compensate for this error (Fig. 1.2b). When the tip is in contact
with the sample, lateral forces arising from the torsion of the cantilever can also be
measured. By recording the torsion of the cantilever in friction images it is possible to
map the surface distribution of, e.g., different chemical functionalities [25]. Contact
mode can be used in air and in liquid. When operated in air, the force exerted on the
sample by the cantilever is increased by the presence of strong (~ 10- 8iV) capillary
forces coming from the formation of the thin water layer on the sample surface [26].
In liquid environments these capillary forces are absent [27]. In case of flat and rigid
samples (e.g. 2D crystals) contact mode is the preferred mode of imaging enabling
atomic resolution [15, 24]. However, with very soft cantilever and low contact a force
obtaining molecular resolution on e.g. membrane proteins is possible [28].
In tapping mode the cantilever is oscillated close to its resonance frequency above
the sample surface by a small piezo actuator situated in the cantilever holder. The
amplitude of oscillations is maintained constant at a certain set point value by the
5
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Figure 1.2: (a) A schematic representation of the optical lever technique. For simplicity, the
incoming laser beam is focused on the backside of the cantilever under an angle of 90°. If
the cantilever is not deflected, this beam will follow the same trajectory back. When the can
tilever is deflected by an angle a, the angle between the incoming and reflected beam of the
cantilever becomes 2a. Therefore, the laser spot on the photo diode moves by a distance
A & 2d tan a. (b) Principle of contact mode imaging. The tip is dragged over the sample
while a feedback tries to maintain constant deflection of the cantilever. Whenever the measured deflection is not equal to the set point value, z-piezo moves the sample to correct
for it. The z-piezo movements are interpreted as topography of the sample, (c) In tapping
mode, cantilever is oscillated above the sample surface close to its resonance frequency
while feedback maintains the amplitude of the oscillations constant. When encountering
the higher features on the sample, the amplitude of oscillations is reduced. Topography of
the sample is, as in case of the contact mode, interpreted as z-piezo movement needed to
keep the amplitude at the set point value.

feedback loop [29], In proximity of the sample surface, the amplitude of the oscilla
tions is reduced due to the surface forces (van der Waals, electrostatic, dipole-dipole
interaction etc.). By recording the feedback signal required to keep the amplitude
constant, the topography of the sample can be acquired. Nevertheless, one should
be careful in interpreting topographies obtained in tapping mode. The changes in
resonant frequency, amplitude and the phase of the oscillation of the cantilever are
influenced by the gradiënt of the external forces; that is forces between the tip and
the sample like electrostatic, magnetic, hydrophobic, etc. Therefore the measured
height of the objects strongly depends on the imaging conditions and sample properties [18, 20-22, 30]. In principle, the origin of image contrast in tapping mode is still
poorly understood even though some theoretical work has been done to shed light on
this complex issue [21, 31-33].
6
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Tapping mode can be used to study almost any sample and therefore is considered a
true breakthrough in AFM applications on biological samples. Obvious advantage of
tapping mode in comparison to contact mode is the absence of later al forces. Since it
can also be used in air and in liquid, it has been intensively used to study DNA conformations and DNA-protein complexes, RNA secondary structures and RNA-protein
complexes, proteins, cells, viruses [8, 34—40], even image molecular processes in real
time like random walk of RNA polymerase along DNA [10] and dynamics of DNA
strands axound nucleosomes [11]. With new technological developments in cantilever
design and increasing the speed of AFM electronics, video-rate imaging of biological
processes became possible [11, 41, 42].
Besides the classical topography imaging modes, modes that can be used to map
different material properties of the sample were also developed. For example, phase
imaging can provide information on adhesion and viscoelasticity, magnetic force microscopy (MFM) uses the magnetic tip to image the magnetic properties of the sample,
electric force microscopy (EFM) measures the electric field gradiënt distribution over
the sample surface and surface potential microscopy measures the difference in local
surface potential across the sample [18].

1.4

AFM Force Spectroscopy and Force Volume Imaging

Although AFM was initially intended to image surfaces with atomic resolution researches soon realized that an AFM tip can be used as a nanotool for surface indentation and manipulation of atoms and molecules [43]. This idea was quickly adopted
by AFM manufacturing companies and transferred to a new AFM operating mode
called AFM Force Spectroscopy. In this mode of operation, a sample is brought
into contact with the AFM tip imtil a certain deflection threshold is reached and
then retracted. During this approach-retract cycle, the deflection of the cantilever is
recorded as a function of Z -piezo displacement. Therefore, the outcome of one such
cycle is deflection-vs-extension curve: force curve. A schematic representation of a
force curve is shown in Fig. 1.3 (a). A typical force spectroscopy experiment results
in thousands of force curves which have to be anaJyzed separately to obtain relevant
information about tip-surface interactions. Depending on the interaction of interest
the approach or retract part of the force curve will be examined [20, 44], For exam
ple, elastic properties of the surface can be extracted from the approach curves, while
information about unfolding of molecules or bond dissociation resides in the retract
curves [20]. In basic AFM force spectroscopy mode, all force curves are obtained on
one fixed location of the sample surface. However, one can also obtain force curves in
every pixel of an AFM image. Such form of imaging where a topography image of the
sample is combined with an array of corresponding force curves is called force volume
imaging [20, 44]. From the array of force curves mapped onto a sample surface it is
possible to extract information about local tip-sample interactions (adhesion, elec7
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trostatic, specific binding) and mechanical properties of the sample [20, 45]. This is
quite useful when it comes to the analysis of the mechanical properties of composite
materials and biological samples [20, 45] or the affinity binding of biomolecules to the
substrate [46]. Visual description of force volume imaging is shown in Fig. 1.3 (c).
AFM tips, usually made of Silicon nitride, have proven to be a good basis for different
chemical modifications allowing their functionalization with a variety of molecules,
from simple polymers to proteins and nucleic acids [13, 20, 21, 47-49]. The ability
to functionalize AFM tips gave researchers a possibility to access individual bonds
between molecules, which in return triggered the development of much refined theory
of bond dissociation [50-53]. Pioneering work on protein unfolding [49], the elasticity
and structural transitions of polysaccharides [54] and chromatin fibres [55] opened
a new door towards the study of internal states and mechanical properties of single
molecules. Today, studies o f single molecules using AFM, optical and magnetic tweezers are merged into a new scientific field called Single Molecule Force Spectroscopy
(SMFS)[16, 17]. The following section will briefly introducé the major vocabulary of
AFM force spectroscopy.

1.5

Terminology of AFM Force Measurements

In force measurements, it is of great importance to record a large number of force
curves obtained under the same environmental and measurement conditions. Therefore, just like in any imaging mode of AFM, several parameters must be adjusted
which will make sure that each force curve is obtained in exactly the same way making it possible to compare data sets:
• Z-ramp (nrn): maximum distance which the piezo travels.
depends on the size of the system measured;

This parameter

• Scan-rate (H z): defines the frequency of approach and retract cycle.
• Number of samples: number of points per force curve, the force curve resolution.
• Forward and retract velocity (nm/s): the velocities with which the sample will
approach or retract from the tip. Both of these velocities are dependent on scan
rate, ramp size and force curve resolution. Changing forward or retract velocity
will change values of the other parameters and vice versa. In SMFS, the retract
velocity plays a special role in determining the kinetic parameters of a molecular
bond. This will be discussed in more detail in the following chapter.
• Trigger (force, deflection): defines a force-feedback, the maximum force that
is applied to the sample surface. The sample approaches the AFM tip until
the trigger is reached and then is retracted. There are two types of triggers:
absolute, which keeps the maximum deflection (force) set point constant ( e.g.
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IV ), and relative trigger which keeps the deflection relative to undeflected can
tilever constant. The absolute trigger does not correct for drift and relative
does. Throughout this thesis, the relative trigger is used and will be referred to
as the force trigger.
• Surface and retract delay: the time that tip will linger on the surface or in
retracted position, respectively.
Note that all of the above listed terms are strictly related to the commercial AFM
experimental setup produced by Veeco and are used across this thesis. Other AFM
manufacturers might have their own terminology. However, a set o f parameters needed
to perform an AFM force spectroscopy experiment will remain the same independent
of the manufacturer, e.g. one would always have to set the force-feedback whether is
called set point or trigger. As mentioned earlier, force curves are acquired by recording
the cantilever deflection while moving the sample towards and away from the tip in
the Z-direction. Therefore, force curves show the dependence of cantilever deflection
on Z-piezo displacement: S(Z). Further in the text they will be noted as deflectionvs.-extension curves. In raw data, deflection of the cantilever is measured in Volts.
For conversion of deflection-vs.-extension curves into force-vs-extension curves two
parameters are needed: deflection sensitivity (for conversion from Volts to nanometres) and cantilever spring constant (for conversion of nanometres into Newtons).
The deflection sensitivity, also called Inverse Optical Lever Sensitivity (InvOLS) is
the slope of the contact part of the deflection-vs.-extension curve obtained on a hard
surface and it has units of \nm/V\. Using InvOLS, deflection of the cantilever 8 can
be expressed in nanometres as follows [18]:
ö[nm] = ó[V] * InvOLS[nm/V]

(1.2)

Using Hook’s Law, deflection in nanometres can be further converted into Newtons
by multiplication with cantilever spring constant: F[nN] = ki [nN/nm] * 8{nm\. The
spring constant can be determined using several different methods [20], but the most
preferred method for its simplicity is thermal tune [56] and is used across this thesis
for cantilever spring constant calibration. Furthermore, the real tip-sample distance
is not represented by the Z-piezo position which is measured relative to the rest
position of the cantilever as illustrated in the Fig. 1.3 (b), but rather with the difference between Z and the deflection of the cantilever at piezo displacement Z , 6(Z)
expressed in nanometres: D = Z - S(Z). The tip-sample distance D can be used
to convert force-vs.-extension curves to force-distance curves (FD-curues). Having
introduced the basics of atomic force microscopy imaging and force measurements, we
can continue to the following chapter dedicated to theoretical models used to analyse
and interpret force spectroscopy data.
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Figure 1.3: (a) Typical force curve obtained in a single-molecule measurement. Force
measurements consist of cycies of approach and retraction. The sample is approached to
the tip until a desired force set point or trigger (Fs) is reached (indicated with green dot on
the F-axis). The sample is then retracted from the tip until the desired ramp size is reached.
Afterwards the cycle starts again. In the figure some features of force curves are indicated:
the contact part of the force curve which is equal to the spring constant of the cantilever
on the hard surface; the adhesion peak; bond rupture events usually seen when molecules
are attached to the AFM tip via polymer spacers. (b) Actual distance between the tip and
surface is calculated from the Z-ramp (Z) and measured deflection of the cantilever (5) as
D = Z —6(Z). (c) Schematic representation of the force volume imaging: at each pixel
of an image a single force curve is obtained. These force curves carry information about
the local deformation of the sample and local tip-surface interaction such as electrostatic
repulsion, adhesion, etc.

10

References

References
1. W . J. C roft, U nder th e M icroscop e: A B r ie f
H isto ry o f M ic ro s c o p y (W orld Scientific, 2006).
2. A . Engel, Ann. R ev. Biophys. Chem. 2 0 , 79
(1991).
3. G. B innig, H. R ohrer, C . Gerber, and E. W eibel,
Phys. R ev. L ett. 4 9 , 57 (1982).
4. S. N. M agonov and M .-H . W hangbo, Surface
A n a lysis with S T M and A F M (V H C Publishers, Inc., New Y ork, 1996).
5. L. Landau and E. M . Lifehitz, E ncycloped ia
o f N a n o scin ce and N anotech nology (Elsavier
L td., US, 2010).
6. A . M . Bóxo, R . M iranda, J. Alam&n, N. Gar
cfa, G. Binnig, H. R ohrer, C. Gerber, and J. L.
Carrascosa, N ature 3 15 , 253 (1985).
7. G. Binnig, C. F. Q uate, and C. Gerber, Phys.
R ev. L ett. 5 0 , 930 (1986).
8. A . Alessandrini and P. Facci, Meas. Sci. Technol. 16, R 65 (2005).
9. O. M arti, V . Elings, M . Haugan, C . E. Bracker,
J. Schneir, B. Drake, S. A . Gurley, L. Hellemans, and K. Shaw, J. M icrosc. 1 5 2 1 , 803
(1988).
10. M . G u th o ld , X . Zhu, C . Rivetti, G . Yang,
N. H. T hom son, S. Kasas, H. G. Hansma, P. K.
Hansma, and C. Bustam ante, Biophys. J. 77,
2284 (1999).
11. L. S. Shlyakhtenko, A . Y . Lushnikov, and Y . L.
Lyubchenko, B iochem istry 4 8, 7842 (2009).
12. H.-J. B utt and M . Jashke, N anotechnology 86,
1 (1995).
13. J. Zlatanova, S. M . Lindsay, and S. H. Leuba,
Progress in B iophysics and M olecular B iology
74, 37 (2000).
14. C. B . Prater, H. B utt, and P. K. Hansma, Na
ture 3 4 5 , 839 (1990).
15. B. Drake, C . B. Prater, A . L. Weisenhorn,
A . A . C. G ould, T . R . A lbrecht, C . F. Quate,
D. S. Cannell, H. G . Hansma, and P. K.
Hansma, Science 2 4 3 , 1586 (1989).

11

18. M ultim ode u s e r M anual (Veeco, Santa Barbara, 1996).
19.

Veeco P rob es (V eeco, Santa Barbara, 1996).

20. H .-J. B utt, B. C appella, and M. K appl, Surf.
Sci. Rep. 59 , 1 (2005).
21. R. Garcfa and R . Pérez, Surf. Sci. R eports 47,
197 (2002).
22. J. Tam ayo and R . Garcfa, A ppl. Phys. Lett. 71,
2394 (1997).
23. G . M eyer and N. M . Am er, A pp. Phys. Lett. 53,
1045 (1988).
24. S. A lexander, L. Hellemansand, O. M arti,
J. Schneir, V . Elings, P. K . Hansma, M. Longm ire, and J. Gurley, J. A ppl. Phys. 65, 164
(1989).
25. J. te R iet, T . Sm it, J. W . Gerritsen, A . Cam bi,
J. A . A . W . Elemans, C. G. Figdor, and
5. Speller, Langm uir 2 6, 6357 (2010).
26. D . A . Grigg, P. E. Russel, and J. E. Griffith, J.
V ac. Sci. Technol. 10, 680 (1992).
27. A . L. W eisenhorn, P. K. Hansma, and T . R. A.
adn C. F. Q uate, A ppl. Phys. Lett. 5 4, 2651
(1989).
28. D. J. M üller, A . Engel, U. M atthey, T . Meier,
P. D im roth, and K. Suda, J. M ol. Biol. 327, 925
(2003).
29. Q. Zhong, D . Inniss, K. Kjoller, and V . B. El
ings, Surf. Sci. L ett. 2 90 , L688 (1993).
30. N t-m dt, integrated solution s f o r n a notechnol
ogy , h t t p ://w w w .n tm dt.com /spm -ba sics.
31. J. P. Spatz, S. Sheiko, M. M öller, R. G. W in kler, P. Reiniker, and O. M arti, Langmuir 13,
4699 (1997).
32. J. P. Spatz, S. Sheiko, M . M öller, R . G. W in kler, P. Reiniker, and O. M arti, N anotechnology
6 , 40 (1995).
33. R . G. W inkler, J. P. Spatz, S. Sheiko, M. M öller,
P. Reiniker, and O. M arti, Phys. R ev. B 54,
8908 (1996).
34. J. M ou, D. M . Gzajkowsky, Z. Y iy i,
Z. Shao, FEBS Letters 3 7 1 , 112 (1995).

and

35. K. R ippe, M. G uthold, P. H. von H ippel, and
C . Bustam ante, J. M ol. B iol. 270, 125 (1997).

16. F. R ito rt, J. Condens. M atter 18, R531 (2006).

36. C . R ivetti, M. G uthold, and C. Bustam ante,
E M B O 18, 4464 (1999).

17. K. C . N eum an and A . Nagy, Nature M ethods 5,
491 (2008).

37. C . Bustam ante, D. A . Erie, and D. J. Keiler,
Curr. Op. Struct. Biol. 4 , 750 (1994).

ïi

General Introduction

12

38. C. Bustam ante, C. R ivetti, and D. J. Keiler,
Curr. O p. Struct. Biol. 7, 709 (1997).

47. V . T . Moy, E.-L. Florin, and H. E. G au b, Sci
ence 266, 257 (1994).

39. H. G . Hansma, E. O roudjev, S. Baudrey, and
L. Jaeger, J. M icrosc. 2 1 2 , 273 (2003).

48. G. U. Lee, L. A . Chrisey, and R . J. C olton , Sci
ence 266 , 771 (1994).

40. A . G iro, A . Bergia, G . Zuccheri, H. H. J. Bink,
C. W . A . Pleij, and B. Samori, M icroscopy Re
search and Technique 65, 235 (2004).

49. M . Rief, F. Oesterhelt, B. Heymann, and H. E.
G au b, Science 275, 1295 (1997).

41. L. M. P icco, L. B ozec, A . Ulcinas, D. J. Engledew, M. A ntognozzi, M. A . Horton, and M . J.
Miles, N anotechnology 18, 044030 (2007).
42. M . J. R ost, L. Crama, P. Schakel, E. van Tol,
G . B. E. M . van V elzen-W illiam s, C. F. Overgauw, H. ter Horst, H. Dekker, B. Okhuijsen,
M . Seynen, et al., R ev. Sci. Instrum. 76, 053710
(2005).
43. M . R ief and H. Grubmüller, G hem PhysChem 3,
255 (2002).
44. W . F. Heinz and J. H. Hoh, T ibtech 17, 143
(1999).

50. E. Barkai, F. Brown, M. Orrit, and H. Yang,
T h eory and E valuation o f Single M olecu le Signals (W orld Scientific, 2008).
51. E. Evans, Annu. R ev. Biophys. B iom ol. Struct.
3 0, 105 (2001).
52. P. M . W illiam s, A nalyt. Chem ica A cta 4 7 9 , 107
(2003).
53. O. K. Dudko, G. Hummer, and A . Szabo, Phys.
Rev. Lett. 9 6 , 108101 (2006).
54. M. Rief, M. Gautel, F. Oesterhelt, J. M. Fernandez, and H. E. G aub, Science 2 7 6 , 1109 (1997).

45. C. R otsch and M . R adm acher, Biophys. J 78 ,
520 (2000).

55. S. H. Leuba, M. A . Karym ov, Y . Z. Liu, S. M.
Lindesy, and J. Zlatanova, G ene Ther. M ol.
B iol. 4, 297 (1999).

46. P. Hinterdorfer and Y . F. D. ne, Nature M ethods 3, 347 (2006).

56. J. L. Hutter and J. Bechoefer, R ev. Sci. In
strum . 64, 1868 (1993).

12

CHAPTER

2

Theory of Force Spectroscopy

2.1

Introduction

Single-molecule force spectroscopy (SMFS) has become a powerful tooi for studying
unfolding o f biomolecules (proteins, DNA, RNA) and dissociation of molecular bonds
under mechanical load. Such experiments can provide insight into single-molecule
fluctuations tightly related to the underlying energy landscape that guides an intraor intermolecular interaction which can not be accessed in an ensemble-averaged measurement [1]. In an AFM-based SMFS experiment, a molecule or a molecular complex
is stretched between the AFM cantilever and the surface until the mechanical stress
induces the molecular transition, i.e., unfolding or the dissociation of a molecular
complex. During the course of pulling the deflection of the cantilever is measured
as a function of distance between the tip and the surface. Cantilever deflection is
directly proportional to the force applied to the molecular complex and therefore is a
direct measure of the force needed to induce the molecular transition. In experiments
where the dissociation of a molecular complex under external load is of interest, values of these forces are collected together with corresponding loading rates (defined
as ƒ = dF/dt), measured at the point of bond rupture. Since the bond rupture is
a stochastic process, the observed rupture forces will be represented by distributions
rather than by unique single values. The main challenge in statistica! treatment of
SMFS data is to relate these force distributions to the properties of the underlying en
ergy landscape that determines the dissociation of a molecular bond. To obtain such
link one requires a suitable theoretical concept within which the experimental data
13
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Figure 2.1: (a) Experimental setup for AFM-SMFS experiments. Molecules of interest (in
this case ligand and receptor) are immobilized to cantilever and surface via PEG polymers.
The system is pulled apart by retracting the tip from the sample, (b) The simplest case of
a potential landscape for a biomolecular system: a 1D potential with a single sharp barrier
separating two possible states of the system: bound and unbound. When the force is
applied along the reaction coordinate x, the barrier height reduces allowing the system to
dissociate faster. (c) Force-induced deformation of a free energy surface consisting of two
barriers. At lower forces the outer barrier is dominant.

can be evaluated. This chapter will give a short overview of the existing theoretical
models currently used in SMFS data analysis.

2.2

First Order Kinetics in SMFS Experiments

In a typical SMFS experiment a molecular complex is anchored at one end to the sur
face and at the other end to the AFM tip usually via flexible linkers. After bringing
the tip in contact with the surface, the interacting system is gradually moved apart
by retracting the tip (or equivalently, surface from the tip) until the molecular bond
ruptures, as shown in Fig. 2.1 (a). When the bond is broken the binding partners are
separated to "infinite" distances so that the broken bond cannot be re-established.
Thus, the force-induced bond dissociation can be considered irreversible [1]. We will
further assume that the system can be in two states: bound and unbound (dissociated). The bound state is the state of the local energy minimum separated from
the unbound state by a single energy barrier of height A G (Fig. 2.1 b). Despite the
complexity of the underlying energy landscape, there is a unique path connecting the
two states along which the system has to cross the (lowest) barrier. It is natural to
assume that the majority of unbinding processes will occur along this particular path
called the reaction coordinate x. In force-ramp experiments the force exerted on the
bond is a function of time: F = f ( t ) . Therefore, we assume that the force-induced
transition is "quasi—adiabatic". This means that the probability of breaking a bond
at the time interval [t, t + dt] depends only on the instantaneous force F (t) (at the
14
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time of rupture) and not on previous history of the measurement. Such an assumption is valid if the loading rates are not too high, so that the barrier preceding the
rupture is comparably high until most of rupture events have occurred. Under these
assumptions, the survival probability of a bond can be written as [1-3]:
= - k o f f (F (t))N B (t)

(2.1)

where the dissociation rate k0f f ( F ( t ) ) depends on the force F (t) acting on a molecular
complex at time t. In this case NB (t) is the fraction of bonds that have survived until
time t. Therefore we can also define a fraction of dissociated bonds N d until time t
such that JVs(t) + N o (t) = 1. If the force is a monotonically increasing function of
time, i.e., F = f ( t ) , the derivative dF = fd t can be used to change the variables in
Eq. 2.1:
dNB (F )
ko f f (F )N B(F )
(2 .2)
dF
f
N b (F ) can be obtained by integration of the above equation (Eq. 2.2):
N b (F ) = N b (0) exp -

r FkM
n
Jo
ƒ

dF'

(2.3)

Since NB (F ) represents the survival probability, its corresponding function N d (F ) =
1 —N b (F ) represents the cumulative distribution of the measured rupture forces and
Nb (0) = 1. Hence, the probability density function of rupture forces is defined as :
P(F ) = ’INf r F> [2, 4], resulting in:
m

{2A)

Replacing N b (F ) in Eq. 2.4 by the explicit form of Eq. 2.3 one can obtain:
p (F ) =

exp

J j k° f j F ' ï dF '

(2.5)

Note that the probability density function has units of [1/iV]. Erom Eq. 2.4 one can
obtain the force-dependent dissociation rate in terms of ƒ, p (F ) and N b {F ):

k°’ >{ F ) =

<2-6>

This equation relates the dissociation rate kaf f ( F ) at certain constant force with
the distribution of rupture forces from force ramp experiments. As noted earlier, in
15
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force ramp experiments the force is a continuous, a monotonically increasing function
of time. In the simplest case it is represented by a linear function of the form:
F (t) = nvt where k is the effective stiffness of the molecular system (system and
linker respectively): -K = —
Kg + —
K>L. Therefore, the loading rate is given by ƒ = kv . In
this case rewriting Eq. 2.3 implies that the product:
- v]n (N B(F )) =

f

Jo

koff(yF^dF'
K

(2.7)

is independent of v. This means all curves —uln(N b (F )) should collapse onto one
master curve independently of the retract velocity of the cantilever. If, however, this
is not the case, one of the initial assumptions is violated [1, 5, 6]. For cases where
the molecules are immobilized to the tip and surface via polymer Imkers a more
specific form of the dependence F (x ) can be used to model polymer extension, e.g.,
the free-jointed chain (FJC) or worm-like chain (WLC) [1]. In such cases n is not a
constant but depends on the force exerted on the linker and in general can be written
as k l (F ) = dF(x)/dx, where F (x ) is given by one of the polymer models (FJC or
W LC). It should be noted that to a good approximation one can still use the formula
for constant force loading rates even in the presence of linkers [1, 7]. This requires
using the apparent spring constant for each pulling speed by calculating the slope of
the force curves near the point of rupture. By using the general formula F = Kvt,
where k is given as the slope of the force curve before rupture one can obtain a general
expression for the force-dependent dissociation rate (from Eq. 2.6):
h o ff(F )

vp(F)

"^ T " = W

.

