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Summary 
 

Atomic force microscopy (AFM) is a powerful technique that enables for 

observing and manipulating biological samples at different scales. While its 

resolution compares to other microscopy techniques, it has the additional 

advantage of observing specimens in an aqueous solution without fixation or 

staining. In the present work, AFM was used to characterize diverse 

biomolecular assemblies.  

Firstly, we use time-lapse AFM to visualize collagen fibrils self-assembly. 

A solution of acid-solubilized collagen was injected into the AFM fluid cell and 

fibril formation was observed in vitro. Single fibrils continuously grew and fused 

with each other until the supporting surface was completely covered by a 

nanoscopically well-defined collagen matrix. Laterally, the fibrils grew in steps of 

~4 nm suggesting a two-step mechanism. In a first step, collagen molecules 

associated together. In the second step, these molecules rearranged into a 

structure called a microfibril. High-resolution AFM topographs revealed 

substructural details of the D-band architecture. These substructures correlated 

well with those revealed from positively stained collagen fibers imaged by 

transmission electron microscopy. 

Secondly, a covalent assembly approach to prepare membrane protein 

for AFM imaging that avoids crystallization was proposed. High-resolution AFM 

topographs can reveal structural details of single membrane proteins but, as a 

prerequisite, the proteins must be adsorbed to atomically flat mica and densely 

packed in a membrane to restrict their lateral mobility. Atomically flat gold, 

engineered proteins, and chemically modified lipids were combined to rapidly 

assemble immobile and fully oriented samples. The resulting AFM topographs 

of single membrane proteins were used to create averaged structures with a 

resolution approaching that of 2D crystals. 

Finally, the contribution of specific amino acid residues to the stability of 

membrane proteins was studied. Two structurally similar proteins sharing only 

30% sequence identity were compared. Single-molecule atomic force 

microscopy and spectroscopy was used to detect molecular interactions 

stabilizing halorhodopsin (HR) and bacteriorhodopsin (BR). Their unfolding 

pathways and polypeptide regions that established stable segments were 

compared. Both proteins unfolded exactly via the same intermediates. This 
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observation implies that these stabilizing regions result from comprehensive 

contacts of all amino acids within them and that different amino acid 

compositions can establish structurally indistinguishable energetic barriers. 

However, one additional unfolding barrier located in a short segment of helix E 

was detected for HR. This barrier correlated with a Pi-bulk interaction, which 

locally disrupts helix E and divides into two stable segments. 
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1.0. Introduction 
 

1.1. Introduction to atomic force microscopy 
 

AFM was invented twenty years ago (Binnig et al., 1986). The name 

derives from its ability to resolve single atoms and the use of a force sensor to 

create images. AFM is a surface technique and is broadly used in material 

sciences. True atomic resolution was achieved for the first time for calcite 

(Ohnesorge and Binnig, 1993). This was possible due to the flatness and 

rigidity of this sample. On the contrary, biological samples are structurally 

complex and labile. Still, AFM has remarkably developed into a tool with a 

broad range of biological applications. The major advantage of AFM is the 

ability to observe samples at high resolution in liquid without fixation or staining. 

Therefore, biological samples can be observed in their native environments. 

1.1.1. Scanning probe microscopy 
 

AFM belongs to a class of techniques referred to as scanning probe 

microcopies (SPMs), where a probe is raster-scanned over a surface and the 

interactions between the probe and the sample are measured at every point 

(Binnig and Rohrer, 1999). These techniques evolved from scanning tunneling 

microscopy (STM) (Binnig and Rohrer, 1983), which makes use of a tunneling 

current from the foremost atom of a mechanically positioned tip (probe) to 

image conductive surfaces. The invention of AFM arose from the idea of 

substituting the conducting