.

(2 ‘8)

In practice, one collects the histogram of rupture forces at different pulling speeds v,
and then plots them according to the right hand side of Eq. 2.8. In the resulting plot,
the data for different v should overlap. If this is not the case then the assumption of
quasi-adiabatic rupture kinetics is not valid [1, 5].

2.3

Bell’s Model

Formulas derived in the previous section are valid in general without any prior as
sumption on the functional dependence of the dissociation rate on the external force,
k0f f ( F ) . Now we can try to specify this form and analyze the consequences on
the measured rupture force distributions. If we assume that a single barrier dominates the dissociation process, it is possible to derive an analytical expression for the
force-induced bond dissociation in two limiting cases. The first case is derived from
transition state theory and assumes that the molecular complex dissociates as soon as
the maximum of the barrier, the transition state, is reached. Since in dynamic force
16
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spectroscopy experiments the binding partners are continuously pulled apart so that
rebinding cannot occur, this assumption is justifiable. The result of the transition
state theory is [2]:
kBT
—A G .
, x
*„/ / = _ e * p ( —

)

(2.9)

where kBT it thermal energy, A G is the difference in free enthalpy between the
transition and bound state and A x = xb—x m is the distance from the energy minimum
to the transition state (Fig. 2.1 b). The second case is overdamped motion of the
system along the reaction path for which the Kramers’ theory predicts [2, 8]:
U-LW2

. —A G .
e x p (—
)

2 10)

( .

where 7 is the friction experienced by the system moving along the reaction path
and wi;2 are the oscillation frequencies of transition and bound state. It should be
noted here for clarity that both of these results (Eq. 2.9 and Eq. 2.10) give k0f f in the
absence of the external force. The description of force-induced dissociation relies on
the assumption that a term —F x can be added to the thermodynamic potential of
the system: G (x) = A G (x ) — F x . If the potential barrier is steep, adding the term
—F x to the free enthalpy will reduce the activation energy barrier by an amount
F A x . Inserting this factor in Eq. 2.9 or Eq. 2.10 will lead to conceptually the same
dependence of the dissociation rate on force:
ko f f { F ) = a e x

G (® )i
pr-AkBT
J

exp

[F A x l
[ k BT_

(2 .11)

where only the formal definition of the pre-factor a will differ depending on which limiting case is applied. However, since the final dependence of
(F ) oc exp(F A x/kBT)
is the same, the exact form of a is of no interest and it can be combined with a first
exponential term (Eq. 2.11) to give the natural off rate at zero force: k0f f ( 0) = fc0 =
A

G (x)'

[2, 3]. This concept was introduced in studies of force-induced disso
a e x P \~k^T
ciation of molecular bonds in 1978 by George Bell and therefore in SMFS is known
as B ell’s model. Having specified kaf f ( F ) as:
k0f f ( F ) = ko exp(F A x/kBT)

(2 .12)

we can replace k0f f ( F ) in the definition of the probability density function (Eq. 2.5)
and solve the integral:
kn
p (F ) = -j- exp((3FA x) exp

ko
./3fA x

(exp(f)F A x) — 1)

(2.13)

where j3 = 1/ksT. In the above formula, the loading rate can be replaced by ƒ = k v .
Considering the analytical form of the corresponding pdf we can also calculate the
17
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mean rupture force according to [1]: {F } = / 0°° F p(F )dF :

( 2 ' 1 4 )

where E\(y) = f y°° e~tt~ 1dt is the exponential integral [1, 9]. It can be shown that
the first derivative of the mean force with respect to velocity is larger or equal to zero
^ 0). Thus, increasing the velocity always leads to an increase in the measured
rupture forces. For higher velocities when ko//3kvA x -C 1, the exponential factor in
Eq. 2.14 is ~ 1 and the mean force can be expressed as:

(2-15)

where 7 = 0.5772.. is the Euler-Mascheroni constant [1, 7, 9]. Another important
characteristic of the rupture force distribution is its most probable value, F*. It can
be obtained by solving the equation dp(F)/dF = 0 resulting in [1, 10-12]:

<“ 6>
Thus, the most probable rupture force F* is a linear function of the logarithm of the
loading rate, ln ƒ (ƒ = kv ). This conclusion is the heart of Bell’s model. To apply
Bell’s model in practice, one first collects the rupture force and logarithm of loading
rate histograms for each measured retract velocity and obtains the corresponding
most probable values. These pairs of (ln ƒ*, F*) are then plotted against each other
in a so called dynamic force plot. From the linear fit of the dynamic force plot, the
parameters fc0/ / ( 0) and A x can be calculated. In summary this phenomenological
model is based on the following assumptions: the unbinding process is irreversible
(there is no re-binding), the energy landscape consists of a single sharp barrier which
separates bound and unbound state, the process is quasi-adiabatic and the loading
rate can be expressed as ƒ = kv where k represents the effective spring constant of the
cantilever-linker system. Under these assumptions the mean and the most probable
rupture force ((F ), F *) are linear functions of the logaxithm of the force loading rate
l n /. Even though it is very simple, this model can be applied to a wide range of
biomolecular systems. The importance of Bell’s work lays in the recognition of the
importance of mechanical force in biochemical processes. However, in Bell’s model
the complex energy landscape is described only by the barrier width A x. In Fig. 2.2
the influence of varying parameters fc0/ / ( 0), v and A x on the shape of the rupture
force distribution obtained by Bell’s model is shown.
18
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Figure 2.2: Effects of varying the parameters v, A x and fco/ / ( 0 ) on the shape of the
rupture force distribution for Bell's model, (a) Parameters Ax = 0.3 nm and
0) = 1
s-1 are kept constant while the velocity is varied. With increasing the velocity, the maximum
of the rupture force distribution shifts to higher values. (b) The increase of k0f f (0) results
in shifting the maximum of the rupture force distribution to lower values. Parameters v =
1160 nm/s and A x = 0.3 nm are kept constant, (c) v = 1160wn/s and fc „//(0) = 1 s-1
are constant while the potential width (Ax) is changing. The peak of the force distribution
shifts to lower values when the barrier width is increased.

2.4

Generalization of Bell’s Model

Qualitatively the Bell’s model captures the dependence of the rupture forces on the
loading rates observed in force ramp experiments. However, one often finds that
the most probable force is not perfectly linear in l n / at higher velocities. Initially
this behaviour was interpreted as a change in mechanism, for instance switching
from one dominant transition state to the other (see Fig. 2.1 c) [1, 12]. However,
numerical simulations have shown that even in the case of a single transition state,
the curvature in F* vs ln ƒ at higher velocities can be reproduced [7, 13, 14]. This
curvature can be reproduced by generalization of Bell’s model including the explicit
forms of underlying potential surface [7, 13], or by considering the level of noise in the
force ramp experiments, which increases with increasing retract velocity [14]. In the
following, we will consider only the first case based on Kramers’ theory of an activated
barrier Crossing in the presence of an external force. To start with, let’s assume
diffusive dynamics with an effective diffusion coëfficiënt D on a one dimensional free
energy surface G {x) = G q( x ) — F x where G q( x ) is the profile in absence of the
external force F . For a sufficiently high barrier, we can use the Kramers’ high energy
approximation for the escape rate [1, 8]:

k°f f { F ) = ( f B e W * )d x )(fw e - W * ) dx)
19
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where the first integral is over the barrier region and the second over the free energy
minimum. Note that in the absence of an external force this equation takes the form
k0f f ( 0) = D\(Jb e/3G°(x'>d x )(fw e~l3Go(-x)dx)}~1 [3]. Taking the logarithm of Eq. 2.17
and replacing G (x) by G q( x ) — F x we can obtain:
in

.In ( ƒ

- ln ( ƒ

e

~

^

(2.18)

Differentiation of this equation with respect to F results in:
01n k0ff(F )/ D
dF

JB (3xe^Ga^

Fx') dx

~~ f B eP(G<>(x) - Fx)dx

f w (3xe P(G°(X) Fx)dx
~

f w e -0 (G°W ~ Fx)dx

(2.19)

where the two fractions are, by definition, force-dependent average values of x over
the barrier and over the energy minimum (x ) b and (x)w - respectively. Note that in
the above formula 9
(F) ^ ,jue
d^'FD = 0. Therefore Eq. 2.19
can be rewritten as:
a i n g " (jF) = P 1(x ) b - (x)w ] = 0 (x b (F ))

(2.20)

This equation (Eq. 2.20) relates the force-dependent rate k (F ) obtained from constant
force and constant velocity experiments to the force dependent average distance between the position of the transition state and the free energy minimum. Therefore,
by fitting the slope of the collapse plot given by Eq. 2.8 one can estimate how the
position of the transition state changes with force. Integration of Eq. 2.20 gives the
expression for the force-dependent rate as a function of the transition state position:

koff ( F ) = k0 exp P f F\ x B (F '))d F '
Ja

(2 .21 )

This expression is a consequence of the diffusive dynamics on the free energy surface
and is valid for forces that are sufficiently small so that the barrier still remains
high. Equation 2.21 represents the generalization of Bell’s formula given by Eq. 2.12
in the framework of Kramers’ theory. Therefore, Bell’s formula is the special case of
Eq. 2.21 when the distance between the free energy minimum and the transition state
(( x b ) = A x ) is independent of the applied force. However, for any potential well of
finite depth, the energy minimum will become unstable above a certain critical force
Fc at which the barrier completely disappears. In that case (x b (F c)) = 0. Thus,
{ x b (F )) must be a decreasing function of force and consequently, \n(k(F)) must be a
nonlinear function of F [1]. On the basis of Kramers’ theory, Dudko et al. showed that
the explicit analytical formula for a force-dependent dissociation rate can be derived
20
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Flgure 2.3: Influence of the applied force to the distortion of a 1D potential: (a) Cusppotential, (b) Cubic-linear potential

from Eq. 2.17 for two free energy surface models. The first case is harmonic-cusp
barrier which is defined by [1, 15]:

<2 - 2 2 >

This potential has a minimum at x = 0, transition state at x = A x and activation
energy A G . The second case is a cubic-linear potential [1]:

G«w = ! a g s

- 2AG(^ )S

<2-23)

with minimum-to-maximum distance A x = x\, — x m and activation energy AG.
Solving the integrals in Eq. 2.17 in the well and barrier regions for these two potentials
results in a unifying formula for kaf f ( F ) [1, 15]:

koff(F)

—k0

'

i/FAx1 " 1
AG

(2.24)

where A G represents the height of the potential barrier with respect to the free energy
minimum expressed in units of k sT , A x is the distance between the free energy
minimum and the transition state in absence of force and v is the factor that specifies
the free energy surface. For v = l, this model reduces to Bell’s formula (Eq. 2.12).
Value v = 1/2 corresponds to the Harmonic-cusp and v = 2/3 to the cubic-linear
model [1, 15]. This equation is valid for forces that axe small relative to the critical
force Fc = A G /vA x. Having specified the functional form of kaf f ( F ) , we can use
21
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Figure 2.4: Effects of varying the parameters v, Ax and fc0/ / ( 0) on the shape of the
rupture force distribution for the model purposed by Dudko et al. The plots are shown for
cubic-linear potential: v = 2/3. Changing the height of the potential barrier from 10 to 80
k sT does not change drastically the position of the maximum of the pdf. (a) Parameters
A x = 0.28 nm, kaf f (0) = 1 s-1 , A G = 10 kBT kept constant while the velocity is varied.
With increasing the velocity, the peak of the rupture force distribution shifts to the higher
values. (b) Parameters: v = 1160 nm/s A x = 0.3 nm, AG = 20 k sT are constant
while the koff (0) is varied. The peak of the force distribution shifts to the lower values with
increase of fc0/ / ( 0). (c) For fixed values of parameters: v = 1160 nm/s, fco//( 0 ) = 1
s_1 and A G = 20 fcsT, the peak of the distribution moves towards lower force values with
increasing of the potential barrier width Ax.

Eq. 2.5 to explicitly calculate the probability density function [1, 15] for the case when
ƒ = kv:
(P ) =

k o f f ( F ) c - * ü _ c _ [ k o f f i F)/l 3 A x Kv ] \ l - ( u F A x / A G ) ] 1- 1'''

(2

35)

KV

The average rupture force can be approximated by:

/3AG

(3 A x k v

}

(2-26)

The average rupture force is therefore, not a linear function of the logarithm of the
loading rate ln k v for all v ^ 1 . For v = 1 this equation reduces to Bell’s model [1 5 ].
It should be mentioned that for forces very close to the critical force Fc, Kramers’
theory is not valid since the rupture barrier is too low. In this case the mean first
passage theory provides better results [1]. However, then the rupture force distributions cannot be obtained analytically [1, 7]. When the molecular system is coupled
via flexible linkers, k represents the effective spring constant obtained from the slope
of the force curve prior to rupture [1, 7]. To estimate the parameters ko, A G and A x
from SMFS experiments the experimentally observed k0f f ( F ) given by Eq. 2.8 can be
22
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fitted to the analytical formula in Eq. 2.24. In contrast to Bell’s model, this model
allows the estimation of the barrier height as well as the barrier width.

2.5

Heterogeneity of Chemical Bonds

Even though the model derived by Dudko et al is successfully implemented in some
cases [16] and is able to reproduce the curvature at higher velocities in dynamic force
plots it still fails to explain the experimentally observed branching of —v ln NB curves
for different velocities. In section 2.2 it was shown that if the basic assumptions of
first order kinetics are valid, the plots of —v ln N b should be independent of v and
should collapse onto a single master curve. However, this is rarely seen in force-ramp
experiments [5, 6, 17]. Therefore, Raible et al. suggested a new concept based on
a very simple idea that the natural off rate fc0/ / (0) and barrier width A x are not
single values but are sampled from some kind of parameter distributions [17, 18].
This intrinsic randomness o f the two parameters can be caused by several factors, for
example: fluctuations in local environment (ions, pH), the orientation of the molec
ular complex with respect to the forced dissociation path and occasional pulling on
different types of bonds (specific, aspecific, multiple bonds). All of these factors can
introducé fluctuations in observed off rates and barrier widths. Quantification of this
idea is implemented in averaging the observed survival probabilities N b with respect
to the assumed distribution of parameters ko and A x.
Lets assume that k0f f ( F ) satisfies the Standard formula (Equation. 2.12):
koff ( F ) = k0eaF

(2.27)

where a = Ax/kBT can be considered as the dissociation length measured in units
of thermal energy and k0 =
(0) [5]. Because kaf f ( F ) is an exponential function
of a one can expect that the randomness in a has a much stronger effect than the
randomness of pre-factor k$. Therefore, we can treat k0 as a constant and focus on
the randomness of a. Further we assume that a is distributed normally with the
mean
and the Standard deviation aa\
p {a ; a „, aa) = C e - ^ ~ a^

© (a)

(2.28)

The Heaviside step function Q (a) insures that only the positive values are taken
into account. Constant C is a normalization factor of the normal distribution. The
averaging of theoretical survival probabihty N b (F ) (Equation. 2.3) with respect to
the parameter a gives a general formula:
x=

ƒ dapia^a^a^N B iF-, a )
ƒ dap{a-,atl,(7a)NB {Fmin]a)
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In the above formula, N b (F, a) is defined as N b {F , ol) = exp |^—

k°expj aF ) d p '

and p(a\
<ra) is given by Eq. 2.28. The denominator in Eq. 2.29 accounts for the
fact that forces below Fmin cannot be distinguished from thermal fluctuations and it
ensures that N b is normalized to unity for F = Fmin. In practice, Fmi„ is the lowest
measured rupture force. The parameters (a^, aa) are determined such that NB(F )
reproduces experimentally observed survival probabilities NBe as close as possible [5].
In practice, one has to determine the oxperimental survival probabihty from measured
rupture forces. Without any a priori assumptions on the system, the true survival
probability can be estimated as:

N B e (F ) = - y 2 e ( F i - F )

(2.30)

i=i
Here, n is a number of detected rupture events and 0 (F j —F ) represents the Heaviside
step function with convention 0 (0 ) = 1/2. The quality of the given N b with respect
to the experimental data is estimated by the error function [5]:
%

, O

= J 2 lNBe(Fn) - Nb (F ; a#t, crQ)]2

(2.31)

n ,v

The summation goes over all experimentally observed rupture forces Fn and all velocities v. Note that ko is kept as a constant in this case. Additional fitting of this
parameter is necessary, but can be done by varying it over a certain range, resulting
in the combination of (ko, a^, cra) which will give the smallest error E(a^,,aa). With
this set of parameters determined, one can calculate the corresponding probability
density function using the general formula:
P (F ;

N

koea^FNB(F ;a ll,a ol)

aa) = -------------- 4------ ^----- -

f

(2.32)

where a is replaced by it’s distribution mean a Mand NB by it’s average NB- In this
model, the stiffness of the molecular system is assumed constant and is represented by
the peak of the distribution of the effective spring constant, n. The main achievement
of this model is the reproducibility of the experimentally observed branching of the
—uln N b curves for different velocities and asymmetry of force rupture histograms.
An example of application of this model to the experimental data from the measure
ments on RRE -R ev system from HIV-1 virus is shown in Fig. 2.5. This model gives
optimal results for velocities above 500 nm/s, whereas for small velocities, the deviations due to random fluctuations increase. The drawback is that most of the integrals
presented herein have to be calculated numerically. Examples of experimental curves
fitted with the above model are presented in Fig. 2.5 (a).
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Flgure 2.5: (a) Example of the experimental curves measured on the RRE^t-Rev interaction for three velocities (581 nm/s, 1160 nm/s and 3100 nm/s). Full lines represent
the fit of the experimental data with the parameters kaf f (0) = 1.75 s-1 , Aa; = 0.145 nm
(cfy = 34.5 nN -1 ), <ja = 20 nJV-1 . Inset: simulated data; the effect of velocity on curves
—v ln Nb for the parameters ko ff{0) = 1 s- 1 , A x = 0.3 nm (aM = 72 nN-1 ), aa = 20
niV-1 (b) Changes of pdf by changing the velocity for the simulated data presented in the
inset in (a).

2.6

General Discussion on Current Theory Trends in SMFS

The current theoretical models describing force-induced dissociation of molecular
complexes are based on few assumptions: the molecular system can be found in one
of two states, bound and unbound, which are separated by a single sharp barrier, the
process is "quasi-adiabatic" and irreversible. Under these assumptions one can establish a direct link between the spectrum (distributions) of measured forces in SMFS
experiments and first order kinetics of molecular bond dissociation. The simplest and
most widely used model is Bell’s model, which assumes that the force-induced offrate is the exponential function of the applied force. Two major consequences of this
premise are that increasing pulling velocity always leads to an increase in the mea
sured rupture forces and that the most probable force scales linear with the logarithm
of the most probable loading rate (Eq. 2.16). From the linear fit of dynamic force
plots in which the most probable force F* is plotted against the logarithm of most
probable loading rate, ln /* , one can calculate the natural off-rate /;<,ƒƒ(0) and the
potential barrier width A x. Main advantage of this model is that it is easy to implement and often gives very good estimates for off-rates comparable with bulk studies
[1, 10, 12]. However, it has few setbacks: the whole complexity of the underlying
potential is congregated into a single parameter Ax; it cannot reproduce the long tail
of force distributions and it cannot reproduce experimentally observed branching of
25
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—v in N g (F ) curves for different pulling velocities. The model derived by Dudko et.
al. within a more general framework based on Kramers’ theory tackles the drawbacks
of Bell’s model. In high barrier approximation and specifying the energy surface as
Cusp or cubic-linear Dudko et. al. showed that force-induced dissociation rate is
not purely exponential function of the applied force (Eq. 2.24). This fact results in
nonlinearity of the dynamic force plots at higher pulling velocities. Additionally they
have managed to include the height and the shape of the potential barrier as fitting
parameters of force distributions [1, 13, 15, 19]. Unfortunately, their model suggests
that the experimental curves k0f f ( F ) should be calculated directly from force histograms which induces strong dependence on histogram binning [19]. Additionally, it
also fails to describe the branching of —v ln N b (F ) curves. The only model currently
available that can explain the above mentioned branching was implemented by Riable
et al [5, 6, 17, 18]. By introducing the distributions of fitting parameters &<,ƒƒ(0) and
A x instead of single values and averaging the experimentally obtained survival probabilities with respect to the assumed parameter distributions, one can reproduce the
branching of —v Ih N b ( F) for different velocities. Furthermore, corresponding p d f’s
calculated from the averaged survival probabilities exhibit long-tailed profiles often
observed in experimental force histograms [5, 6, 17, 18]. Besides the above described
models, some authors also made an attempt to describe the force distributions of
multiple-bond formation [20-24] and double-barrier transitions [18]. Although very
exciting and promising, these attempts lead to analytically unsolvable equations and
rely on variables that cannot be in any way (apart from bare guessing) extracted from
experimental data (e.g. strength of a single bond). Even though the theory of SMFS
has developed substantially from its commencement, it still suffers from one major
issue: increasing the complexity of theoretical models increases the number of fitting
parameters for force distributions leading to analytically unsolvable equations which,
in return, introducés reasonable difiiculties with model implementation.
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CHAPTER

3

Force Spectroscopy on Rev-peptide-RRE Interaction from
HIV-1

3.1

Introduction

RNA-protein interactions play essential roles in many fundamental cellular processes,
e.g., in DNA replication, translation, transcription and RNA processing [1]. In addition RNA serves as a genome of many viruses such as HIV-1, whose replication
cycle depends strongly on two very specific RNA-protein interactions: TAR-TAT
and RRE-Rev [2, 3]. High specificity of these RNA-protein interactions provides
new leads for drug design with the rational to design srnall molecules that can specifically recognize and bind viral RNAs and antagonize the formation of RNA-protein
complexes crucial for viral rephcation [4]. One such class of small molecules are aminoglycoside antibiotics known to bind a variety of RNAs including TAR and RRE from
HIV-1 [5-8]. The most prominent member of aminoglycoside family is neomycin B,
which has been shown to inhibit the formation of RRE-Rev complex in vivo [7]. Even
though direct use of neomycin B as an inhibitory drug has been discouraged because
of its toxicity and instability, its high selectivity for RNA molecules in comparison
with DNA and proteins, makes it a potent scafFold for the synthesis of new ligands
that are targeted to specific RNA sites [6, 9, 10]. Binding properties of the small lig
ands to the RNA targets can be studied with a number of techniques like NMR and
surface plasmon resonance [9]. The inhibiting potential of the ligands is often tested
in gel shift assays and in vivo [7, 8, 11]. However, all of these techniques provide
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Force Spectroscopy on Rev-peptide-RRE Interaction from HIV-1

30

only information about the average behaviour of the ensemble of a large number of
molecules. Therefore, there is a window of opportunity for single-molecule techniques
such as single-molecule fluorescence and atomic force microscopy to bring new perspectives into drug design and testing.
In the past twenty years, AFM was widely used to image and manipulate biological
samples. Additionally, AFM has been successfully engaged in obtaining novel infor
mation of molecular properties by measuring unbinding forces of various biomolecular
interactions like DNA -protein, RNA-protein, ssDNA - ssDNA, ligand - receptor, etc.
[12-17]. Combined with its ability to scan the sample surface and measure forces at
the same time, AFM holds great promise for development of binding assays for drug
screening at the single-molecule level [18]. However, this application of AFM has not
been exploited to its full potential yet. Engagement of AFM in pharmaceutical re
search till date has been limited to imaging of pharmaceutical products, formation of
DNA-drug complexes and influence of drugs on elasticity of cells [19-21]. To explore
the potential of AFM for single-molecule drug screening, we have performed a series
of AFM force spectroscopy measurements on the RRE Rev complex from HIY-1.
We have studied the influence of base mutations and neomycin B on the formation
of RRE-Rev peptide complex and the influence of surface chemistry on the blocking efficiency of neomycin B. The interaction pair we used in our study is the small
arginine-rich RNA-binding domain of Rev (residues 34-51) and a RNA hairpin containing the high-afflnity binding site previously validated in vitro (RRE^t) [2, 22-25].
Our results reveal the details of the dissociation pathway and the contribution of base
mutations. Specific RNA-protein interactions were successfully blocked by neomycin
showing the potential of AFM-SMFS as an efRcient tooi for single molecule drug
screening of RNA targets. Moreover, we show the importance of surface chemistry
in AFM-SMFS of RNA-protein interactions, in particular the influence of polymer
linkers.

3.2

RRE-Rev System from H IV-1

One of the most widely studied viral RNA-protein complexes often used as a model
system for understanding the sequence specific recognition of RNA by proteins is the
RRE-Rev complex from HIV-1. HIV-1 is a lentivirus belonging to the retroviridae
family. The genome of HIV-1 is a 9.2 kb long single-stranded RNA that encodes for
15 viral proteins (Fig. 3.1 a). The life cycle of HIV-1 is initiated by the viral entry,
a multistep process involving attachment to the host’s cell receptors, fusion between
the host cell and viral membrane and uncoating of the viral genome. Once the viral
genome is uncoated it is reverse transcribed into double-stranded DNA by the viral
enzyme Reverse transcriptase (RT). Full length viral DNA is then transported into
the nucleus and incorporated into the host’s cell DNA by the viral enzyme Integrase.
From this point on, the viral DNA, called provirus, becomes the integral part of the
30
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host cell. The expression of provirus and it’s translation into viral proteins follows two
pathways: early phase (Rev independent pathway) and late phase (Rev dependent
pathway). In the early phase, the provirus is expressed into viral pre-mRNA and
is spliced by the host’s cell splicing machinery into small ~ 2 kb transcripts which,
once exported from the nucleus are translated into viral regulatory proteins: Nef, Tat
and Rev (Fig. 3.1b). High concentrations of Rev in the cell initiate the late phase
of the viral replication cycle. In the late phase, Rev protein binds to its viral RNA
target, Rev Responsive Element (RRE), a 351 nt long sequence which is located in
the Env gene. Rev binding prevents splicing and therefore RRE is only present in
unspliced and partially spliced viral mRNA (Fig. 3.1, a, bottom). After the initial
binding of a single Rev protein to its high-affinity binding site, oligomerization of
many Rev proteins along RRE takes place. Oligomerization not only protects the
viral mRNA from the splicing machinery of the cell but also facilitates its export
from the nucleus into the cytoplasm. Unspliced viral RNAs are packed as genome of
new viral particles and the partially spliced RNAs are translated into viral structural
proteins needed for the formation of new viral particles. Experiments on infected cells
have shown that in the absence of Rev, unspliced and partially spliced viral RNAs are
confined in the cell’s nucleus. These and many other observations indicate that the
primary function of Rev is the nuclear export of viral mRNA and that the formation
of RRE-Rev complex is vital for viral replication [3].Since the RRE-Rev system is
of such vast medical importance, numerous in vitro and in vivo studies have been
performed to characterize specificity of this RNA-protein interaction [2, 7, 22, 2430]. The crucial nucleotides on RRE needed for Rev recognition and binding have
been identified. It was found that the Rev’s high aflmity binding site on RRE is a
small stem loop, named stem loop IIB (SLIIB) consisting of only ~ 40 nucleotides
(Fig. 3.2 c, d)[27, 28, 31]. SLIIB has a helical structure with an internal bulge formed
by two non-Watson-Crick base pairs G48-G71 and G47-A73 which opens the helix’s
major groove by 0.5 nm (Fig. 3.2 b, c) [30]. Such an open conformation allows the
binding domain of Rev to enter and form necessary contacts for the formation of a
stable complex. Binding of the Rev protein to the SLIIB is highly sequence specific
and minimal mutations within the Rev primary binding site have been reported to
significantly reduce the affinity of Rev for RRE [6 , 24, 28], while the deletion of SLIIB
completely abolishes the binding of Rev [24, 32], The function of Rev is determined
by two specific domains: the binding domain and the oligomerization domain. The
binding domain of the Rev has been identified as a 15-mer amino acid arginine-rich
peptide consisting of residues between Thr34 and Arg50 [2, 22, 33]. Mutational studies
have shown that replacement of Arg35, Arg38, Arg39, Asn40 and Arg44 decreases the
specificity for RRE, indicating that these residues are responsible for specific contacts
with the nucleotides in the major groove of SLIIB [2, 22]. This small a - helical
peptide alone binds the RRE in the same marnier as a full protein with a K d ~
1-3 n M [22]. The specific recognition of RRE by Rev is highly determined by its
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Figure 3.1: (a) Schematic representation of the HIV-1 genome. HIV-1 genome is a ~ 9.2
kb long RNA molecule that encodes for 15 proteins when spliced in different manners. Rev
Responsive Element (RRE) is located within the Env gene and present in unspliced and
partially spliced viral mRNA transcripts. (b) Schematic representation of Rev mediated nuclear export of viral mRNA. In the early phase viral pre-m RNAs are spliced in the nucleus
and translocated into the cytoplasm where they are translated into the viral regulatory pro
teins: Nef, Tat and Rev. In the late phase, Rev shuttles back into the nucleus and binds to
its RNA target (RRE). In the complex with Rev, the viral unspliced and partially spliced RNA
is protected from the splicing machinery of the cell and can be safely exported to cytoplasm
and translated into structural proteins or packed as a genome into new viral partiele.
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host cell. The expression of provirus and it’s translation into viral proteins follows two
pathways: early phase (Rev independent pathway) and late phase (Rev dependent
pathway). In the early phase, the provirus is expressed into viral pre-mRNA and
is spliced by the host’s cell splicing machinery into small ~ 2 kb transcripts which,
once exported from the nucleus are translated into viral regulatory proteins: Nef, Tat
and Rev (Fig. 3.1b). High concentrations of Rev in the cell initiate the late phase
of the viral replication cycle. In the late phase, Rev protein binds to its viral RNA
target, Rev Responsive Element (RRE), a 351 nt long sequence which is located in
the Env gene. Rev binding prevents splicing and therefore RRE is only present in
unspliced and paxtially spliced viral mRNA (Fig. 3.1, a, bottom). After the initial
binding of a single Rev protein to its high-affinity binding site, oligomerization of
many Rev proteins along RRE takes place. Oligomerization not only protects the
viral mRNA from the splicing machinery of the cell but also facilitates its export
from the nucleus into the cytoplasm. Unspliced viral RNAs are packed as genome of
new viral particles and the paxtially spliced RNAs are translated into viral structural
proteins needed for the formation of new viral particles. Experiments on infected cells
have shown that in the absence of Rev, unspliced and partially spliced viral RNAs are
confined in the cell’s nucleus. These and many other observations indicate that the
primary function of Rev is the nuclear export of viral mRNA and that the formation
of RRE-Rev complex is vital for viral replication [3].Since the RRE-Rev system is
of such vast medical importance, numerous in vitro and in vivo studies have been
performed to characterize specificity of this RNA-protein interaction [2, 7, 22, 2430]. The crucial nucleotides on RRE needed for Rev recognition and binding have
been identified. It was found that the Rev’s high affinity binding site on RRE is a
small stem loop, named stem loop IIB (SLIIB) consisting of only ~ 40 nucleotides
(Fig. 3.2 c, d)[27, 28, 31]. SLIIB has a helical structure with an internal bulge formed
by two non-Watson-Crick base pairs G48-G71 and G47-A73 which opens the helix’s
major groove by 0.5 nm (Fig. 3.2 b, c) [30]. Such an open conformation allows the
binding domain of Rev to enter and form necessary contacts for the formation of a
stable complex. Binding of the Rev protein to the SLIIB is highly sequence specific
and minimal mutations within the Rev primary binding site have been reported to
significantly reduce the affinity of Rev for RRE [6 , 24, 28], while the deletion of SLIIB
completely abolishes the binding of Rev [24, 32]. The function of Rev is determined
by two specific domains: the binding domain and the oligomerization domain. The
binding domain of the Rev has been identified as a 15-mer amino acid arginine-rich
peptide consisting of residues between Thr34 and Arg50 [2, 22, 33]. Mutational studies
have shown that replacement of Arg35, Arg38, Arg39, Asn40 and Arg44 decreases the
specificity for RRE, indicating that these residues are responsible for specific contacts
with the nucleotides in the major groove of SLIIB [2, 22]. This small a - helical
peptide alone binds the RRE in the same manner as a full protein with a K p ~
1-3 nM [22]. The specific recognition of RRE by Rev is highly determined by its
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Figure 3.1: (a) Schematic representation of the HIV-1 genome. HIV-1 genome is a ~ 9.2
kb long RNA molecule that encodes for 15 proteins when spliced in different manners. Rev
Responsive Element (RRE) is located within the Env gene and present in unspliced and
partially spliced viral mRNA transcripts. (b) Schematic representation of Rev mediated nu
clear export of viral mRNA. In the early phase viral pre-m RNAs are spliced in the nucleus
and translocated into the cytoplasm where they are translated into the viral regulatory pro
teins: Nef, Tat and Rev. In the late phase, Rev shuttles back into the nucleus and binds to
its RNA target (RRE). In the complex with Rev, the viral unspliced and partially spliced RNA
is protected from the splicing machinery of the cell and can be safely exported to cytoplasm
and translated into structural proteins or packed as a genome into new viral partiele.
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Figure 3.2: (a) Arginine rich motif of Rev protein that directly binds the stem loop IIB (SLIIB)
[2, 29] with the same affinity as the full protein (KD ~ 1 - 3 nM). The marked amino acids
are responsible for specific recognition of RRE. (b) NMR structure of the RRE SLIIB in
complex with Rev peptide. The structure is obtained from the PDB data base and was
resolved by Battiste et al. [30]. (c) High—affinity binding site, stem loop IIB: nucleotides that
are directly responsible for Rev recognition and binding are shaded in blue. Single point
mutations in any of the boxed bases reduces the affinity of Rev for RRE [2, 29]. (d) Rev
Responsive Element (RRE) is a 351 nt long sequence on the viral pre-m RNA sequence.
This sequence contains the high affinity binding site (Stem Loop IIB) that specifically binds
the arginine rich motif of Rev protein shown in a. On this sequence, the stem loop IIB is
highlighted in gray.

tertiary structure, namely Rev peptide can only specifically recognize RRE when it
is in the a-helical form. Disruption of the helical structure reduces specificity of
binding [2, 22]. Furthermore, formation of the Rev peptide-SLIIB complex seems to
stabilize both structures (the RRE helix and Rev peptide a-helix), indicating that
the conformation of SLIIB changes upon binding to Rev [2, 23]. On the other hand,
the oligomerization domain of Rev is responsible for the Rev-Rev interaction and
guides Rev multimerization along RRE. It has been shown that this process is crucial
for nuclear export of RRE since the deletion of the oligomerization domain results in
confinement of viral mRNA in the nucleus [25].
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3.3

Materials and Methods

RNA and Peptide Synthesis

RNA oligonucleotides with 5’ hexanethiol label were synthesized using phosphoramidite
chemistry (IBA, Germany). The RNA sequences, constituting either the wild type or
a mutated high affinity binding site [23-25] were prolonged on 5’ end with a stretch of
five adenines. The full sequences of the RNA oligonucleotides are shown in Fig. 3.3a.
Rev peptide (Fig. 3.3a) modified on the N-terminus with cystine was synthesized by
Standard f-moc based solid phase peptide synthesis. Peptide samples were dissolved
(20 m M ) in coupling buffer (50 m M NaP04 /NaH 2P 0 4 , 50 m M NaCl, pH 6 .8) and
stored at -20°C. Before applying the peptide to the amino-modified and PEG—coated
AFM cantilevers, the peptide was reduced by Immobilized TCEP (tris-2-carboxyethylphosphine) disulfide gel (Pierce) according to the manufacturer’s protocol.
RNA and Peptide Immobilization

Procedures for RNA and peptide immobilization are based on the protocols described
in [34-36]. AFM tips (MLCT-AUHW, Veeco, Santa Barbara, CA, USA) were activated by UV cleaning for 10 minutes and subsequently amino-functionalized with
3-Aminopropyldimethyl-ethoxysilane (ABCR, Karlsruhe, Germany) as provided by
supplier without dilution. Afterwards they were washed with toluene (Sigma Aldrich)
and milli-Q water and cured for 30 minutes at 80°C. Ultrasonic and UV cleaned
glass slides (Menzel Glaser, Braunschweig, Germany) were silanized by incubating
in a droplet of the same silane for 30 minutes, washed with isopropanol and cured
for 1 hour at 80° C. After silanization, cantilevers and glass slides were immersed in
borate buffer for 1 hour to ensure free functional amino groups. Hetero-bi-functional
NHS-PEG5000-Maleimide spacers (~ 50 nrn Rapp Polymere, Karlsruhe, Germany)
were dissolved at 50 m M in 50 m M sodium borate buffer (50 m M Na2B 4C>7, 50 m M
Boric acid, pH 8.5). Cantilevers were incubated in 50 (j,l droplet and glass slides were
treated with a 50 /il droplet of dissolved PEG spacers for 1 hour at room temperature
in a humid atmosphere. Hexanethiol modified RNAs were reduced by TCEP bond
breaker (10 mM, Pierce), washed by ethanol precipitation and dissolved at ~ 30
\iM in coupling buffer. Reduced RNAs were coupled with PEG-modified glass slides
by adding a 25-35 fil droplet of dissolved RNA and leaving it to incubate overnight
at 4°C. Cantilevers were incubated overnight at 4°C in 25 /il droplet of ~ 0.4 m M
reduced Rev peptide solution in coupling buffer. Cantilevers and glass slides were
washed with measuring buffer (20 m M Tris, 100 m M KC1, pH 6.8) and stored in
measuring buffer until use.
Gold surfaces were prepared according to protocol described in [37, 38]. For immobi
lization RNA oligos with 5’-hexanethiol label were deposited on a gold surface in a
droplet (~ 20 pl) of RNA solution (100 /iM) dissolved in sterile milli-Q water.
34

3.3 Materials and Methods

35

Single-Molecule Force Measurements

Force measurements were done on a Veeco multimode AFM with a nanoscope IV
controller (Veeco, Santa Barbara, CA, USA) using a contact mode liquid cell. Spring
constants of the cantilevers (MLCT-AUHW, Veeco) were 0.017-0.06 N /m (C and
D cantilevers) as determined by the thermal tune method [39]. Measurements were
done with different retract velocities ranging from 500 nm /s to 3100 nm/s. The
trigger set point for deflection of the cantilever was varied from 0.18 to 1.5 nN, and
the surface delay time was set to either 0 or 120 ms. Measurements were done in
S ta n d a rd buffer (20 m M Tris-HCl, 100 m M KC1, pH 6 .8) in the absence or presence
of neomycin B (100 m M , Sigma-Aldrich). For each velocity typically ~ 1000 forcedistance curves were measured. The yield of force curves showing relevant rupture
events was usually between 25 and 30%. Each force and loading rate histogram was
fitted with a probability density function which most reliably describes the dataset.
Apart from surface chemistry (measurements using gold surfaces or PEG-spacers for
RNA immobilization) experimental conditions and the number of measurements were
comparable.

Data Analysis

Data analysis was done with MATLAB R2008 using a home-built program with a
graphical user interface (GUI). The GUI allows individual inspection of each curve
and marking the unbinding events. In cases when more than one single binding
event was registered on the curve, only the last rupture was taken into statistical
analysis. The loading rate (ƒ) at the rupture event was determined by calculating
the slope of the curve just before the rupture (/=vdF /dz). Values of rupture forces
and corresponding loading rates were collected for each retract velocity separately
and plotted in histograms. These histograms were fitted with the most appropriate
probability density function (using the probability plot method [40]). In most cases,
the rupture force distributions were best described by the lognormal or log-logistic
pdfs and the logarithms of loading rates by extreme value or normal distributions.

Dynamic Force Spectroscopy

Rupture forces of the RRE-Rev interaction were measured with retraction velocities
ranging from 581 nm /s to 3100 nm /s. The schematic representation of the experi
mental setup is shown in Fig. 3.3 b. Typically, 1000 curves were measured for each
velocity. The most probable forces and most probable loading rates were then plotted
in a semi-logarithmic plot, the so-called dynamic force plot, which is used to estimate
the bond parameters according to Bell’s model [41, 42]. The semi-logarithmic plot of
the most probable rupture force F* against most probable loading rate ƒ* = dF/dt
35
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Figure 3.3: (a) RNA and Rev peptide sequences used in this study. (b) Experimental setup.
In blow-up: attachment of RNA and peptide to surface or cantilever via PEG spacers and
complex formation is illustrated by the NMR-derived structure of the Rev-ARM stem loop
IIB complex [30]

was fitted with the function:

F * = tB T
Ax

l * AX—r)
kBTkoff(0)

(3.1)

where kB denotes Boltzmann constant, T absolute temperature, A x the distance from
the bound state to the transition state and kQf f( 0) the natural off rate at zero applied
force. The data set where RREmt was immobilized on the gold surface, was additionally evaluated with the model purposed by Riable et al. [43]. In contrast to Bell’s
model which relies on the force histograms and the most probable values, the model
introduced by Riable et al. is based on the analysis and fitting of —vlnNge plots
obtained from the experimental survival probability NBe with the theoretical model
shortly described below (for details refer to Chapter 2). Experimentally obtained
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survival probability Nse was approximated by [43]:
NBe = ^ e ( Fi ~ F )
n i=i
. ,

(3.2)

where n is a number of rupture events and 0(Fi —F) represents the Heaviside step
function. Subsequently, these experimental curves —vlnN se for different retract
velocities were fitted with the theoretical model:
- » l n (NB{F;a)) = f

jw W jg W W

(3.3)

r mm

where a represents the potential width in the units of thermal energy (a = A x /k sT )
and k is the effective spring constant of the cantilever-linker system, which was
taken as the maximum of the distribution of all effective spring constants measured
(k = 0.0026 N/m ). In the formula N b (F ; a) represents the theoretical survival prob
ability averaged over parameter a given by a Gaussian distribution: p(a\ali,cra) =
Ce~(a~a^ / 2ct“ Q(a) [43] The averaged survival probability N b (F ; oc) is obtained
according to [43]:
^ ( F ;a )=

,3.4)
J dOLpyOL,

0'a)NB\Fmim

The parameters fco//(0 ), fia and oa are varied to obtain the best fit evaluated by the
error function:
cra) = X^"=i WBe(Fi) - NB(Fi; fia, <rQ)]2. After the parameters
k0ff( o), an and cra were obtained for each velocity separately, their average values were
calculated. This step represents a small deviation from the original error estimate
used in the model of Riable et al. and insures better fitting of the theoretical to
experimental curves.

3.4

Results and Discussion

3.4.1

AFM based SMFS of RRE-Rev

The interaction pair we used for this study is the small arginine rich RNA binding motif of Rev (residues 34-51) and RNA hairpins containing the high-affinity site, which
is a validated in vitro model system to characterize binding properties [23, 27]. We
engineered two RNA hairpins containing either wild type or mutated high-affinity
site and probed the mechanical stability of the interaction with the modified Rev
peptide (Fig. 3.3a). RNA oligonucleotides, equipped with 5’-hexanethiols or Rev pep
tide, modified with N-terminal cystine, were immobilized on a glass surface or AFM
cantilever via ~ 50 nm hetero-bi-functional NHS-PEG-Maleimide spacers (Fig. 3.3b).
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38

Force Spectroscopy on Rev-peptide-RRE Interaction from HIV-1

The peptide-functionalized AFM tip was repetitively brought into contact with the
RNA functionalized surface up to a desired cantilever deflection (trigger set point)
and subsequently retracted. Successful bond association was identified from typical
signatures in retraction force extension curves (FEC) that show gradual force increase
from stretching PEG spacers, followed by a sudden drop in force attributed to bond
rupture of the RNA-peptide complex (Fig. 3.4c). Loading rates experienced by the
bond were calculated from the slope of the curve preceding rupture. In the case of a
single barrier potential, the most probable rupture force scales linearly with the log
of the loading rate, from which the natural off rate k0j ƒ of the bond at zero force and
distance between the bound and transition state along the forced reaction coordinate
Aa: can be determined [41, 42, 44].
The interaction of Rev peptide with wild type RRE hairpin was probed at different
retraction velocities ranging from 581 nm /s to 3.1 nm /s and with trigger set points
ranging from 0.15-1.5 nN with or without a surface delay of 120 ras. In all cases mea
sured, the histogram of rupture forces showed a wide distribution with several peaks.
In these experiments many different types of interactions can contribute to the force
distributions, such as: binding of Rev peptide to high-affinity binding site, nonspecific
binding, multiple bond formation and possible entanglement of PEG spacers. From
control experiments where one or both binding partners were excluded in the exper
imental setup, it was estimated that nonspecific interactions caused by PEG spacers
for a force trigger set point of 1.5 nN constitute about 10-15% of all binding events
detected. For smaller trigger set points (0.2, 0.3, 0.5 nN) this percentage dropped
below 5%. These nonspecific interactions together with the multiple bond formation
are responsible for ruptures in the higher force regime and give rise to the long tail
of the force distribution. However, for systems with reasonable affinity specific in
teractions are more frequent and dominate the distribution. To estimate the kinetic
parameters for the RRETOt^Rev interaction we have used Bell’s model [41]. The most
probable values of the rupture force and the loading rate were estimated by fitting
the distributions with lognormal and extreme value distributions respectively [45].
These types of distributions were found to describe the observed data profiles more
reliably than the widely used normal distribution. Resulting dynamic force plots in all
cases considered (with different deflection trigger set points and surface delay times,
Fig. 3.4d) showed a linear dependence of force on loading rate in accordance with a
single barrier transition and yielded a natural off rate at zero force kQff (0 )« 5± 3 s-1 .
Because of the non-equilibrium nature of these experiments the exact on rate cannot
be directly determined. However, a reasonable estimate can be made by assuming
the diflusion controlled association with a typical on rate of 108 M ~ 1s~ 1 [23, 46].
Using this value, the equilibrium dissociation constant can be calculated according
to K d = koff(0)/k on, resulting in K d ~ 50 nM which agrees well with previously
published data on the comparable RRE-Rev peptide interactions [23]. The inverse
slope of the linear fit of the dynamic force plot (Fig. 3.4d) yield a potential barrier
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width A x of 0.26 ± 0.02 nm. This short distance is in the range of hydrogen bonding
(~ 0.18 nm) and much smaller than the length spanning the RNA-peptide interaction (~ 2.5 nm, [30]) and suggests coordinated loss of the hydrogen-bonding network
at the RNA-peptide interface in all-or-none unbinding mechanism rather than the
gradual unzipping of the peptide from RNA.

3.4.2

Influence of Blocking Agent Neomycin B

Competition experiments were performed in the presence of excess free RNA bind
ing agent neomycin B. Neomycin B belongs to the class of aminoglycoside antibiotics
which interact with a variety of RNA molecules, including RRE [7]. Previous stud
ies have shown that neomycin competes with Rev peptide for binding to the SLIIB
and impairs Rev function in vivo [7, 47], showing its potential as a scaffold for the
development of novel agents against viral infection. However, the efficiency of Rev
inhibition by neomycin is concentration dependent and at high concentrations of Rev,
the formation of the RRE-Rev complex cannot be prevented [7]. On this particular
RRE model sequence, three classes of independent binding sites for neomycin have
been detected: a site competes with binding Rev peptide in the low micromolar range
(K d = 1.8 /xM), an adjacent noninhibitory site, which binds neomycin with higher
affinity (K d = 0.24 /jM ) allowing formation of a ternary complex with SLIIB and Rev
peptide, and a weaker site (K u > 40/iM) which has been attributed to nonspecific
binding [6, 23].
Addition of neomycin serves two purposes: first, since neomycin interferes with
Rev binding, it can be used to address the specificity of RNA-peptide interaction and
second, the efficiency of neomycin as a blocking agent can be assayed on the singlemolecule level. The latter gives the possibility explicitly test the AFM as a tooi for
single-molecule drug screening of RNA targets. Force histograms for one retraction
velocity in the absence and presence of 100 m M neomycin are shown in Fig. 3.4 (a)
and (b). In the presence of neomycin the number of rupture events, assigned to
unbinding of Rev-RRE„,t complex, were significantly reduced, which validates the
interpretation of the data. However, even with a 5 •104 over K jj excess of neomycin,
which in bulk equilibrium experiments would irreversibly dissociate Rev peptide from
RNA, not all binding events could be prevented. This indicates dynamic escape of the
complex due to the non-equilibrium character of the measurement: fast retraction of
the peptide prevents rebinding to RNA.

3.4.3

Influence of Base Mutations

To investigate the potential of AFM-SMFS in discriminating the influence of base
mutations on peptide binding we probed the interaction of Rev peptide with a mutated RRE sequence (RREmut, Fig. 3.3a), in which two base pairs adjacent to the
high-affinity binding site were reversed (labelled in red). These mutations preserve
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Figure 3.4: Comparison of histograms for wild type R R E -R ev peptide data in the absence
(light blue) and presence of 100 m M neomycin (dark blue) at a retraction velocity of 581
nm/s. Insets show the distributions of the logarithm of loading rate ln(dF/dt) with the
extreme value fit. (a) Force trigger set point 1.5 nN. (b) Force trigger set point 0.5 nN.
(c) Force distance curves obtained in 20 m M Tris, 100 m M KCI, pH 6.8, at a retraction
velocity of 1.16 nm/s. (d) Dynamic force plots for several measurements with different
force trigger set points and surface delay times.
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Figure 3.5: (a) Histogram of rupture forces obtained for mutant R R E -R ev interaction in the
absence (light blue) and presence (dark blue) of neomycin, trigger set point of 1.5 nN, v=
581 nm/s. (b) Dynamic force piots for wild type RRE (blue triangles) and mutant R R E-R ev
(red circles) interaction using the same experimental setup.

the secondary structure of high-affinity binding site but transpose functional groups
necessary for Rev binding [24, 25]. Gel-shift binding assays indicated this mutated
sequence is significantly impaired in Rev binding, displaying 10 fold lower affinity
than the wild type. However, the mutations had no effect on the number of binding
events (Fig. 3.5a), which is compatible with unaltered association rates. Moreover, in
contrast to the rupture force histogram of the wild type RRE which displays multiple
peaks, the force histogram for the mutant RRE showed only a single sharp peak,
indicating that the probability of multiple bond formation is lower due to the short
life time of the RNA-peptide complex.
Analysis of force and loading rate distributions yielded a substantially higher dis
sociation rate constant fc0//= 1 7 ± 2 s - 1 implying that the dissociation rate has profound impact on the moleculax affinity. Assuming equivalent on rates for the native
and mutant sequences yields an estimated K d = 170 nM for the mutant interaction,
i.e., 4^10 fold lower affinity, consistent with the gel shift binding assays [24]. Forma
tion of RNA-protein complexes typically involves multi step processes characterized
by initial binding, followed by a conformational rearrangements of RNA and/or protein units that drive the complex into its final thermodynamically stable state [2, 22].
Apparently, shifting the functional groups needed for Rev binding does not affect the
adaptive binding pathway but loss of critical hydrogen bonds at the RNA-peptide
interfaces enhances the dissociation pathway, resulting in a larger off rate. Accordingly, the distance between the bound and transition state derived from the linear fit
of Fig. 3.5 (b) is lower than that for the wild type, A x = 0.166 ± 0.005 nm.
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3.4.4

Influence of Surface Chemistry

To investigate the influence of surface immobilization and to reduce nonspecific interactions we next immobilized RRE^t directly to the gold surface using 5’- hexanethiol
label. This experimental setup has two benefits. First, it should decrease rupture
events arising from PEG entanglement between the tip and the surface, and second
flushing away neomycin from the gold surface is much more efficient than flushing
neomycin from PEG-modified surface.
Measurements were performed with velocities from 1160 - 3100 nm/s, a trigger
set point of 0.2 nN and surface delay of 120 ms. The small trigger value was chosen
to reduce nonspecific surface interactions and the long surface delay time ensures
proper bond formation between RRE and Rev peptide. Force curves showed two
distinct interaction regimes, nonspecific surface interactions on distances below ~20
nm, and a single bond rupture at larger distance (Fig. 3.6a). Thus, compared to the
data acquired with RREwt immobilized to the surface via PEG linkers, the rupture
force distributions shown in Fig. 3.7 (b) were relatively narrow and exhibited only
a single maximum (note that the maximum force measured ~ 0.25 nN whereas,
in case of PEG-immobilized RNA was larger than 0.4 nN). The absence of large
forces in this case indicates that there is no multiple bond formation as well as no
PEG-entanglement. The blocking experiment with neomycin was done as with PEGimmobilized RRE, i.e., by injecting a 100 m M solution of neomycin dissolved in the
Standard buffer. In this case blocking with neomycin was more efficient, resulting
in 6-fold reduction in rupture events (Fig. 3.6b, middle). Moreover, neomycin could
be washed away efficiently, resulting in almost complete revival of the initial rupture
force distribution (Fig. 3.6b, bottom).
So far usage of long PEG spacers has been proven successful for probing biomolecular interactions on a variety of DNA-DNA, DNA-peptide and ligand-receptor pairs,
and has thus emerged as the preferred method [15, 34, 35, 46, 48]. However, our results indicate that for the purpose of single-molecule drug screening on RNA targets,
linking of RNA molecules to the surface devoid of PEGs might be favourable. Also,
the 2D contour plot of rupture forces is plotted against the effective spring constant
k showed only a single peak is visible (Fig. 3.7a) indicating a single binding mode
between Rev and RRE^t [17]. Since this experimental setup revealed only a single
barrier transition and no multiple bond formation, this data set was subjected to
further data analysis.

3.4.5

Comparison of Theoretical Models

For the analysis of the RRE(Au)-Rev dataset using Bell’s model, we fitted the force
and loading rate distributions with the appropriate probability density function as
shown in Fig. 3.7 (b). The maxima of the fitted force and loading rate distributions
for each retract velocity v were subsequently plotted in the dynamic force plot shown
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Figure 3.6: (a) Force curves obtained in measurements with R R E „t oiigonucieotide cou
pled directly to Au-surface via thiol label on 5' end. (b) Influence of neomycin. Top: force
distribution obtained in Standard buffer; Middle: force distribution obtained in Standard
buffer containing 100 m M neomycin; Bottom: Force distribution obtained after flushing
the liquid cell of the AFM with Standard buffer (without neomycin). Most of the interaction
could be retrieved.

in Fig. 3.8 (a). The linear fit of this plot yielded values for natural off rate kaff (0) =
7 ± 3 s - 1 and barrier width Ax = 3.2 ± 0.2. These values are very close to those
obtained with RRE immobilized to the surface via PEG spacers. We next derived
relevant parameters by using the theoretical framework of Riable et al. [43]. In
the case of a single barrier model, quantities for the probability of bond survival
—vlnN se should collapse onto a single curve for all retraction velocities for which
k0ff and A x can be obtained by fitting. The rationale for this approach is that
parameter distributions rather than single values can compensate for the variations
in the measured dissociation rate and the potential width arising from, for example,
changes in the local chemical environment, orientation of molecular complex, pulling
multiple bonds, or pulling on different bonds (specific or nonspecific) [43]. Riable
et al. [43] showed that the model is not very sensitive to the variations in kQff
but is very sensitive to the variations in Ax. Therefore, it is sufficiënt to average
the experimental survival probability over the dissociation length a, which is defined
in units of thermal energy as a = A x /k s T [43], where a is sampled from normal
distribution with mean
and Standard deviation cra. If the data represent a singlebarrier transition, sets of fitting parameters (k0ff,
cra) should have approximately
the same values for all retract velocities. All the observed experimental curves could
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Figure 3.7: (a) 2D contour plot where histogram of rupture forces Is plotted agalnst the
histogram of effective spring constants. The graph shows one strong peak at k ~ 0.0026
N /m , indicating the existence of a single binding mode [17] (b) Comparison of the distributions calculated with different methods: ( - , green), log-logistic fit of the rupture force
distribution used to determine the most probable force; (--------, purple), Bell’s model calcu
lated from the parameters obtained from dynamic force plot Fig. 3.8a (••, red). Probability
density function of rupture forces calculated according to [43]. The inset shows the distri
bution of

ln(/).

be fitted with approximately the same parameters: k0ff « 5.4 s-1 , Ax m 0.25 nm
and <ja « 0.1 nm. This result indicates that the data are consistent with the single
binding mode with heterogeneity of the chemical bonds effectuated in the dispersion
of the chemical bond length. The fits of the experimental data with the above set of
parameters is shown in Fig. 3.8 (b). The corresponding probability density function
calculated using this parameter set is shown in Fig. 3.7 (b).

3.5

Conclusions

Herein, we have investigated the specific interaction of the RNA recognition motif
of Rev and its viral mRNA target RRE, for the first time at the single molecule
level by AFM-SMFS. The molecular binding forces observed for single RNA-peptide
interactions underscore the specificity deduced from bulk experiments, and also provided details of the dissociation pathway and influence of base mutations that were
not revealed from the bulk experiments. Competition experiments in the presence
of neomycin B proved the specificity of the measured unbinding events as well as
neomycin’s blocking efficiency, showing the potential of AFM-SMFS as a tooi for
single-molecule drug screening. Moreover, we showed that the choice of the surface
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Figure 3.8: (a) Dynamic force plot obtained from the most probable forces and loading
rates of RR E-R ev interaction with RRE immobilized on gold. (b) Functions -vln(NB(F))
for different pulling velocities v and fitted with model functions proposed by Raible et al.
[43], Each data point corresponds to one recorded rupture event. All data sets could be
fitted with approximately same values of parameters k0fj ~ 5.4 s-1 and Aa: ~ 0.25 nm,

a ~ 0.1 nm

immobilization method can be critical for the blocking efficiency by small molecules.
With RRE immobilized to the surface via PEG linkers addition of neomycin showed
a reduction of registered rupture events by a factor ~2-3, whereas when RRE was
coupled directly to the gold surface, the number of binding events was reduced by a
factor of 6. The calculated bond parameters extracted from corresponding dynamic
force plots were approximately the same for all datasets and were independent of
the experimental setup or ramping conditions. Using the Bell’s model [41, 42], the
natural off rate of the wild type RRE-Rev peptide bond at zero force was found to
be kQf f( 0) ~ 5 s - 1 which is in a good agreement with previously reported off-rates
for the same system [23]. The obtained distance from the bound to the transition
state A x was ~ 0.26 nm. For the data set where RRE„,t was immobilized to the
gold surface, a theoretical model suggested by Riable et al. was tested. The obtained
values of off-rate and the potential width utilizing this model were fco//(0 ) ~ 5.4
s - 1 and Ax ~0.25 nm. These values compaxe well to the values obtained by the
less elaborate and complicated Bell-Evans approach, which is encouraging for using
this approach in rapid single-molecule drug screening of RNA targets by AFM -SMFS.
However, compared to other types of interaction pairs ie., DNA-DNA, DNA-peptide
and protein-peptide, the distributions of rupture forces of the RNA-peptide interac
tion pair seems to be larger, which might originate from a higher propensity of alternative and nonspecific binding events, born out of the higher flexibility of RNA. The
potential to distinguish different binding modes of single RNA-protein interaction
45

Force Spectroscopy on Rev-peptide-RRE Interaction from HIV-1

46

by AFM-SMFS using more elaborate theoretical frameworks as developed by Riable
et al.\17, 43] or by implementing rapid curve sorting algorithms [49] could therefore
prove to be extremely useful in resolving multivalent interactions, which is an intrinsic
property of the adaptive binding mechanism of RNA-ligand recognition.
Acknowledgments: The authors wish to acknowledge financial support from the
6th framework program within the project Functional and Structural Genomics of
Viral RNA: FSG-V-RNA. We are also grateful to Prof. Dr. Jan Van Hest and Dr.
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CHAPTER

4

Force Volume Study on Viral Capsids

4.1

Introduction

Viral capsids axe perhaps the most fascinating self-assembled biological structures in
nature, both from a structural and a functional perspective. Viral capsids consist of
a protein cage which assembles around the virus’ genome (RNA or DNA) and protects it from degradation by harmful factors in the surroundings meaning that viral
capsids must be highly resilient to a wide range of environmental conditions. These
protein cages are usually assembled from the repetition of a small number of protein
subunits in highly symmetrie geometries such as icosahedrons, tubes, spheres or he
lices. The magie combination of high stability (in different chemical environments)
and structural simplicity has made viral capsids an attractive object for material
and medical sciences. After removal of the genetic material, these small fascinat
ing self-assembled nanostructures can be used with minimal chemical modifications,
as building blocks of new materials(semiconductor devices, size-constrained reaction
vessels, light harvesting systems) or as targeted drug carriers (MRI contrast agents,
cell-specific therapeutics)[l-3]. However, for effective integration into new materials
and nanodevices as well as applications in cell specific drug targeting, it is of ultimo
importance to get better view and have control over the impact of chemical modifi
cations to their mechanical stability in different environmental conditions.
In the past few years, Atomic Force Microscopy (AFM) has become an established
method for testing mechanical properties of viral capsids by measuring the force
response of a capsid during the indentation with an AFM tip. Usually, these nanoin49
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dentation studies on viral capsids are performed by positioning the AFM tip on the
centre of the partiele and indenting it several times. From such measurements it
is possible to determine the spring constant of the capsid and, in some cases, the
Young’s modulus [4]. By indenting capsids with various forces one can determine the
maximum load a capsid can withstand [4]. Even though the principal idea of such
a measurement seems trivial, it strongly depends on the quality of the used atomic
force microscope (AFM). Drift control in a liquid-cell of an AFM is often not good
enough to position the tip with desired precision, which, depending on the size of the
capsid of interest, has to be within several nanometres. Therefore, alternatives to
test the elastic response of individual viral particles which do not rely on such preci
sion should be considered. One of the possible methods to complement single-point
nanoindentation studies is AFM force volume imaging (FV-imaging). In this specific
mode of operation a large number of force-distance curves is recorded at an equally
spaced grid on the sample surface. Consequently, the recorded force-distance curves
can be related " 1-on-l" to underlying surface properties, allowing the detection of
e.g. local tip-surface interactions (adhesion, specific binding) and local sample mechanical properties (elasticity, deformation). This force volume approach has proven
very useful in studying drug-induced changes in fibroblasts [5], detecting cancer cells
and studying their properties [6- 8], elastic properties of microbial cells [9] and elastic
modulus of thin films [10] and has shown considerable potential for developing AFMbased biosensors [11]. Combined with the current advances in nanopatterning, this
technique opens a possibility to rapidly test multiple samples at the same time, as
well as investigating mechanical properties of materials which consist of incorporated
viral capsids or other small particles into larger structures.
In the work presented herein, we explore the advantages and disadvantages of using
the AFM force volume imaging to obtain information on the mechanical properties
of four different viral capsids derived from Cowpea Chlorotic Mottle Virus (CCMV).
CCMV virus represents a good model system for our purpose due to its size (approximately matching the AFM tip radius) and ease of manipulation in laboratory
conditions. It was the first icosahedral virus assembled in vitro from purified RNA
and capsid protein [12] and since then has been widely used as a model to study
self-assembly. Additionally, elastic properties of native and several modified CCMV
capsids (e.g. CCMV wild type, SubE-mutants, CCMV empty capsids) have been
intensively studied with single point nano-indentation technique in native buffer con
ditions [4] and their mechanical response has been modelled with different theoretical
methods [13-16]. Therefore this model system represents a perfect benchmark for
validating FV-imaging as alternative method for determining viral capsids mechani
cal properties. We first focus on verifying force volume mode as reliable method for
extracting elastic properties of viral capsids by performing a series of measurements
on CCMV wild type virus. Secondly, we apply the same experimental and analysis procedure on three other viral capsids derived from CCMV: Empty, Polystyrene
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Figure 4.1: (a) Diagram showing the possibie structures assembled from CCM V coat pro
tein depending on pH and ionic strength of the solution. (b) Assembly and disassembly of
CC M V particles depending on pH and ionic strength.

sulfonate (PSS)- filled and Ni-stabilized capsids. Empty CCMV capsids, together
with CCMV wt, from mechanical point of view represents one of the most studied
and modelled viral systems. In contrast to these two benchmark systems, PSS-filIed
and Ni-stabilized capsids represent a novelty. PSS-filled capsids are synthesized by
allowing the CCMV coat protein to self-assemble in presence of polystyrene sulfonate
(DNs-PSS), a negatively charged polymer which can replace native RNA [17]. Nistabilized capsids are created by self-assembly of coat protein whose N-termini are
modified by His-tag known to bind metal ions [18]. This stabilization method is developed predominantly to increase stability of empty capsid at higher pH, while giving
the opportunity to use the cavity of the protein cage for potential host molecules. The
obtained results are discussed in the framework of existing literature. Additionally,
we discuss artefacts which might appear when FV-imaging is applied to particles
comparable to the AFM tip size.

4.2

The Cowpea Chlorotic Mottle Virus (CCMV)

The first icosahedral virus assembled in vitro from purified RNA and capsid protein
was the C ow pea Chlorotic M ottle Virus (C C M V ) [12]. It belongs to the Bromoviridae family of plant viruses and infects the leaves of the cowpea plant ( Vigna
unguiculata) also known as ’black eyed’ pea [19]. These viral particles encapsulate
four different ssRNA molecules (RNA1, RNA2, RNA3, RNA4) into three virtually
indistinguishable virions. To infect cells, all three viral particles are needed [12, 20].
The complete genome of CCMV has been sequenced in the 1980’s [20, 21] and the
51
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X-ray structure of its viral capsid has been determined in 1995 by Speir et al. [22].
Ever since Bancroft and Hiebert demonstrated that its purified RNA and coat proteins can reassemble in vitro to form infectious virions, CCMV has been widely used
as a model to study self-assembly. Moreover, it was shown that, depending on pH
and ionic strength, CCMV can rapidly disassemble into RNA and protein dimers, and
subsequently reassemble into different types of architectures such as tubes, multiple
shells, and smaller sphere-like particles. (Fig. 4.1a). The formation of empty capsids
has also been observed in vitro but such particles do not exist in nature [12, 23].
Additionally, by allowing the protein subunits to reassemble into capsids in solutions
containing guest molecules, CCMV capsids with trapped polyomethalate, Prussian
blue, enzymes, have been created [3, 17, 19, 24-28]. Capsids of CCMV are formed by
the assembly of 180 identical coat protein subunits arranged into an icosahedral struc
ture with T=3 quasi-symmetry and a diameter of 28 nm. Every coat protein contains
190 amino acids, with the N-terminus located inside the viral capsid. Residues 2742 are responsible for the hexamer formation. In the hexamer units, these residues
are perfectly aligned to form three - fold symmetry axes [22]. This domain is followed
by a stretch of the highly positively charged arginines and lysines residues which are
responsible for the interaction with the negatively charged viral RNA. Mutational
studies have shown that removal of these residues results in formation of empty viral
capsids [29]. The body of the protein contains residues that are sensitive to pH, ionic
strength and Ca2+ binding. The C - terminus is responsible for dimer formation and
interaction with neighbouring two - fold related subunits to form a soluble and assembling dimer unit.
Native CCMV virus is stable at pH 5.0 and moderate ionic strengths (~ 0.1 M NaCl).
The capsid is stable up to pH 7 but in this pH range undergoes an reversible swelling
which results in a formation of small pores (~ 2 nm ) at the quasi-three fold axis
[22, 30]. Increasing the ionic strength to 1 M NaCl at pH 7 results in disassembly
of the partiele into dimers and RNA. These dimers can be rapidly reassembled into
empty capsids by lowering the pH and ionic strength (Fig.4.1b) [12, 22, 23, 31, 32].
Empty capsids are, however, not stable at higher pH. To obtain stable empty capsids
at elevated pH, several methods of stabilization can be found in literature, for example addition of negatively charged particles [17, 25] or modification of the N-terminus
of the coat protein with His-tags known to bind metal ions [18].

4.3

Materials and Methods

Viral capsids used in this study were kindly provided by the group of Prof. Roeland
Nolte (Cluster for Molecular Chemistry Radboud University Nijmegen, The Netherlands). Procedures for CCMV capsid production and purification are given elsewhere
[17-19, 33, 34]. The capsids were provided in buffers described in Table. 4.1.
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AFM Force Volume Measurements

For AFM measurements, capsids were immobilized on hydrophobic microscope cover
slips. The cover slips were prepared according to the protocol described in [4] and can
be found in Appendix A.3. Initial stock solutions of viral capsids (~ 1 mg/ml) were
diluted 50 - 100 fold in the corresponding buffer. Table. 4.1 gives an overview of buffers
used for dilution and imaging of each sample. A droplet of ~ 50 (A was deposited on
the hydrophobic glass cover slip for 1 hour in a humid atmosphere to ensure a sufficiënt
amount capsids had bound to the substrate. The samples were then transferred to the
microscope’s tapping mode liquid cell (Veeco Multimode with Nanoscope-V controller,
Santa Barbara, CA). Prior to force volume imaging, the samples were imaged in low
resolution tapping mode to locate the particles on the surface. Both imaging and
force volume measurements were performed with a Veeco MLCT - AUHW rectangular
cantilever (B) with a spring constant of 0.046 ± 0.009N/m. The spring constant of
the cantilever was determined by the thermal tune method [35]. Recording a single
force-volume image can be very time consuming. It depends on several parameters,
like scan size (in pixels), Z-scan speed, and force-curve resolution. As rule of thumb,
doubling the lateral resolution (number of pixels per line for height image) roughly
quadruples the capture time, while doubling the scan rate halves the capture time
[36]. Therefore, all of these parameters had to be optimized during the experiments
to gain most relevant information in the shortest possible time. For our purposes the
Z-scan rate was set to 19.5 Hz, Z-ramp size to 40 or 50 nm, resolution of height
and force volume image to 64 pixels and resolution of force curves to 1024 points.
This combination of parameters limited capturing of a single force-volume file to
approximately 5 minutes and therefore minimizing thermal drift. Our experience
was that for lower scan rates, when recording one image takes more than 20 minutes,
thermal drift becomes significant limiting the usability of the recorded data. The force
set points (trigger) in our experiments were varied from 0.15 nN to 0.9 nN depending
on the sample to ensure that the capsids were not damaged during imaging. Previous
nanoindentation studies and our experimental tests were used as a rough guideline
for selecting force set points.

4.3.2

Data Analysis

The critical point of force volume imaging is data evaluation. For a single force volume
image with the resolution of 64 x 64 pixels (used in our experiments), 4096 force curves
were obtained. This amount of data is very tedious to process manually so automated
data analysis is required. For the purpose of this work, we developed MATLAB
software that allowed us to automatically calculate the effective spring constant of
the whole sample and to select the desired objects from the sample surface (in this
case viral capsids). The first step in data processing is a baseline correction of all force
curves. A window of ~ 15 nm in the middle of the approach curve is used to estimate
53
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Table 4.1: Buffers used for imaging samples

Sample
CCMV

wt

Empty

Ni-stabilized
PSS-filled

Buffer
0.1 M Sodium acetate
0.001 M Sodium azide
0.001 M EDTA, pH 5.0
0.05 M Sodium acetate
0.5 M NaCl, 0.01 M MgCl,
0.001 M Sodium azide,
0.001 M EDTA, pH 5.0
0.05 M Tris, 0.5 M NaCl,
pH 7.5
0.1 M Sodium acetate
0.001 M Sodium aaide
0.001 M EDTA, pH 5.0

the parameters of the baseline linear fit (y = ax + b) (Fig. 4.2a). The baseline linear
fit is then extended through the whole force curve and subtracted from it to shift the
force curve to the zero baseline. The effective spring constant of the complete image
( kef f ) is obtained from the slope of the contact part of the force curve in the force
range [0.1, -F„] nN, with Fs being the setpoint force defined for the specific sample.
One example of such an image is shown in Fig. 4.4 (c). This approach is chosen to
avoid possible errors in determination of the contact point, which can occur because
of the noise or unspecific tip-surface interaction e.g., electrostatic. Considering the
cantilever and the sample as two springs in series, the effective spring constant of the
sample (fce/ / ) is equal to [4]:
1 = 1
keff
k3 + ^
kc

(4-1)

where ks and kc are the spring constants of the sample (capsid or surface) and can
tilever, respectively. Since in force volume imaging the height of the sample at the
maximum force (force set point or. trigger) and force curves at every pixel of the im
age are recorded simultaneously, the height image can be used to manually select the
desired particles on the surface. The indices of force curves corresponding to these
particles are saved and the particles are labelled so that the force curves can be traced
back to each partiele individually (Fig. 4.2b). For each individual partiele, the spring
constant was calculated as:
K =

(4.2)
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Figure 4.2: (a) Baseline correction: a window of ~ 15 nm in the middle of the approach
curve is used to estimate the parameters of the baseline fit. The baseline linear fit is then
extended throughout the whole force curve and is used to shift the force curve to the zero line. Effective spring constant, kef / is calculated from the slope of the contact part of the
force curve in the force range [0.1, Fa\nN indicated by the dotted magenta square. The
value 5 is the deformation of the partiele at a certain ioad (see text). (b) Left: The height
image is used to select the objects from the surface. Right: Map of labelled objects. Every
object has a unique index which can be used to trace back the force-curves belonging to
the specific object.
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Figure 4.3: Schematic overview of experimental and analysis flow.

where (kef f ) = jj
^eff is the mean effective spring constant per partiele, N
is the number of selected force curves per partiele and kc the spring constant of the
cantilever. Calculated spring constants of all selected capsids are then collected into
a histogram which is fitted with a normal distribution to determine the mean and
the Standard deviation. The obtained results are then compared among different
capsids and to existing literature values. For convenience, a schematic overview of
experiments-to-results flow is given in Fig. 4.3.

4.4
4.4.1

Results and Discussion
Proof of principle: Force Volume Imaging of CCMV virus

Even though the elastic properties of CCMV and other viral systems (HBV, bacteriophage $29, MVM) have been extensively studied with AFM in the past decade, these
studies were mainly done using singular nanoindentation on a central point of the
capsid surface [4, 37, 38]. Contrary to this approach, we use AFM force volume (FV)
imaging to retrieve the elastic properties of viral capsids. In essence, force-volume
imaging (FV-imaging) consists of recording a force-distance curve at every pixel of
an image. In this way, every force curve is taken at a specific (x, y) location on the
sample. The Z-ramp value at the maximum force (force setpoint, Fs) simultaneously
provides the height of the sample at the same (x ,y ) position. The result of this
mode of AFM operation is a low resolution height image at maximum applied force
I (x ,y ,z (F s)) combined with an array of force curves. The number of force curves is
equal to n x n, where n is the number of pixels chosen for image resolution (e.g. 32,
64, 128). The schematic interpretation of force volume imaging is given in Fig. 4.4
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(a). The collected force curves can be analysed separately and mapped back onto
the corresponding topography image. These force curves carry valuable information
on tip-surface interaction at each (x, y ) location, such as specific binding, adhesion,
mechanical response, etc [39].
To collect FV-data on CCMV-derived capsids, all samples were first imaged in tap
ping mode at low resolution in an area of cs 2 x 2 fim2 The tapping mode images were
subsequently used to select surface areas where the FV-mode was applied. Since the
measurements were performed in native buffers usually some thermal drift occurs.
The force volume images of the selected 664 x 664 nm2 area, were obtained only after
it was established that the thermal drift was sufficiently low. The resolution of the
FV-image was set to 64 x 64 pixels. Once an area was imaged in force volume mode,
a new measuring area was selected on a separate location of the sample. The force set
point (Fa) values for all capsid types were determined individually to prevent capsid
damage during imaging. For a CCMV wt sample Fs was varied from 0.2 to 0.55 nN,
and for each force set point a number of force volume images was recorded.
The height image of the sample accommodating CCMV wild type virus is shown in
Fig. 4.4 (b). As noted earlier, the height image provided in FV-mode has a low reso
lution and represents the height of the sample at maximum applied load, in this case
0.4 nN. At any given load, some deformation of the sample is expected. Deformation
of the sample ös can be calculated as ös = Zp — d [40], where Zp is the piezo dis
placement, and d the deflection of the cantilever. Summing up the deformation and
measured height in FV-mode, one can obtain the real height of the sample. Although
earlier studies [4] have reported that imaging particles in jumping mode at forces
higher than 0.2 nN causes irreversible deformation, in our measurements this was
not observed. The particles did, however, appear to have lower height than expected,
» 20 nm instead of « 28 nm. It was reported previously that subsequent indentations of particles with forces beyond the threshold force induce partiele deformation
and loss of height up to ~ 10 nm [4]. In our measurements, the force exerted on the
particles was never beyond the threshold but a number of consequent indentations
might have caused partiele ’flattening’ .
The effective spring constant sample-map presented in Fig. 4.4 (c) was calculated by
applying a linear fit to the contact part of the force curves in force region between
[0.1, Fs] nN. This force region was selected to ensure that only the linear response
of the capsid is considered [4, 13]. What is readily visible in this map is that par
ticles seem to have different elastic properties along the scan direction (indicated by
the colour map on Fig. 4.4c). This behaviour was observed for many different viral
particles measured in our laboratory: HBV, Empty capsids, TMV (data not shown)
and on several AFM’s with different controllers (nanoscope 3 and nanoscope 8, Veeco,
Santa Barbara). However, this is apparent change in elastic properties is an artifact
of the FV-imaging technique which will be further discussed in Section. 4.4.3. For
now, we will limit our attention to the extraction of the CCMV wt spring constant
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pixel

Pixel

Figure 4.4: (a) Schematic representation of a Force volume mapping: at every pixel of an
image one force-distance curve is recorded. (b) The height image obtained in the FV-m ode
represents the height of the object at the maximum force (F s). The image presented here
is the calculated height from the topography image and sample deformation. (c) Effective
spring constant image calculated from the recorded force-distance curves corresponding
to (b). Fast axis (x) scan direction is indicated with the arrow.

from FV-data. Curves collected on the particles for each FV-image were individually
inspected and did not show any buckling events or irreversible deformation leading us
to conclude that particles were not damaged upon consecutive indentations. This is
in agreement with previous studies which concluded that CCMV wt capsids undergo
irreversible deformation when exposed to loads higher than 0.6 nN [4] which in our
experiments was never the case.
As previously described in Sec. 4.3.2, CCMV wt particles were manually selected from
the corresponding height images, and force curves were collected in a MATLABstructure, which was then used for the necessary calculations. Due to the nature of
FV-imaging, for each individual partiele, a set of {kef f } values was collected. From
this set of {kef f } values, the arithmetic mean was calculated resulting in the mean
effective constant per partiele, (kef f ). Furthermore, by applying Eq. 4.2, the spring
constant of each individual partiele was determined. These values were collected in a
58
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histogram and fitted by a normal distribution. The mean spring constant for CCMV
wt was found to be {ks)wt — 0.131 ±0.008 N /m , somewhat lower than obtained from
nanoindentation studies ({ks} = 0.2 ± 0.02 N /m ) [4]. However, one should take into
account that in FV-imaging force curves are obtained on several different locations on
the capsid and the indentation of the capsid will therefore occur in vaxious geometries
(Fig. 4.7a). Taking into account that the spring constant strongly depends on the
geometry of indentation [4, 13, 41], the offset between the literature value and our
result is therefore not surprising.

4.4.2

Elastic Properties of CCMV-derived Capsids

After showing proof of principle, the FV-imaging procedure and data analysis was
subsequently engaged on other capsids derived from CCMV: Empty capsid, PSSfilled and Ni-stabilized. Empty capsids are formed by self-assembly of coat protein
in absence of RNA at pH 5.0. Their mechanical properties in native conditions and
at elevated pH are well known from various theoretical and nanoindentation studies
[4, 13, 14]. The capsids filled with PSS are formed from coat proteins lacking the Nterminal part (1-44) [17]. In the presence of PSS, and at pH 7.5, capsids are assembled
in T=1 form with a diameter of ~ 18 nm. The PSS-filled capsids are monodisperse in
size, but the amount of encapsulated PSS varies between 30-40 %. Even though they
are assembled at pH 7.5, PSS-filled capsids show high stability at lower pH conditions
as well (pH 5.0). Interaction of PSS with coat protein is mostly electrostatic, as in the
case of native RNA and therefore we can assume that the arrangement of polymer
inside the capsid is similar to the arrangement of RNA, namely that the capsid is
’thickened’ at the quazi-three fold axis. Ni-stabilized capsids are created by extending the N-termini of the coat protein with a His-tag, known to bind metal ions. In
presence of NiCfa at pH 7.5, His-tag labelled coat proteins assemble in a T=3 CCMV
capsid structure. Therefore, these capsids are stable at elevated pH conditions and in
the presence of Ni—ions but not at lower pH [18]. The major motivation for this stabilization method was to create CCMV empty capsid stable at higher pH conditions,
whose cavity can be used to incorporate different host molecules. Additionally, it
also represents a unique opportunity to examine the mechanical properties of 'native’
empty capsids at elevated pH. However, one major difference between ’native’ empty
capsid and Ni-stabilized capsids is that Ni-stabilized capsids do not swell at pH 7.5
[18]. Therefore, the diameter remains the same as CCMV wt at pH 5.
Several force curves captured on each type of the imaged capsids are shown in Fig. 4.5.
For all selected capsids, captured force curves were individually inspected and no buckling or irreversible deformation was found. For each capsid type the maximum set
point force was chosen from literature or experimentally defined. For example, in
case of Ni-stabilized capsids, for which no nanoindentation experimental data exists
in literature, it was concluded by trial and error that for Fs > 0.3 nN capsids were
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Figure 4.5: Selection of force curves obtained on viral capsids at different set point forces:
(a) CCM V wt (pH 5.0) (b) Empty CCMV capsids (pH 5.0) (c) CC M V capsids filled with PSS
(pH 5.0) (d) CCM V capsids stabilized with Ni-ions (pH 7.5).

already completely destroyed. Therefore, for this sample, the highest Fa was set to
0.25 nN. The spring constant distribution calculated from the force curves for each
capsid is presented in Fig. 4.6. One can easily notice that the width of the distribution
for filled capsids (CCMV wt and PSS-filled) is almost two or three fold the width of
the distribution for empty capsids. This might indicate that filled capsids are more
sensitive to the variety of indentation geometries and force set points due to their in
ner asymmetry. This claim is in accordance with the observation that DNA in MVM
virus induces anisotropic mechanical reinforcement of the capsid [38]. Carrasco et al.
showed that the way that DNA is anchored to the capsid inner surface is reflected
in the measured spring constant when the capsid is indented along a different symmetry axis [38]. In our measurements, due to very low topography image resolution
we could not determine the orientation of the capsids, therefore we could not verify
that the width of the distribution originates from indentations along different sym60
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Figure 4.6: Distribution of spring constants per partiele for (a) CCM W wt (b) Empty CCMV
capsid (c) PSS—filied CCM V capsid (d) Ni-stabilized CCMV capsid.

metry axes. .b’or the PSS-fiiied capsids the mean spring constant was determined to
be (ks)pss = 0.23 ± 0.02 (N/m). One surprising feature of the PSS-filled capsids is
their stability at very high loads, up to ~ 0.9 nN. Even after consecutive indentations
with such high loads, they did not show any sign of failure.
In contrast to filied capsids, the distributions of spring constants for empty capsids
(empty and Ni-stabilized) were very narrow, demonstrating lower sensitivity to indentation geometry, which, if we adopt the idea of reinforcement along symmetry
axes, seems natural. Normal fit of the spring constant distributions for empty capsid
yields a value of (ks)em = 0.121 ±0.003 (N/m). As in case of CCMV wt, the obtained
value for the empty capsid is lower than previously reported ((ks)em = 0.15 ± 0.01
(N/m))[4]. In comparison to CCMV wt, empty and PSS-filled, Ni-stabilized capsids
seem rather soft, with spring constant of (ka)Ni = 0.077 ± 0.005 (N/m). Earlier
measurements on empty CCMV capsids at pH 6 showed that capsids can withstand
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Table 4.2: Values of spring constants of all capsids measured

Sample
CCMV wt (pH 5)
Empty (pH 5)
Ni-stabilized (pH 7.5)
PSS-filled (pH 5)

{ks)pp(N/m)

E (MPa)

0.131 ±0.008, a = 0.045
0.121 ±0.003 , o = 0.023
0.077 ± 0.005, o = 0.027
0.23 ± 0.02, a = 0.087

H
149
95.3
H

relatively large indentations, up to 70% of their original size and that they appear
three times softer [4, 15]. On the other hand, finite element simulations of nanoindentation on swollen native empty CCMV capsids suggest that there should be a 50%
decrease in stiffness at higher pH [13]. In our experiments that were performed at
pH 7.5, Ni-stabilized capsids did not show such high flexibility. They show « 35%
reduction in stiffness in comparison to the empty capsids and, as mentioned earlier,
increasing the set point force to above 0.3 nN results in capsid destruction. This
might indicate that opening the pores at the quazi-three fold axes of native CCMV
capsids during swelling serves as a stress release increasing their flexibility, while the
Ni-stabilized ’closed’ structure makes it more ductile. For convenience, the results of
all capsids are summarized in Table 4.2 together with the buffer conditions. Since the
spring constant is geometry dependent, one can also try to find a more representative
parameter describing elastic properties of protein shells. One such parameter is the
Young’s modulus. If we consider the viral capsid to behave as a thin elastic shell
undergoing small deformations, then the Young’s modulus and the capsid spring con
stant are related as: ks = aEh2/R where h is the wall thickness, R the outer radius
of the shell, and a a geometry dependent factor [4, 13]. Even though CCMV capsids
cannot be considered as thin shells (h/R ~ 0.3, not < 1 as the thin shell model
requires), Michel et al. showed that for indentations up to « 30% this equation still
holds for CCMV. Taking a = 0.8, h = 3.8 nm, R = 14.3 nm [42], we calculated the
value of Young’s modulus Eempty = 149 M Pa and E ni = 95.3 MPa, for empty and
Ni-stabilized capsid, respectively. Young’s modulus for empty capsids obtained in our
study is comparable to the existing literature value and is comparable to Teflon [4],
while Ni-stabilized capsids have a Young’s modulus comparable to rubber (10 — 100
M Pa [43]).

4.4.3

Artefacts in Force Volume Imaging of Small Particles

As noted in Section 4.4, during FV-imaging, a force curve is recorded at each (x , y )
pixel of the image. By taking the derivative dF/dz of the contact part of collected
force curves, one can calculate the effective spring constant map of the sample. When
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mm
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Fig ure 4.7: (a) Indentation geometries in FV-imaging. The indentation of the partiele occurs more often off-centre (top), (b) Schematic representation of contact geometry. Scan
direction is along y-axis.

the tip radius and shape are comparable to the size and shape of the imaged objects,
the effective spring constant map can produce an artefact; imaged objects appear
to have different mechanical properties along the scan direction (Fig. 4.4c). This
was observed in many measurements on different viral capsids with spherical and
cylindrical geometries. In this section we explain the root cause of this phenomenon
by employing a very simple model of static cantilever deflection and two hard spheres
in contact. Let us first consider the geometry of the system of interest, namely two
spheres in off-centre contact representing the tip and viral capsid as shown in Fig. 4.7
(b). Let’s also assume, for simplicity, that both spheres (tip and viral capsid) are rigid
and that either of them will physically deform upon contact. The only deformation in
this sphere-sphere system is the one of the cantilever; while the tip is pressed against
the spherical object on the surface, the cantilever is deflecting. We define angle 9,
as the angle between the j/-axis which is also the scan direction, and the radial axis
connecting the centres of two spheres. From Fig. 4.7 (b) it is obvious that due to the
spherical geometry the value of j/a at the point of contact A is related to the height
of the object za at the point of contact as: ua — za cot 0. The force F exerted on
the tip by the capsid is also directed along the radial axis and therefore, closes the
same angle 0 with scan axis y resulting in the same relation between Fy and Fz force
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components at point of contact: F y (yA,ZA ) = F z (i/ a , z a ) cot 6. Note that in force
curves only the Fz force component is measured. Now that we have established a
relation between the sample geometry and forces acting on the tip, let’s see how this
can be transferred to the deflection of the cantilever on which the tip is mounted. The
cantilever is a Hookean spring and its static deflection, in general, can be described
as [44]:
A = C^F
(4.3)

Az

2L

1

1

1

2E
2L

0

&H ^

where A represents the cantilever deflection vector, C _1 is the inverse stiffness tensor
and F is the vector of applied force acting on the tip. The inverse stiffness tensor
contains all the information on elastic properties of the cantilever and to find its
components one needs to solve the problem of static deformation of the cantilever
under applied force F in accordance with Hook’s law. This problem is solved elsewhere
[44] and here we will only focus on the final result. For a rectangular cantilever of
length L, width w, thickness f < L , the tip of length l the C - 1 components are given
as [44]:
r 2i2 , t2
0
Ax
L 2 ' w2
3
l2
31_
Ay
c
(4.4)
0
where c is the inverse of the cantilever spring constant c = 1 /k c, Ax, A y and Az
are components of the cantilever deformation vector, and Fx, Fy and Fz components
of the applied force. However, the optical detection system in AFM detects the
inclination of the cantilever top near its free end. Therefore, the variables measured
by the photo-diode are the angle a, related to the vertical deflection (in the O yzplane) and f3, related to the torsion of the cantilever (in the Oxz-plane). Thus it
is also possible to relate these two angles to the components of the inverse stiffness
tensor C _1 and components of the force acting on the tip [44]:
a
.

p

= c
.

0
2L

L2

M.
L2
0

U

3 '
2L

0

' Fx '
Fy
Fz

(4.5)

The important conclusion of Eq. 4.4 and Eq. 4.5 is that vertical deformation of the
cantilever depends on Fy and Fz force components:
A z = c(— Fy + Fz)

(4.6)
(4.7)

a = c^

Fv+2
With the aforementioned relation between Fz and Fy, we can express A z and a in
terms of Fz:
31
(4.8)
Az = cFz(— cot 6 + 1)
ZJj
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Figure 4.8: (a) and (b) Force curves obtained on a labelled cross-section of the CCMV wild
type partiele, (c) Effective spring constant image simulated using Eq. 4.12. The inset shows
the real effective spring constant image previously shown in Fig. 4.4. (d) Simulated force
curves from the cross section of the partiele from the simulated effective spring constant
image.
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a = c F z ( j j ï cot & + ^ ï )

(4-9)

In the contact regime (the contact part of the force curve), the relationship between
Fz and Z-piezo displacement (in the simplest possible case), Fz = kcZp, implies that
Zp = cFz. Therefore, the z-deflection of the cantilever and deflection angle a can be
rewritten as:
3/
A z = Zp(— cot 0 + 1)
(4.10)
2L/

Q7
Q
a = Zp( - ^ c o t 0 + — )

(4.11)

Eq. 4.11 in the limiting case of a hard flat surface gives: a = SZP/2L. The deflection of
the cantilever in nanometres Sz, measured on the photo-sensitive diode is proportional
to the deflection angle a. Conversion factors relating these two values depend on
the distance between cantilever and photo diode and photo diode sensitivity, which
in principle depend on the AFM design and calibration. On the other hand, for
a well calibrated system, Az deformation of the cantilever is equal to the z-piezo
displacement on a flat hard surface (Az = Zp, when cot 0 = 0, 6 = n/2). This can
be used to directly show the consequences of surface geometry to resulting effective
spring constant map of the sample as follows: we can multiply both sides of Eq. 4.10
by factor kc/Z p resulting in:
kcA z
, ,31
~Z~ =
2 L COt

„.
^

,. H
^
^

Note that the left side of the equation on the contact part of the force curve is exactly
keff. Therefore, the measured effective spring constant is directly proportional to
the angle 9 defining the geometry of the sample. Fig. 4.8 (a) and (b), show the
force curves recorded on a selected cross-section of two CCMV wt particles from the
effective spring constant image previously shown in Fig. 4.4. Note that the slope of
the force curves is changing along the scan direction resulting in the apparent change
in elastic properties of the sample. Fig. 4.8 (c) shows the simulation of the effective
spring constant image using Eq. 4.12. Fig. 4.8 (d) shows the force curves from the
cross-section of one of the simulated particles. This simple geometrical model does
not include sample deformation, torsion of the cantilever and noise but provides a
good explanation of the observed artifact. One could imagine that by including the
elastic properties of the sample using, for example, the Hertz model, it would be
possible to fully reconstruct the spread in the observed force curves along the scan
direction. Note that this artifact is most probably present in any force volume image.
However, due to the surface size of the imaged samples (like cells) compared to the
area occupied by the sample edge, it remains hidden. In this study, the size of the
artifact is comparable to the size of the object imaged and therefore could not be
easily ignored.
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Conclusions

The aim of the work presented herein was to investigate the possibility of using force
volume imaging as a complementary method to extract the spring constant of small
objects comparable to the radius of the AFM tip. For this purpose we used an established model system, CCMV virus, whose elastic properties are well known from
nanoindentation studies and theoretical modelling. Results of our experiments show
that the estimated spring constants of the CCMV wt and empty CCMV capsid extracted from FV-images are somewhat lower then previously reported (0.13 N /m and
0.121 N /m vs. 0.2 N /m and 0.15 N /m [4]). We can name two major reasons for
this offset. First, the spring constant is sensitive to the indentation geometry: in
FV-imaging the partiele is in each indentation cycle indented at a slightly different
position. The second reason is the frequency of indentation: the capsids are indented
each ~ 50ms with force loads of ~ 0.07fiNs-1 which can cause softening. Despite
this small deviation, the results and general conclusions are encouraging. Even though
FV imaging might lead to underestimation of the sample spring constant up to ~ 25%
due to geometrical reasons, it has several advantages: with appropriate immobilization
techniques, a single measurement can already provide enough statistics. Additionally,
by developing appropriate automated algorithms, data analysis could be much faster
than presented in this work. One simple improvement would be an automatic detection of particles on the surface using their height as a reference. In addition to
the CCMV wt and empty capsid, we also investigated the elastic properties for two
engineered capsids: PSS-filled and Ni-stabilized. PSS-filled capsids showed a remarkable endurance in FV-imaging. Even at high force set points, which would lead
to destruction of other capsid types, PSS-filled capsid remained undamaged. With
the spring constant of 0.23 N /m they also seem approximately two times harder than
CCMV wt. The opposite behaviour was observed for the Ni-stabilized capsids. These
seem to be very fragile and could be imaged only with very low set point forces below
0.25 nN. This result is somewhat surprising since the empty capsid at pH 6.0 in its
swollen form shows exceptional flexibility [4, 13]. However, at pH 7.5 Ni-stabilized
capsids do not swell, which might considerably impair their mechanical stability. In
contrast to their mechanical instability at higher loads, their softness, manifested in
a spring constant of only 0.077 N /m , is expected. During data evaluation we came
across an artifact manifested in the force curves, which results in apparent hardening
of the sample along the scan direction. To explain the root cause of this artifact
we formulated a minimal model of two hard spheres in contact combined with static
deformation of the cantilever. This minimalistic model, nevertheless, reproduces the
observed artifact. However, to completely replicate the spread of force curves ob
served in the experiments one would most probably need more extensive simulation
which also takes the elasticity of the sample into account.
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CHAPTER

5

Application of Network Theory on Force Spectroscopy Data

5.1

Introduction

Life is based on molecular interactions. Every aspect in cellular development and
metabolism is dependent on specific interactions between cells constituents which are
involved in complex processes such as DNA replication, transcriptional control, RNA
processing, cell signalling and migration, etc. [1-3]. The profit of understanding these
complex bio-molecular interactions is numerous, from designing targeted medications
and intelligent bio-sensors, to overcoming genetic diseases [1, 2, 4]. On the other hand,
from a purely fundamental point of view, a comprehensive insight into real-time dynamics of individual molecules and molecular complexes would unambiguously amend
our understanding of molecular bond formation and dissociation, guiding principles
of molecular recognition and even possibly establishing one universal model for inter
action potentials.
In the past decade, the development of single-molecule techniques such as optical and
magnetic tweezers, Atomic Force Microscope (AFM) and single-molecule fluorescence
has made it possible to investigate single molecules and formation and dissociation
of molecular complexes in real time. Examples are different equilibrium states in
RNA-hopping, unfolding pathways of proteins, RNA and DNA and kinetics of bond
dissociation along different reaction coordinates [5-10] to name but a few. However,
setting up single-molecule experiments is often time consuming and limited to a small
number of molecular systems that can be prepared for a single-molecule study in an
adequate way. This is especially the case for biomolecules considering their structural
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and functional diversity and the influence of any modification/mutation to their prop
erties. Overcoming these limitations is a formidable task for (bio)chemistry and will
not be discussed herein. Instead, we will focus on the benefits and the importance of
single-molecule studies, data analysis and interpretation. Bulk experiments measure
the mean of the experimental observable over many molecules so the uncertainties will
follow Gaussian statistics, by virtue of the large number principle (Central-limit theorem). This results in ensemble-averaged experimental data where the ’true’ mean can
be reached by taking more data points. In a sense, this makes the ensemble-averaged
data deterministic. In contrast, single-molecule signals are stochastic. Additionally,
on this scale the importance of microscopie interactions of a molecule with its en
vironment becomes apparent. For example, if we consider a fluorescent time-trace
originating from a individual molecule, the averaging of the recorded signal is done
over time. However, the interpretation of the data and a possible explanation of a
specific phenomena will be determined by how the data is averaged [11 ]. On the other
hand, in force spectroscopy experiments on biomolecular complexes we are dealing
with a different kind of problem. In these experiments, as described in chapter 1, the
unbinding force between two individual molecules is measured by pulling them apart.
Consequently, the problem in force-spectroscopy data interpretation originates from
possible:
• unspecific binding
• different binding modes (conformational changes induced by binding)
• alternative binding sites
• multiple binding events (specific and aspecific)
• pulling along different reaction coordinates
• memory effects
all of which cannot be distinguished in force-distance curves. The possibility of separating these different events in a single data set can drastically improve the interpreta
tion of data and consequently reduce the number of experiments needed to address (if
even possible) each of these issues separately. Thus, it is obvious that interpretation
of single-molecule data is very challenging task and that new ideas and methods for
data mining and analysis are needed [11 ].
As mentioned above, force spectroscopy data often contains an immense amount
of information about the interaction of a molecular complex. If we assume that forcedistance curves originating from the same unbinding process share strong similaxity,
then it should in principle be possible to sort them according to this similarity and
analyze the resultant groups of curves separately. The idea itself is not new, this is
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a)

1 ---- 2 ----- 3 ----- 4
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b)

2 ------ 3 -------- 4

Figure 5.1: Examples of simple networks (a) From the top to bottom: undirected network,
weighted undirected network, directed network. (b) Bipartite network consisting of two types
of nodes. (c) Example of reducing a bipartite to a monopartite network.

readily done with pattern recognition algorithms which search for a specific forcecurve profile. However, these algorithms often desire huge computational power and
are intrinsically slow. Additionally, the statistical data analysis is performed only
on the small subset of force-curves which fit the desired profile while completely
neglecting the rest [12]. In this work we present a new approach for systematic
selection of similar curves based on the theory of complex networks and their
spectral analysis. The advantage of this approach, apart from the speed of the
algorithm is that in principle none of the data would be neglected. This can prove
useful in understanding the influence of the environment on particular molecular
interaction, sorting unspecific binding events and hopefully different binding modes.
In the following chapter, some basic network concepts will be introduced.

5.2

Science of Complex Networks

The study of networks originated from a branch of discreet mathematics called graph
theory. The concept of a graph as a mathematica! structure consisting of nodes
and links between nodes was first introduced by Leonhard Euler in 1736 where he
solved the problem of how best to circum-navigate the Seven Bridges of Königsberg.
One example of a very simple graph is shown in Fig. 5.1 (a) top: circles (vertices) are
connected with lines (edges or links). For the next 200 years, graphs were sleeping in
the archives of mathematics until in 1950 Paul Erdös and Alfréd Rényi reintroduced
them back into the scientific world. Soon afterwards it was realized that many real
world systems can be successfully mapped onto a graph which led to applications
of graphs in every field of science from social sciences, psychology, biology, physics,
engineering and has consequently emerged into a completely new field of research
called Science of Complex Networks [13-16]. Nowadays, thanks to tremendous technological development, computerization of data acquisition in all fields, and increase
in computational power, networks are almost routinely used to describe a wide range
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of systems in society and nature. Basically any complex system with a large number
of interacting units can be represented as a network. In this sense we can think of :
• social networks
• gene expression and regulatory networks
• cellular (neural) networks
• protein networks
• world wide web
• traffic, etc.
In these networks, links can represent any kind of interaction between the members:
friendship, collaborations, up and down regulation and co-expression of genes, cellcell communication, hyper links between web pages, traffic between cities, etc [15,
17-23]. It is not difficult to see that this type of representation provides an ideal
framework for in silico testing of the behaviour and the dynamic response of a complex
system, as a whole, which is a gigantic step forward from reductionism. In this respect
networks are used to simulate and predict traffic jams, power failures, effects of traffic
redirecting, flow of information through the world wide web, effects of knocking down
computer servers, genes, cells, finding patterns in gene expression and regulation
etc. [15, 16, 18-25]. Studies on many real-world networks have shown that despite
their inherent differences most of them are characterized by the same topological
properties. This surprising finding led to the conclusion that the network structure
is tightly related to its functionality. Therefore, many measures of network topology
have been proposed and investigated in past years [14, 26-29]. In next two subsections
some of these important measures will be introduced.

5.2.1

Network Theory

In mathematical terms a network or a graph G is set of N vertices (V) connected by
L edges or links (E): G(V, E ). In the simplest case shown in Fig. 5.1 (a), top, all links
are directionless and equivalent; have the same weight (thickness). However, we can
also think of a network whose links have a certain direction (Fig. 5.1a, bottom), or
different weights (Fig. 5.1a, middle). Then the network is called directed or weighted,
respectively. On a graph G we can also define a subgraph. That is a graph G (V', E')
such that V ' C V and E' C E . Practically these are groups of nodes that are highly
connected within the group and sparsely connected to the outside world. Connectivity of a graph is conveniently represented by its Adjacency matrix, Aij. This is a
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symmetrie N x N matrix consisting of zeros and ones, depending whether there is a
link between nodes i and j or not:
4 *J = {[ n0, otherwise

(5.1)'
v

In the cases where the links are weighted and/or directed the adjacency matrix changes
accordingly:

{

wi, i
j
- w 2, i<— j

(5.2b)

0, otherwise

Note that the matrix Afj is the most general case where the links have weight as
well as direction. If only directionality is important then we can set W\ = 1 and
u>2 = —1. Directionality and weight of a link become important for example in study
of transport of information through a network like in:
• www: density of in-and-out links;
• traffic: density, to and from;
• gene regulation: inhibition and act ivation;
Additionally, network structure can be complicated even more by introducing two
types of nodes with different properties resulting in a bipartite network (Fig. 5.1b).
Bipartite networks can be often reduced to monopartite network by introducing a
certain rule. For example, if two nodes of type 1 both have a direct link to a certain
node of type 2 , we can introducé a link between them on a monopartite network (for
a graphical explanation, take a look at the Fig. 5.1c). This network representation
has shown to be useful in studying social interaction of people through web sites
[15, 20, 30, 31].

5.2.2

Network Measures

Now that we have introduced a network as a structure and showed some varieties in
its design, we can focus on some of the important network measures. As mentioned
before, a network structure is tightly related to its functionality. Therefore finding
the right measure that can teil us how the network works, what its weak points are,
how to create a network with specific function would be of great benefit. We can
start from the simplest characterization of a node which is its degree, k{. The node
degree is the number of links of a certain node i. An undirected network with N
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nodes and L links is characterized by the average node degree: (k) = 2L /N . In a
directed network, the node degree is separated in the number of in and number of out
links (kjn, k°ut). We can go further into characterization of a node by calculating its
clustering coëfficiënt. The clustering coëfficiënt is defined as C* = 2rii/ki(ki — 1),
where ra* is the number of links connecting the ki neighbours of a node i to each
other. In other words, Ci is the number of triangles that go through node i where
ki(ki — l)/2 is a total number of triangles that could pass through the node i. The
average clustering coëfficiënt (C) = 5Z» C i(k )/N describes the overall tendency of
nodes to form clusters (groups of highly connected nodes). Clustering is a typical
property of social networks, where for example, two individuals with a common friend
are likely to know each other.
Distances in a network are measured in path lengths; that’s by how many links we
can reach the node j starting from node i. Since there are usually several alternative
paths, the one with the smallest number of links is the shortest path. The shortest
path has an important role in the transport and communication within the network
especially in directed networks since Uj is not necessary the same as Iji (e.g., using
one way streets to get from A to B and back). The maximum of all { h j } gives the
diam eter of a network. The mean path length (l) is the mean of all shortest paths
and represents the networks over-all navigability. It is worth mentioning that all
real-systems networks, despite their large size (huge number of nodes) have relatively
short path length between every two nodes. This feature is known as small world
property and was first introduced in social sciences. Having calculated the degree
of every node in the network, we can calculate the degree distribution P(k), a
probability that a certain node i has k links:
P(k) = ü ffi

(5.3)

where n(k) is the number of nodes with a degree k and N is a total number of nodes in
the network. Here it should be noted that the functional form of a degree distribution
is one of the measures used to classify networks. For that purpose it is worth taking
a short excursion to basic network models.

5.2.3

Network models

The simplest model of networks came into Science in form of a random graph.
Because of its inventors, Erdös and Rényi, it is also called E R m odel. Such a
network is created by connecting each pair of nodes with a probability p, which
results in a graph with approximately p N (N —1)/2 randomly placed links. The degree
distribution of such graph follows Poisson distribution, indicating that most of the
nodes have the same number of links, which is approximately (k) (Fig. 5.2a). Of course
the real world is fairly random, so the properties of this kind of network could never
76

5.2 Science of Complex Networks

77

account for the behaviour observed in real systems. This fact led to a new idea: every
new node that is introduced into the network is connected with an already existing
node with probability 7Tj = fc,/
kj , where fc* is the degree of a node i and index j is
denoting the sum over all network nodes. This effectively means that the higher degree
the node i has, the higher the probability that a new node will be linked to it. Such a
network construction leads to striking differences comparing to a random graph. The
degree distribution is no longer Poisson but a pow er law: P(k) ~ fc-7 , where 7 is the
degree exponent (Fig. 5.2b). Because of the absence of a typical scale where this
law is valid, this type of network is called scale—free network. Properties of such
networks are often determined by a small number of highly connected nodes called
hubs. The value of the degree exponent 7 determines many properties of the network:
the smaller 7 the more important is the role of hubs in the network. For networks
with 2 < 7 < 3 there is a hierarchy of hubs, whereas in networks with 7 > 3 the
hubs are not important. It was noticed that networks whose degree exponent is 7 < 3
have unusual properties. In that specific case, the dispersion of the degree distribution
a 2 (k) = (k2 ) - ( k ) 2 increases with the number of nodes (er diverges) resulting in a series
of unexpected features, like robustness against accidental node failures. Therefore it
is not surprising that most of the biological networks are scale-free networks with
exactly 7 < 3. [15, 16, 26]. Even though it looks for now like these networks can
faithfully represent real systems, there are more features that cannot be captured by
this simple scale-free model. The clustering coëfficiënt in the ER-model and Scalefree networks does not depend on a node degree and is relatively small comparing to
real systems(Fig. 5.2a, b). Most real systems have fairly large clustering coefficients
which exhibit power-law dependence of k, C{k) ~ fc-1 . This is due to the existence
of m odules on a network, which axe small clusters of completely interconnected
nodes ( e.g. SPM group Radboud University Nijmegen). This knowledge led to a new
network model called hierarchical network which is able to integrate a scale-free
topology with an inherent modular structure by generating a network with power-law
degree distribution and a large, node degree dependent clustering coëfficiënt (C(k ) ~
fc-1 ). One of the ways to create such a network is by constructing a small cluster with
modular structure which is then replicated the desired number of times. The central
nodes of the replicas are then connected with each other and to the central node of
the initiating cluster. This iterative procedure is then repeated until the complete
network is formed. An example of a hierarchical network and its properties is shown
(Fig. 5.2c)[14—16]. It is worth mentioning that the average degree (k), the average
path length (l) and the average clustering coëfficiënt (C) depend on the number of
nodes and links. In contrast, the degree distribution P(k) and the clustering coëfficiënt
C(k) are independent of the network size! They capture the network’s generic features
used to classify them [14-16, 18, 26, 32]. Up till now, we considered the topological
properties of the networks using only single node measures without regarding the
fact that the network is represented by its adjacency matrix. In the next section
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Fig ure 5.2: From top-down: degree distributions and clustering coefficients of (a) Random
network, (b) Scale-free network, (c) Hierarchical network.

we will discuss how the spectral decomposition of adjacency matrix can help us in
determining network structure at the level of groups and nodes.

5.3

Network Spectral Analysis

The structure of a network is completely described by its adjacency matrix (Eq. 5.1).
In the case of unweighted undirected graphs these matrices are symmetrie and the
number of its non-zero elements is equal to the number of links existing in a net
work. Recently it was shown that the spectrum of the adjacency matrix and other
matrices associated with the network, like (Com binatorial) Laplacian m atrix or
Norm alized Laplacian m atrix, can reveal some important topological features of
the network and dynamic processes on it [20, 28-30, 33]. One of the well-studied examples is synchronization of phase-coupled harmonie oscillators, where it was shown
that the smallest Eigen value of Laplacian corresponds to the fully synchronized state
[16, 34]. Moreover, in a large number of studies it was found that the Eigen value
spectra differs for different classes of structured networks [16, 20, 30]. Even though
the properties of the spectrum of the combinatorial and normalized Laplacian are
different, they share some similarities which are important for the work presented
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herein. In this section relevant features of the normalized Laplacian spectrum will be
introduced. Additionally, it will be shown how the spectrum of the normalized Laplar
cian refiects the network topology. Throughout this thesis we will refer to normalized
Laplacian only as Laplacian. For a short description of combinatorial Laplacian see
chapter A.3.5.
The (N orm alized) Laplacian m atrix associated with a certain network is defined
as [16, 35, 36]:
Lii = Sii - - j ë r .

(5-4)

where Aij is the network’s adjacency matrix, ki and kj are the degrees of nodes i
and j and Sij is Kronicker’s delta. lts Eigen problem (as is for any other matrix) is
defined as:
L V i = A jV i

( 5 .5 )

where V i is the ith eigenvector and A, its corresponding Eigen value. Equivalently,
the Eigen problem can also be written as:
L = $A $T,

( 5 .6 )

where A = diag(Ai, A2, ....Ara) is a diagonal matrix of Eigen values and $ is a matrix
consisting of eigenvectors as columns. It can be shown that the Laplacian defined as
in Eq. 5.4 is a positive, semi-definite matrix with real Eigen values in the interval [0,2]
[16, 36]. Eigen values of the Laplacian are related to the diffusion on networks, namely
to the characteristic time r of a random walk on the network (A* = 1/tÏ). Furthermore, for the Eigen value Ai = 0 the corresponding eigenvector V i ( « i , f 2, « 3, ...wjv)
has all components
e R of the same sign. Since the basis of the Laplacian is
orthogonal (Vri,Vi)=0, the eigenvectors of the Eigen values A* > Ai will have com
ponents Vi larger and smaller than zero (u* > 0 and Vi < 0). Here is worth clearing
something out: the components of the eigenvectors V* = (vi,V 2 ,va, ... v n ) are the
values of the eigenvector on the nodes 1, 2, 3, ...N. They denote what fractions of
the eigenvector Vi are localized on the network node with index i. In Fig. 5.3, the
adjacency matrix of a network formed of 20 nodes, the corresponding Laplacian spec
trum and its eigenvectors for the first three smallest Eigen values are shown. What
can be seen is that the components of the eigenvector belonging to Ai = 0 are all
positive, as stated above. All other eigenvectors have positive and negative compo
nents on the nodes. The second smallest Eigen value, often referred to as A2 has a
special meaning: \ 2 = 0 if and only if graph G is disconnected. In fact, the multiplicity of 0 as Eigen value is equal to the number of connected components on a
network. Each of the zero-Eigen values comes from a separate network component.
Let us clear this up a bit. If we create a network of two disjoint graphs G1 and G2,
(with n and m nodes in G± and G 2 ) with spectra 0 = ai < 0-2 < 0:3 < ... < a„ and
0 = Pi < f32 < •••• < Pm, respectively, then the spectrum of such network will consist
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component i

Figure 5.3: Spectral analysis of a network consisting of 20 randomly connected nodes: (a)
Ordered Laplacian spectrum of the corresponding network represented by the adjacency
matrix in the inset. White=0, Black=1. (b) Eigenvectors for Eigen values: Ai = 0 (circles),
A2 = 0.674 (triangles) and A3 = 0.732 (squares).

of multiset (length m+ri): A = { a i ,a 2, ..an, 0 i , 0 2 , -P m }- Moreover, the components
of the eigenvectors Vj = (vi,v2, —vn+m) for each Eigen value A* (i = 1,2 ...n + m)
will have a form V* = (vi,v2, ..vn, 0,0, ..0) if A» belongs to graph G l and the opposite
Vi = (0,0,0..0, vn+ i,v n+ 2 , -Vn+m) if K belongs to graph G2. Hence each of A* = 0
eigenvectors has nonzero components Vi only on the nodes within one graph. Fig. 5.4
(a), shows the adjacency matrix of a network created of 2 disjoint connected graphs.
The corresponding Laplacian spectrum has two zero-Eigen values (Fig. 5.4b) corre
sponding to two disjoint graphs G1 and G2. In Fig. 5.4 (c) the eigenvectors of the first
four Eigen values are shown. Part of the components Vi of the eigenvectors is always
zero. For demonstration purposes, Iets create a network by joining three graphs of
size n ( G l, G2, G3); with a single link between G1 —G2 (i = 1, j = 15) and G1 —G3
(i = 1 , j = 30). If the links between these graphs were not present, then the spectrum
would look similar to that one shown in Fig. 5.4b, except that the number of zeroEigen values would be three (Ai = A2 = A3 = 0). The three smallest non-zero Eigen
values A2, A3 and A3 (in Fig. 5.5a) are corresponding to the number of subgraphs in
G ( G l, G 2 and G3). If we consider the physical meaning of these values, then Tj is
the characteristic time of a random walker on the subgraphs. The components of the
corresponding eigenvectors axe localized on these subgraphs (Fig. 5.5b). When the localization occurs at lower Eigen values one can find the number of distinct subgraphs
using of scatter plots in the plain spanned by the components of the eigenvectors.
If the network has clearly separated subgraphs, then the scatter plot will consist of
80
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10

15

20

25

node index i

Figure 5.4: (a) Adjacency matrix of a network created of two disjoint graphs G1 and G2
consistlng of 20 nodes each. White=1, Black=1. (b) Laplacian spectrum of corresponding
network. (c) Eigenvectors of Eigen values: Ai = 0 (squares), A2 = 0 (triangles), A3 =
0.563 (stars) and A3 = 0.653 (circles)

clearly sepaxated branches. The more links exist between the subrgraphs, the distinction becomes fuzzier. In Fig. 5.5 (c) the scatter plot for the above example is
shown. Each point in this plot represents an individual node which we can identify.
By identifying the indices of these nodes, we can conclude that they belong to three
distinct subgraphs G 1, G2 and G3 [16, 20, 30, 35, 36]. Having shown the power of
spectral analysis in describing the topology of the network, we can continue with its
application on a network formed from a set of force-distance curves.

5.4 Application of Laplacian Spectral Analysis on Force Curves
In this work a new approach for the systematic selection of groups of mutually similar
force-distance curves is presented. It is based on the theory of complex networks
and their spectral analysis, whose general properties were introduced in the previous
sections. We have created a mixed data set consisting of 1188 force-distance curves
measured under different conditions and on different systems. As a similarity measure
between the curves we have used the Pearson correlation coëfficiënt. By mapping
the correlation matrix onto a binary graph (adjacency matrix) we can extract the
subgraphs of similar curves.

5.4.1

Descritpion of the Experimental Data

We created the correlation matrix from all pairs of N = 1188 force curves that were
pre-processed in the following way: we removed the contact part which mainly carries
information on the cantilever. Further we applied an offset to shift the interaction free
81
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Figure 5.5: (a) Laplacian spectrum of a network created from three graphs (G1, G2, G3)
joined by a single link between G1-G2 and G1-G3 (schematic: the network construction).
(b) Eigenvectors for Eigen values: Ai = 0 (circles), A2 = 0.0189 (squares), A3 = 0.0431
(stars), (c) Scatter plot of eigenvectors V\ and V2 shows that there are three subgraphs on
the network.

part of the curves to the baseline, and only the part where interactions are expected
was kept (first ~ 200 nm). Curves for the correlation matrix were selected from four
different experiments with two different experimental setups. The experimental setups
differ in the number of flexible linkers used to couple molecules to the surface and
the cantilever. In the first case both molecules were coupled to the cantilever/surface
via PEG spacers. In the second case, one molecule was coupled to the cantilever
via a PEG -linker and the other one was immobilized directly on the gold surface via
a thiol label. In the correlation matrix (see Fig. 5.6 and text below), from left-toright, the first block (I) consists of 200 curves from measurements of the RNA-Rev
Peptide interaction (two linkers, velocity 581 nm /s); the second block (II) consists
of 188 curves on RNA-Rev peptide interaction in the presence of neomycin (two
linkers, velocity 581 n m /s); the third block (III) contains 200 curves measured on
RNA-Rev peptide interaction (one linker, velocity 2540 nm /s); the fourth block (IV)
contains 200 curves measured on ssDNA-ssDNA interaction (two linkers, velocity 218
n m /s); the fifth block (V) has 200 curves of RNA-Rev peptide interaction (one linker,
velocity 1160 n m /s), and the last block (VI) consists of 200 curves of Rev peptide-Au
interaction (one linker, velocity 1160 n m /s).

5.4.2

Correlation Matrix and Spectral Analysis

In our dataset consisting of N = 1188 force-distance curves, {fi(x )}, i = 1,2,3, ■- •N ,
each curve is identified by a uniquely defined index i, thus representing a separate
pulling event. The elements of the correlation matrix Cij are calculated as the Pear82
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son’s correlation coëfficiënt between each pair (i,j) of curves as follows:
r

ij —

£ . [ / « ( * ) - ( / < > ] [ £ ( « ) - (fi)]

-----------------------------------------------------------------------

where the distance x is given by a discrete set of measured values, and ai, tjj stand
for the Standard deviation of the force signal fi(x) and fj(x). In Fig. 5.6 we show
the correlation matrix of all force curves, after filtering out spurious correlations
(the colour map indicates values of the coefficients Ca). For the filtering, we used
the affinity transformation method [20, 37], where the element is enhanced as
—>
MijCij if the rows i and j correlate with the rest of the matrix in a similar way, yielding
> 1, and diminished otherwise. The meta-correlation factor Afy is computed as
a Pearson’s coëfficiënt of the rearranged elements {C y , C u , ...,
\j, Ci+ij,
, C*#}
and {Cji, C j i ,..., C j-ii, C j+u, ■•• , C j^ } where the diagonal elements Cu and Cjj are
removed. For further discussion we note that the correlation matrix can be represented
by a network (mathematical graph), where each matrix index i = 1,2, •■•N defines
a network node and the matrix element Cy a link between nodes i and j . In our
case the links are symmetrical Ca = C ü by definition (5.7). Note that the matrix
and network representations are formally equivalent. The network picture is suitable
for visualization and topological interpretation. In particular, the matrix in Fig.
5.6 makes a sparse network containing topological modules, i.e., groups of nodes
with strong connections inside the group and spaxse connections between them. As
the Fig. 5.6 shows, correlations between different sets of data (blocks I through VI)
shown as off-diagonal block-matrices can be as strong as correlations inside the same
set (diagonal blocks). This means that the network modules may contain curves from
different data blocks, suggesting their similarity of force-curves profiles over different
experimental setups. In the following we apply the Eigen value spectral methods to
identify these modules. Here we perform spectral analysis of the normalized Laplacian
operator L related to the filtered correlation C in Fig. 5.6, or more precisely, its binary
form with the elements: Aij — 1 whenever Ca > Co, or A y = 0 otherwise. The
matrix elements of the Laplacian are given by Eq. 5.4. As mentioned before, the same
conclusions on the network structure can be reached using the adjacency matrix Ay
directly. However, the analysis of the Laplacian (Eq. 5.4) is more convenient since its
Eigen value spectrum is limited in the range \ e [0,2]. Moreover, its eigenvectors
belonging to the few lowest nonzero Eigen values tend to localize along the network
modules [30, 38]. This is a direct consequence of the orthogonality to the eigenvector
belonging to zero Eigen value of the Laplacian (or the largest Eigen value of the
adjacency matrix) which has all components positive (Perron-Frobenius theorem [39]).
Precisely, the localization means that, among N components of the eigenvector, the
nonzero (positive/negative) components have indices which coincide with nodes in
a network module (a detailed analysis of spectra in modular networks is given in
[30]). This property of the eigenvectors we use to identify nodes in different modules.
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Flgure 5.6: (a) Correlation matrix, (b) Scatter plot of the eigenvectors V l ,V 2, V3 of the three
lowest Eigen values of the Laplacian operator related to the full correlation matrix in a. Four
branches are visible in this projection marked as groups Gi, G 2 , G 3 and Ga.

When a modular structure occurs, the localization of eigenvectors belonging to the
smallest non-zero Eigen values is manifested in a branched pattern of the scatter-plot
in the space of these eigenvectors [30]. In Fig. 5.6 (b), we show the scatter-plot of
the eigenvectors (Vï, V2, V3) for three smallest non-zero Eigen values of the Laplacian
(Eq. 5.4), related to the correlation matrix in Fig. 5.6 (a). In the scatter-plot, each
point carries one index, thus indicating one network node, which is a force curve
index in our original dataset. The plot in Fig. 5.6 (b) shows four branches, marked as
G \, G2, G 3, G 4, thus four groups of curves can be identified. The most representative
curves in each group are those at the tips of branches with the most distinct curves
situated at the opposite ends of the branches G 2 and G 3, whereas, the differences
gradually diminishes closer to the centre of the plot. By matching the indices with
curves in the original dataset, we identify representative curves at the tips of four
branches (Table5.1). Overlay of all curves in the G\ ■•■G 4 groups is shown in Fig.
5.7. Each of the groups contains a number of curves from one or several blocks of
the original datasets. Recalling the nature of the data in different blocks, we see that
the module G2 contains curves obtained predominantly on experimental setup with
one PEG spacer (blocks III, V, and VI) and a fraction of data with two spacers (from
blocks I and II) while completely excluding the DNA-DNA interactions (block IV).
On the other hand, the module G3 contains data from DNA-DNA interactions and a
number of curves from RNA Rev and blocked RNA-Rev with neomycin, all obtained
with two spacers. G\ has similar composition although it appears as a separate
module, similar as the small group G 4. Note that these groups of curves show peaks
at different regions of forces, ( Fig. 5.7), and occupy different areas in the force84
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Table 5.1: Representative curves from the created correlation matrix and how they are
distributed over the groups and subgroups of laplacian

Group \ System

Gl
G2
G3
G4
G2-gl
G2-g2
G2-g3
G3-gl
G3-g2
G3-g3

P-RNA

P-RNA(n)

P-RNA

DNA-DNA

5
51
60
4
5

9
28

0

16

0

0

177

0

181

0
1

135

1
0

148
7

0
20

5
24
18

68
0
1
0
10
6

9
15

P-RNA

3
45
5

0
0
0
0

35
7
3

0
0
0

24
24
28

1
0
0

P-Au

0
22
0
21
0

5
1

distance plane, as shown in Fig. 5.8 for groups G2 and G3. Different rupture patterns
shown in Fig. 5.8 suggest that not only different values of the most probable rupture
forces are measured, i. e.. 0.141 ± 0.013 nN and 0.0337 ± 0.0012 n N respectively for
(?2 and G3, but also indicate different distances where these events occur. We further
analyze the group of curves in G2 applying the same approach on the correlation
matrix reduced to group G2. The complete group consists of N 2 = 597 curves. The
Eigen values of the Laplacian related to this reduced correlation matrix are shown
in the ranking order in Fig. 5.9 (a). The network modularity is suggested by the
appearance of three Eigen values in the gap between A = 0 and the main part of the
spectrum. The corresponding scatter-plot in the space of three eigenvectors belonging
to these Eigen values is also shown in Fig. 5.9 (b). In this case the similarity between
the points, forming a half-torus in (Vï, V2, V3) space, is stronger compared to Fig. 5.6,
however, groups can be identified by the end points of the half-torus in the horizontal
plane and points with the largest vertical distance, marked as g\, <7 2 , 9 3 and different
symbols (colours) in Fig. 5.9. The identity of these curves with respect to the original
datasets is also indicated in Table 5.1, middle part. As mentioned above, the curves in
the large group G 2 are coming from the RNA-Rev binding experiment, whereas, their
subgroups appear to stem from experiments with different pulling velocities: G 2 —gl
consists mostly of curves in blocks V and VI, measurements at a velocity of 1160
n m /s, while the groups G 2 —g2 and G ^—gS at the two ends of the semi-ring contain
curves measured at the highest (2540 n m /s) and the lowest (581 n m /s) velocity.
In the experiment, measurements at different velocities and a correct assignments of
the curves are important for the extrapolation of bonding parameters to zero force
85
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Figure 5.7: Overlap of all curves belonging to the groups Gi, G2, G3 and G4 identified form
the scatter plot in Fig 5.6.

values. The pulling velocity affect,s both force loading rate and the rupture force. The
identified subgroups within G%, represent three distinct areas of the rupture pattern
(Fig. 5.10 a-c). Accordingly, the corresponding histograms for these subgroups of
curves, shown in Fig. 5.8 d, indicate different values of the most probable rupture
forces, i.e., 0.066 ± 0.006, 0.135 ± 0.008, and 0.038 ± 0.004. Similar analysis of the
data contained in the group G 3 leads to the curves identified in the lower part of the
Table 5.1. These data contain three different interactions (DNA-DNA, RNA-Rev,
and RNA- Rev-with-neomycin) from the setup with two spacers and low velocity.
Much larger mixing between the experimental situations in this group indicates either
increased amount of aspecific binding or a dominant role of spacers. Further testing of
the algorithm on data from a single experiment is necessary to optimize the clustering
parameters such that different binding sites or different interactions can be specified.
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Figure 5.8: Force-distance contour histogram of rupture events registered on curves from
(a) G2 group; (b) G3 group.
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Figure 5.9: (a) Spectrum of Laplacian of group G2. (b) Scatter-plot Vi,Va, V3 of the three
lowest Eigen values of the Laplacian operator related to the correlation matrix reduced of a
group G2.
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Figure 5.10: Force-distance contour histogram of rupture events registered on curves from
(a) G2 - gl and (b) G2 - g2 (c) G2 - g3 (d) Histogram of rupture forces of subgroups of
G 2.
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Conclusions

We have shown that stochastic signals of different molecular systems (RNA-Rev pep
tide, DNA-DNA) measured by dynamic force spectroscopy can be effectively selected
according to their similarities. Our methodology uses the signal’s relevant correlation
matrix mapped onto a mathematical graph. Using the Eigen value speet ral analysis
of these graphs the groups of similar curves are detected, which appear as topological
modules on them. We have shown that strong regularities in groupings of the force
curves occur (and can be effectively used for the signal evaluation), based on the
pulling speeds and experimental setup and even the type of the interaction measured,
supported by different rupture patterns in the force-distance plane. This methodology
represents a step towards clustering of the data according to the force-distance curve
profiles, revealing a higher sensitivity to certain bond natures than current Standard
methods. Along with the specificity, the numerical routines involved in our approach
are faster compared to the classical pattern-recognition methods [12]. Within a se
lected subgroup of FD curves further pre-processing, e.g., with master-curve fitting
[40, 41], could be incorporated and increase the selectivity of our method. Improved
efficiency of this approach is expected in particular in the case of larger molecular
complexes and situations where distinction between many different binding sites is
desired.
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Appendix

A .l

Experimental protocols: Force Spectroscopy on RNA-peptide
interaction

A.l.1

Materials

Table A.1: Equipment and Consumables

Equipment and consumables
UV cleaner, Oven, centrifuge (13000 rpm), lab-shaker, Ultrasonic bath
Glass beakers, filter paper, tweezers, plastic petri-dishes
Glass cover slips (Menzel Glaser, Braunschweig, Germany)
Microscope glass slides (Menzel Glaser, Braunschweig, Germany)
Wet-box, eppendorf tubes
AFM, E-scanner, nanoscope controler IV (Veeco, Santa Barbara USA)
AFM contact mode liquid cell (Veeco, Santa Barbara USA)
AFM cantilevers, MLCT-AUHW (Veeco, Santa Barbara, USA)_______
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Table A.2: RNA and peptide sequences
RNA and peptide sequences
Rev-peptide*: Ac-AAATRQARRNRRRRWRERQRAAC-OH
RNA wt: 5 ’thiol-AAAAAGGUGGGCGCAGCUUCGGCUGACGGUACACC
RNA mut: 5 ’thiol-AAAAAGGUCGGGGCAGCUUCGGCUGACCGUAGACC
*Rev peptide was kindly provided by Dr. D. Löwik, Radboud University Nijmegen,
The Netherlands

Table A.3: Buffers

Buffer___________ Details________________________________________
Coupling buffer
50 m M NaP04 /NaH 2P 0 4 , 50 m M NaCl, pH 6.8
Borate buffer
50 m M ^ 28467 , 50 m M Boric acid, pH 8.5
Standard buffer
20 m M Tris, 100 m M KC1, pH 6.8

Table A.4: Chemicals

Chemicals_____________________________________________________________________
NHS-PEG5000-MAL (Rapp Polymere, Karlsruhe, Germany)
3-Aminopropyldimethyl-ethoxysilane, 97%, FW 161,32 (ABCR, Karlsruhe, Germany)
Toluene (Sigma-Aldrich)
Isopropanol (Sigma-Aldrich)
Neomycin B (Sigma-Aldrich)
Chloroform (Sigma-Aldrich)
TCEP: tris-2-carboxyethyl-phosphine disulfide gel (Pierce)
TCEP bond breaker (Pierce)
NaAc 3M, pH 6
EtOH 100% and 85%
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A.1 Experimental protocols: Force Spectroscopy on RNA-peptide interaction

A.1.2 Reduction of Rev-peptide
o TCEP beads should be in 1-2 times volume of the sample that needs to be reduced
(10 fil peptide,10-20 fil TCEP beads). Important: to pipette the beads into the
eppendorf tube cut away the top of the pipette;
o Equilibrate TCEP beads (2 times volume of sample) with 1000 fil coupling buffer:
centrifuge at 5000 rpm 2 minutes at 4°C;
o Remove coupling buffer (supematant) and add new 1000 fil;
o Repeat this procedure 3 times;
o At the last step remove completely the coupling buffer;
o Add 10fil peptide solution into the TCEP, vortex briefly and incubate 2 hours at
4°C on a shaker (1400 rpm);
o Centrifuge for 2 minutes at 13000 rpm at 4°C ;
o Take out 9 fil of the peptide solution and mix with 36 fil coupling buffer and put
immediately on the modified cantilevers. Note: do this step just before applying the
Rev-peptide to the modified cantilevers or glass slides;
NOTE: Peptide is dissolved in coupling buffer to a concentration of 2 m M , and
stored at -20°C in aliquots of 40 fil. The protocol is adjusted for this concentration
of peptide. 20 fil of peptide solution should be enough for 2 cantilevers.

A.l.3

Reduction of RNA

o Dissolve TCEP to be 10 m M : dilute it 50 times : 490 fil mili-Q + 10 fil TCEP;
o Mix 18fil RNA solution ( 100 fiM) + 18 fil TCEP (1:1) (RNA is then diluted in
concentration of 50 m M ) in one eppendorf tube;
❖ Leave 30 minutes in the Cold room at 4°C ;
o Put 4fil of NaAc (3 M ) in the in the RNA/DNA+TCEP solution, vortex shortly;
o Add 160fil EtOH(100%)-,
o Leave 30 minutes in freezer at -20 °C ;
o Centrifuge 10 minutes at 4°C , 13000 rpm-,
o Take the liquid out, be caxeful not the suck in the pellet;
o Add 800fil E tO H ( 85%);
o Centrifuge 10 minutes at 4°C , 13000 rpm-,
o Take out E tO H carefully, so the pellet stays in the eppendorf tube;
o Leave the pellet to dry in air;
o Prior to applying the RNA to the cantilever or PEG-functionalized surface, dissolve
RNA in 54 fil of the coupling buffer. Important: This has to be done fast so the S-S
bonds don’t form again. Do NOT leave the molecules in the coupling buffer.
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d)

Figure A.1: (a) Teflon holder used to hold glass cover slips during cleaning in ultrasonic
bath. (b) Teflon bath used in silanization of glass cover slips, (c) 12-well Petri-dish is very
handy to store cantilevers and glass cover slips, (d) Schematic representation of silanization
protocol for cantilevers.

A.l.4

Silanization of Glass Cover Slips

Cleaning:
o Put the glass cover slips into a teflon holder (Fig. A.la) and then together with the
teflon in a big glass beaker;
o Pour isopropanol and milli-Q in ratio 1:1, to cover the teflon holder completely;
o Put the beaker containing the teflon holder in an ultrasonic bath for 10 minutes;
o Take out cover slips one by one and dry them carefully with iVjj, low pressure, blow
always in same direction;
o Put cover slips on a microscope glass slide in the UV cleaner for 10 minutes;
Silanization:
o Put the glass cover slips in the Teflon bath (Fig. A.lb)
o Pour the silane with a glass pipette over the cover slips. Be careful that the silane
does not leak from the slides. (It should be only one big drop covering a complete
cover slip);
o Cover the Teflon bath with aluminium-foil so that the silane does not evaporate
and wait for 30 minutes;
o Take off the aluminium-foil and pour the isopropanol in the Teflon bath to wash
the slides;
o Wash cover slips with milli-Q by dipping them in a beaker with milli-Q and dry
with JVjj;
94
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o
o
o
o

Put the cover slips on microscope glass slides and in a Petri dish;
Place them in the oven for 1 hour at 80° C ;
After baking, place them in a 12- well plastic Petri dish and add borate buffer;
Put the whole 12-well Petri dish on the shaker for 1 hour;

A.1.5

Silanization of Cantilevers

Cleaning:
o Dip the cantilevers in chloroform 3 times for 10 minutes and then wash with milli-Q
(in a small glass beaker);
o Put cantilevers 10 minutes in a UV cleaner on a microscope glass slide;
Silanization (Fig. A.ld):
o Pour silane into a small glass dish;
o Dip the cantilevers into silane completely, for 60 seconds
o Then dip them into toluene and stir gently until the mixing of the liquids cannot
be seen anymore;
o Dry them on filter paper (press on the filter paper so that all toluene goes away);
o Dip the cantilevers into milli-Q;
o Dry on filter paper;
o Put cantilevers in a clean Petri dish and put in the oven for 30 minutes at 80° C\
o Put silanized cantilevers in the borate buffer for 1 hour at room temperature;
o Important: Do NOT dry the cantilevers before further modifications;

A.l.6

Coupling of PEG

Dissolve PEG (NHS-PEG5000-MAL) in borate buffer:
For 1 cantilever use 10 mg of PEGs +40 fil borate buffer;
For 1 glass slide use 50 mg PEGs + 200fil borate buffer.
Coupling to silanized cantilevers:
o Put the cantilevers in a plastic Petri dish and add a droplet of PEG solution over
the cantilevers;
o Keep them in the wet box for 1 hour (not longer) at room temperature;
o Wash with milli-Q;
Coupling to Silanized Glass Cover Slips:
o Put the slides in the Borate buffer for 1 hour on a lab shaker;
o Dry with 7V2, always blow in the same direction;
o Put the slides in a Petri dish;
o Put a droplet of PEGs solution on the slide;
o Incubate in wet box for 1 hour at room temperature;
o Wash with milli-Q;
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Table A.5: Buffers used for FV-imaging

Sample
CCMV wt

Empty

Ni-stabilized
PSS-filled

A.l.7

Buffer
0.1 M Sodium acetate
0.001 M Sodium azide
0.001 M EDTA, pH 5.0
0.05 M Sodium acetate
0.5 M NaCl, 0.01 M M gCl,
0.001 M Sodium azide,
0.001 M EDTA, pH 5.0
0.05 M Tris, 0.5 M NaCl,
pH 7.5
0.1 M Sodium acetate
0.001 M Sodium azide
0.001 M EDTA, pH 5.0

RNA and Peptide Immobilization

o Add reduced peptide/RNA (Sec. A. 1.3) dissolved in coupling buffer to the can
tilever/surface which were previously silanized (Sec. A. 1.4, Sec. A. 1.5), and modified
with PEG-spacers according to Sec. A. 1.6.
o Leave 1 hour in wet box at 4°C;
o Suck the droplet carefully with the pipette;
o Wash with Standard buffer and store in 12-well Petri-dish until AFM measurements;

A.l.8

Physical constants

Boltzman Constant ks 1.3806503 xlO -23
kBT (T=300if) 414xl0“ 6 n N x nm
Euler-Mascheroni constant,7 0.5772.. [-]

A.2

Experimental protocols: Force volume study of viral capsids

A.2.1

Materials

A.2.2

Silanization of Glass Cover Slips for Immobilization of Viral Capsids

Cleaning:
o Put the glass cover slips into the Teflon holder (Fig. A.la) and then in a big beaker;
o Pour isopropanol and milli—Q in ratio 1:1, to cover the slides completely;
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Table A.6: Chemicals

Chemicals
1,1,1,3,3,3,-hexamethyldisilazane (Fluka 52619)
Isopropanol (Sigma-Aldrich)

Table A.7: Equipment and Consumables

Equipment and consumables
UV cleaner, Ultrasonic bath, desiccator
Glass beakers, tweezers, plastic petri-dishes, teflon holder (Fig. A.la)
Glass cover slips (Menzel Glaser, Braunschweig, Germany)
Microscope glass slides (Menzel Glaser, Braunschweig, Germany)
AFM, E-scanner, nanoscope-V controler (Veeco, Santa Barbara USA)
AFM tapping mode liquid cell (Veeco, Santa Barbara USA)
AFM cantilevers, MLCT-AUHW (Veeco, Santa Barbara, USA)
AFM cantilevers for air imaging: NSG10 (NT-MDT, Moscow, Russia)
AFM cantilevers for liquid imaging: SNL-10, DNP-S10 (Veeco, Santa Barbara, USA)

o Put the beaker with teflon holder inside it in ultrasonic bath for 10 minutes;
❖ Take one by one cover slip and dry them carefully with i\T2, low pressure, always
blow in the same direction;
o Put cover slips on microscope glass slide and in the UV cleaner for 10 minutes.
Silanization:
o Take slides out of the UV cleaner and put them in a desiccator;
❖ Put a small beaker with 1 ml silane next to the glass slides (in desiccator):
o Seal the desiccator and leave over night;
o Slides are ready to use and could be kept in the desiccator for a long time (month);

A.2.3

Immobilization of viral capsids

oDilute intitial stock solutions of viral capsids (~ 1 m g/m l) 50 - 100 fold in the
coresponding buffer as described in Table A. 5.
oDeposit a droplet of ~ 50 fj,l on the hydrophobic glass cover slip for 1 hour in a humid
atmosphere to insure that a reasonable amount of capsids is bound to the substrate.
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A.3

Theory

A.3.1

Triangulation number

Viral capsids composed of multiple copies of a single protein and arranged in an icosahedral symmetry are very often encountered way of genetic optimization. The obvious
advantage of icosahedral symmetry lies in the fact that relatively short RNA/DNA
sequences can code for a capsid protein that can encapsulate a complete genome by
using multiple copies. This idea was already proposed by Crick and Watson in 1956
reasoning that the most effective way of enclosing a large volume with a small protein
is to arrange it in a regular geometrie repeat [1-3]. This idea was accidentally confirmed by a X-ray difïraction study on Tomato Bushy Stunt Virus by Capsar and Klug
(1956). An icosahedron is a polyhedron with 20 identical equilateral triangular faces,
30 edges and 12 vertices (Fig. A.2a). Each vertex coincides with a five-fold symme
try axes. Three-fold symmetry axes pass through the center of the triangular faces
and the two-fold axes nm through the edge - edge contacts. The symmetry axes
are shown in Fig. A.2 (a). The theory that describes how multiples of 60 proteins
can be arranged into icosahedral capsid to enclose a large volume is called Theory
of Quasi - Equivalence [4], The underlying idea of quasi - equivalence is that a vi
ral capsid protein can form hexamers and pentamers using the same inter-subunit
contacts. The only requirement for an icosahedral facet is that it is an equilateral
triangle with three identical asymmetrical units arranged with threefold symmetry
(Fig. A.2d, units ABC). Quasi-equivalent viral shells can be derived from a sheet of
hexamers in the following way: starting from the hexagonal sheet, each hexamer in
the sheet can be indexed according to the number of steps taken along each of the
two axes, k and h, defined as in Fig. A.2 (b). In this way each equilateral triangle
can be uniquely identified for each hexamer indexed. A set of 20 such triangles can
be arranged as shown in Fig. A.2 (c) and folded into an icosahedron. Each triangular
face of an icosahedron contains 3T subunits. T is called the triangulation number
and is defined as: T = h2 + hk + k2, where h and k correspond to the indices of a
hexamer chosen to define the equilateral triangle. It is used to describe the symmetry
of viral capsids. The size of the equilateral triangle is proportional to the T number,
assuming that the particles are formed from the same protein. This means that each
partiele will contain 60T subunits. In theory, quasi - equivalent shells of any size are
possible. However, in practise this is not the case. The largest shells formed of a
single protein subunit are T=7. For capsids with larger T numbers it appears that
auxiliary proteins are required to guide and control the proper assembly[5].

A.3.2 Thermal tune method
The thermal tune method is the most preferred method for determination of the can
tilever spring constant because of it’s simplicity and ease of implementation [6]. The
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Figure A.2: An icosahedron consists of 20 identical equilateral triangular faces, 30 edges
and 12 vertices. (a) Symmetry axes of an icosahedron: five-fold, two-fold and three-fold
(b) Geometrie principles for generating icosahedral quasi-equivalent surface lattices. Hexamers are originally considered planar and pentamers convex. Pentamers introducé the
curvature into the sheet of hexamers when inserted. (c) Closed icosahedral composed of
hexamers and pentamers is generated by introducing 12 pentamers at appropriate positions. (d) Icosahedral viral shell with pentamers and hexamers indicated, constructed from
the triangular network shown in c.

therm al noise or thermal tune method treats the cantilever as a simple harmonie
oscillator. A harmonie oscillator in thermal equilibrium will fluctuate in response to
thermal noise. The Hamiltonian for such a system is [6]:
(a , )
where p is momentum, m mass, wr resonance frequency and q is the displacement of
the oscillator. By the equipartition theorem, in thermal equilibrium the mean value
of every independent quadratic term in the energy is equal to 1 / 2ksT . In this case:
- f
k

= r

^

)

(a.2)

Since for a harmonie oscillator ui2 = ki/m, the cantilever spring constant can be
determined from a measurement of the mean square displacement as: ki =
To determine the (qc2), a trace of thermal oscillations of the cantilever over time is
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collected followed by the power spectral density analysis (PSD) to obtain the thermal spectruna. The fundamental resonance peak is fitted with the simple harmonie
oscillator (SHO) model for the PSD [7]:
P M

= 2/0 +

(ü;2 _ W r2 )2 +

(A -3 )

where yo is the power of the white noise basehne, Ao is the zero frequency amplitude,
uir the resonance frequency of the cantilever and Q is a quality factor. The (gj?)
represents the area under the SHO curve fit:
pO O

/
Jo

(qc2) =

(A.4)

P(w)dw

When the integral is solved, the spring constant of the cantilever is given by:

2CksT

(

^

(A '5)

k• =

Some additional corrections which take into account the non-ideal spring behaviour
of the cantilever and the optical lever technique are necessary to obtain correct val
ues of the spring constant [8, 9]. Thermal tune method is nowadays integrated into
the software of most commercially available AFM’s and is used across this thesis for
cantilever spring constant determination. A recent study on comparison of spring
constants obtained with different methods and on different commercial AFMs (ther
mal tune and Sader’s method) showed that the accuracy of thermal tune method is
within 10% [10].

A.3.3

Exponential integral

Let E n(x) be a function with n = l defined as:
f ° ° p—tx

E i(x) = /

Jl

r °o

—— dt =

t

I

Jx

—t

——dt

*

(A.6)

The exponential integral is then defined as: Ei(x) = —E\(x). The Ei(x) integral is
given by:
Ei{x) =

J

e~l
— dt

(A.7)

For real x > 0 by integrating the Tylor series of e~l/t , E t(x) has a form:
0°

fc

E i(x ) = 7 + ln(s) + X ) |jfeï

^A '8)

k= 1

Therefore, E\(x) = —7 —lnx, which goes into the formula for the mean force, Eq2.15.
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Polymer Extension Models

When molecules are tethered to the AFM tip via flexible linkers, the force-extension
curve can be fitted with one of the polymer models like the Worm-like chain or the
Freely jointed chain model [11]. Freely jointed chain model assumes that a polymer
is made of orientationally independent segments, known as Kuhn segments. Kuhn
segments have a fixed length and are unstrechable. In the presence of external force,
these segments tend to align in the direction of force. The extension x and the external
force F are related as [12]:
x
, . Fb
IzbT .
ï = cothf e - F t r >

,.
(A '9)

where L is a contour length and b is the Kuhn’s length. An alternative model that
treats polymer segments as elastic entities is Worm-like chain model. For a polymer
with the contour length L and the persistence length Lp the force-extension curve is
given by[13]:

A.3.5

Combinatorial Laplacian Matrix

T he laplacian m atrix associated with a certain network is formed from the network’s adjacency matrix Aij and a diagonal matrix Dij = diag(ki, &2, ...fcjv) of node
degrees
[14, 15]:
L,‘ = S i‘ - - K F -

<A'U )

lts eigen problem: LW\ = AjVj L — $ A $ T, where Vi is the ith eigenvector and Aj the
corresponding eigenvalue, A = diag(Ai, A2, ....An) is a diagonal matrix of eigenvalues
and $ is a matrix consisting of eigenvectors as columns. The laplacian as defined in
Eq. A .ll is a positive, semi-definite matrix with real eigenvalues [14, 15]. Furthermore
since the raw sums of L are all zero, the vector V i ( v ,v ,v , ....) where v is a real number,
is an eigenvector for the eigenvalue Ai = 0. The value v comes form the normalization
factor ||V ||2= 1. This means that the value of the eigenvector V j is the same (v) on
all nodes, whereas these values in the case of the Normalized Laplacian are not the
same!
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Summary

Viruses are fascinating nanosized particles, neither dead nor alive that have caused
panic and distress among human race for centuries. They are known to infect all
organisms from bacteria to fungi, plants to animals including humans, causing a wide
range of diseases, sometimes with deadly outcome like in case of HTV, rabies or Ebola
virus. Viruses, capable of causing serious damage to any living organism, are remarkably simple in structure: they consist of genetic material (RNA or DNA), a capsid
that protects the genetic material, a few viral proteins to help viral replication in the
host cell and sometimes a lipid membrane that surrounds the capsid. Despite their
appaxent simplicity, viruses are very proficient in invading host cells and transforming
them into virus-producing factories. This manufacturing process is essential for their
existence and replication. Genomic studies have shown that viruses have played an
important role in life’s evolutionary history incorporating themselves into organisms’
genetic code and playing a role in swapping genetic material between species. It is
estimated that even the human genome is about 8% viral in origin. Furthermore, they
excel at survival in harsh environmental conditions using sophisticated molecular biology. These natural highly resistant nanomaterials, attracted a lot of attention in
biomedical and material research. Researchers found a new and exciting playground
in using the viral protein cages as basis for new materials. Additionally, the ability of viruses to hijack the immune system and attack very specific host cells, made
them attractive objects for biomedical imaging and development of vaccines. If we
are to be capable of, on the one side efficiently defend ourselves from these simple
and yet sometimes devastating nanoparticles and on the other side use them to our
benefit in form of new materials or targeted drug carriers we need to understand
the fundamentals of their stability and replication. Our knowledge of fundamental
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interactions contributing to virus survival and stability could be greatly enhanced by
mechanical probing of its components. In the past two decades, many experimental
techniques have been developed that can provide insight into single-molecule interac
tions and mechanical stability of nanosized objects, like single-molecule fluorescence,
single-molecule force spectroscopy (optical tweezers, magnetic tweezers, AFM) and
nanoindentation with an AFM tip. With the increasing amount of experimental data
obtained in such studies, theoretical concepts of molecular complex dissociation, polymer extension and viral capsid deformation under applied load had to be developed
to enable reliable data analysis and extraction of relevant physical parameters. This
thesis represents a modest contribution to the field of viral research from a physical
point of view. It is concerned mostly with the validity of applications of atomic force
microscope in the study of viral (sub) systems. For this purpose, two viral systems
of interest were considered. The first system of interest is RRE-Rev, an RNA-protein
complex from HIV-1 virus which is crucial for its replication. Being able to control
the formation of this complex is a promising strategy for development of medications
against AIDS. The second model system is a CCMV (Chlorotic Mottle Virus), a plant
virus that infects the leaves of the cowpea plant (Vigna unguiculata) also known as
’black eyed’ pea. This virus is harmless for humans and easy to manipulate in laboratory conditions and therefore represents a favorite model system for development
of new materials and chemical nanoreactors.
Chapter 1 is a general introduction chapter, intended to explain basic design principles of the Atomic Force Microscope and its main operating modes: contact and
tapping mode imaging, force spectroscopy and force volume imaging.
Chapter 2 is focused on current theoretical models used in statistica! analysis and interpretation of single-molecule force spectroscopy data. Theory of bond dissociation
started long before one could even imagine that pulling on single molecules would be
possible. Old theories of Kramers and Bell, initially concerned in seemingly different
problems (thermally driven escape of a partiele over a potential barrier and cell- adhesion), nowadays are resurrected and improved to enable relating data obtained in
single-molecule force spectroscopy measurements to relevant physical parameters of
molecular bonds.
Chapter 3 investigates the potential of AFM single-molecule force spectroscopy (SMFS)
in development of single-molecule binding assays for drug screening. Force measure
ments on RRE-Rev were used to demonstrate the blocking efficiency of an antibiotic
neomycin B in different experimental setups. The results underline the importance
of surface immobilization techniques for single-molecule binding assays. Additionally,
two theoretical models for SMFS data evaluation were compared. Both models equally
well describe the selected data set, showing that for future rapid analysis of singlemolecule binding assays, one does not need an elaborate theoretical framework.
Chapter 4 represents a study of the advantages and disadvantages of force volume
imaging in determining the elastic properties of four viral capsids derived from CCMV;
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two benchmark systems: CCMV wild type virus and empty CCMV capsids, and two
engineered capsids: CCMV capsid filled with polystyrene sulfonate (PSS-filled) and
CCMV capsid chemieally modified to be stable at elevated pH conditions (Ni- stabilized) in not swollen form. The mechanical properties of CCMV wild type virus
and empty CCMV capsids are well known from nanoindentation studies and theoretical modeling. The experiments showed that the estimated spring constants of the
CCMV wild type virus and empty CCMV capsid extracted from force volume images
are somewhat lower then previously reported. PSS-filed capsid showed remarkable
stability at very high loads, which would destroy the other samples. In contrast to
PSS-filled, Ni-stabilized capsids were easily destroyed with very low forces, indicating
that swelüng of native empty capsid at higher pH is crucial for their remarkable flexibility.
Chapter 5, the final chapter of this thesis, seems like an excursion into a completely
different and seemingly unrelated field, complex networks. Complex networks are
widely used to analyze and predict the behavior of many complex systems with a
large number of interacting units for example: traffic jams, power failures, spreading
of infectious diseases, protein interaction, gene interactions, social behavior of people
or animals, etc. Even though the concept of force curves appears to be unrelated to
any of complex systems mentioned above, one can still use the mathematical framework of network theory to find clusters of similar force curves. This chapter represents
a first attempt to differentiate profiles of force curves obtained in different SMFS ex
periments by studying the topology of the network based on the correlation between
them.
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Samenvatting

Virussen zijn fascinerende deeltjes: ze zijn slechts enkele nanometers groot, noch
dood, noch levend en veroorzaken al eeuwen rampspoed en paniek voor de mensheid.
Alle klassen van organismen, van bacterien tot schimmels en van planten tot dieren
waaronder de mens, kunnen door virussen geïnfecteerd worden. Hierbij kunnen ze
een breed scala aan ziekten veroorzaken, soms met dodelijke afloop zoals in het geval
van HTV, hondsdolheid of Ebola virus. Virussen, zelfs degene die dit soort grote
schade kunnen aanrichten, hebben een verrassend eenvoudige structuur. Ze bestaan
uit genetisch materiaal, DNA of RNA, met daaromheen een eiwitmantel die ook wel
capside genoemd wordt, een paar virale eiwitten die nodig zijn voor de replicatie
van het virus in de cellen van de gastheer, en in een aantal gevallen een membraan
van lipiden om de capside heen. Ondanks hun ogenschijnlijk simpele structuur zijn
virussen bijzonder efficient in het binnendringen van cellen van een gastheer om hen
vervolgens te transformeren tot virus-fabriekjes. Dit proces is cruciaal voor het voort
planten en voortbestaan van een virus. Genoom onderzoek heeft aangetoond dat
virussen een grote rol hebben gespeeld in de evolutie van het leven door kopieën van
zichzelf in te bouwen in het genetisch materiaal van verschillende gast organismen en
door genetisch materiaal uit te wisselen tussen verschillende biologische soorten. Zelfs
van het menselijk genoom wordt geschat dat ongeveer 8% afkomstig is van virussen.
Door hun vernuftige moleculair biologische processen, zijn virussen verder uitzonder
lijk goed in het overleven in extreem vijandige omgevingen. Door dit alles is er veel
interesse voor deze bijna onverwoestbare nanomaterialen in zowel biomedisch als ma
teriaalkundig onderzoek. Door de eiwitmantels van virussen als basis voor nieuwe
materialen te gaan gebruiken is een heel nieuw en interessant wetenschappelijk veld
ontstaan. Daarnaast heeft het feit dat virussen het immuun systeem kunnen gijzelen
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en zeer specifiek gastheercellen kunnen aanvallen hen heel aantrekkelijk gemaakt voor
gebruik bij biomedische beeldvormingstechnieken en voor de ontwikkeling van nieuwe
vaccins. Als we ons, aan de ene kant, effectief willen kunnen beschermen tegen deze
eenvoudige doch soms verwoestende nanodeeltjes, en hen aan de andere kant willen
gebruiken in de vorm van nieuwe materialen of gerichte medicijn-bezorgers, is het
noodzakelijk dat we fundamentele kennis vergaren over hun stabiliteit en voorplant
ing. Ons begrip van de fundamentele interacties die bijdragen aan het voortbestaan
en de stabiliteit van een virus kan behoorlijk vergroot worden door het mechanisch
aftasten van zijn verschillende onderdelen. In de afgelopen twee decennia is een breed
scala aan experimentele technieken ontwikkeld die inzicht kunnen geven in de interac
ties tussen enkele afzonderlijke moleculen en de mechanische stabiliteit van objecten
op de nanoschaal. Enkele van deze technieken zijn bijvoorbeeld, de detectie van de flu
orescentie van afzonderlijke moleculen, kracht-spectroscopie tussen enkele moleculen,
bijvoorbeeld met een optisch of magnetisch pincet of met atomaire krachtmicroscopie
(AFM) en nanoindentatie met een AFM-tip. Door de sterk toenemende hoeveelheid
experimentele gegevens die zijn voortgekomen uit deze studies, zijn veel theoretische
modellen ontwikkeld voor de dissociatie van moleculaire complexen, het uitrekken van
polymeren en het vervormen van virale capsiden onder externe belasting. Deze the
oretische modellen zijn noodzakelijk voor betrouwbare analyse van de experimentele
gegevens en het daaruit verkrijgen van de relevante natuurkundige grootheden. Dit
proefschrift beoogt vanuit natuurkundig perpspectief een bescheiden bijdrage te lev
eren aan het onderzoek naar virussen. Het belangrijkste onderwerp is de geldigheid
van de toepassing van atomaire krachtmicroscopie bij het bestuderen van virale sys
temen en onderdelen daarvan. Twee interessante virale systemen worden daarom in
dit proefschrift beschreven. Allereerst het RRE-Rev systeem, een RNA-eiwit com
plex van het HIV-1 virus dat van cruciaal belang is voor de voorplanting van dit
virus. Omdat zonder de vorming van dit complex het virus zich niet kan voortplanten,
is het opzettelijk verstoren hiervan een mogelijke strategie voor het ontwikkelen van
medicijnen tegen AIDS. Ten tweede wordt onderzoek beschreven aan de eiwitmantel
van het Cowpea Chlorotic Mottle Virus (CCMV), een plantvirus dat vaak gebruikt
wordt als modelsysteem voor het inkapselen van verschillende moleculen. CCMV
is een plantvirus dat de bladeren van de cowpea plant (Vigna Unguiculata), ook
wel bekend als de "black eyed"pea, kan infecteren. Omdat dit virus onschadelijk is
voor mensen en eenvoudig te manipuleren is onder laboratorium omstandigheden het
een geliefd modelsysteem voor de ontwikkeling van nieuwe materialen en chemische
nanoreactoren.
Hoofdstuk 1 is een algemene inleiding, bedoeld om de basis principes van atomaire
krachtmicroscopie (AFM) uit te leggen. Hier worden de meest gebruikte meettech
nieken van deze microscoop uitgelegd, waaronder het in beeld brengen van de virussen
met behulp van tapping en contact mode AFM, de krachtspectroscopie die gebruikt
wordt voor meten van krachten tussen afzonderlijke moleculen en het indeuken (in
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dentatie) van de virus capsiden. Ook wordt een combinatie van het in beeld brengen
en de krachtspectroscopie beschreven. Dit type meting wordt "force volume imaging"genoemd.
Hoofdstuk 2 is gericht op de huidige theoretische modellen die gebruikt worden voor de
statistische analyse en interpretatie van de meetgegevens die verkregen worden met de
krachtspectroscopie aan enkele moleculen. De theorie achter het verbreken van molec
ulaire bindingen heeft zijn oorsprong ver voordat wetenschappers konden vermoeden
dat het mogelijk zou zijn de bindingen tussen afzonderlijke moleculen te verbreken
door simpelweg aan een enkel molecuul te trekken. De oude theorieën van Kramers
en Bell, die oorspronkelijk ontwikkeld zijn voor het begrijpen van ogenschijn lijk heel
andere verschijnselen, te weten de thermisch gedreven ontsnapping van een deeltje
over een potentiaal barrière en celadhesie, worden in ere hersteld en verbeterd om
het mogelijk te maken de gegevens die verkregen worden met krachtspectroscopie aan
afzonderlijke moleculen te vertalen in de fysische grootheden van moleculaire bindin
gen.
In hoofdstuk 3 worden de mogelijkheden van krachtspectroscopie aan afzonderlijke
moleculen door middel van AFM onderzocht voor de ontwikkeling van toetsen voor het
screenen van potentiële medicijnen. Krachtmetingen aan het RRE-Rev complex van
het HIV-1 virus werden gebruikt om de effectiviteit van het antibioticum neomycine B
in het blokkeren van de vorming van dit complex te bepalen. De metingen, die verricht
zijn onder verschillende experimentele omstandigheden, geven het belang van immobilisatie technieken voor bindingsstudies aan enkele moleculen duidelijk weer. In dit
hoofdstuk worden verder twee theoretische modellen vergeleken, die vaak gebruikt
worden voor het evalueren van dit soort studies. Deze beide modellen beschrijven de
gekozen dataset even goed. Dit toont aan dat men voor de toekomstige analyse van
bindingstudies aan afzonderlijke moleculen, geen uitgebreid theoretisch kader hoeft te
gebruiken.
Hoofdstuk 4 is een studie over de voor- en nadelen van force-volume imaging voor
het bepalen van de elastische eigenschappen van vier varianten van de capsiden van
CCMV. Twee hiervan zijn referentie systemen, het CCMV wild-type virus, zoals dat
in planten voorkomt, en de bijbehorende kunstmatig leeggemaakte eiwitmantel. Van
deze twee systemen waren de mechanische eigenschappen al bekend vanuit eerdere
indentatie studies en theoretische modellen. Naast deze, reeds bekende, systemen
werden twee nieuwe kunstmatige varianten onderzocht: de CCMV eiwitmantel gevuld
met polystyrene sulfonaat (PSS) en een CCMV capside die chemisch zo aangepast is
dat hij stabiel is bij hogere pH waarden. Deze worden respectievelijk PSS-filled en
Ni-stabilized genoemd. De resultaten uit dit hoofdstuk geven aan dat de veerconstanten van het CCMV wild-type virus en de bijbehorende lege capside die middels
force-volume imaging verkregen zijn, lager zijn dan de waarden die in de literatuur
gerapporteerd. De met PSS gevulde capside laat een enorme toename in stabiliteit
zien. Deze capsiden kunnen mechanische belastingen aan die dermate hoog zijn dat
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ze de overige varianten volledig verwoesten. De Ni-gestabilizeerde variant wordt daar
entegen al beschadigd bij veel lagere krachten.
Het laatste hoofdstuk van dit proefschrift, hoofdstuk 5, beschrijft onderzoek in een
veld dat ogenschijnlijk weinig te maken heeft met de rest van dit proefschrift: com
plexe netwerken. Complexe netwerken worden veelvuldig gebruikt om het gedrag van
gecompliceerde systemen, met grote aantallen onderling inter-acterende eenheden te
analyseren en te voorspellen. Complexe netwerken worden onder andere gebruikt
voor het beschrijven van verkeersopstoppingen, uitval van hoogspanningsnetwerken,
het verspreiden van infectieziekten, de interactie tussen eiwitten, de interacties tussen
genen en sociaal gedrag van zowel mensen als dieren. Hoewel krachtspectroscopie
weinig tot niets te maken lijkt te hebben met deze netwerken, kunnen de wiskundige
modellen die gebruikt worden voor het beschrijven van deze netwerken ook gebruikt
worden voor het vinden van groepen van onderling overeenkomstige krachtcurven.
Dit hoofdstuk beschrijft een allereerste poging om de curven van krachtmetingen
verkregen met verschillende enkel-molecule AFM metingen te onderscheiden door het
bestuderen van de topologie van het netwerk dat de onderlinge verwantschap (corre
latie) tussen de curven beschrijft.
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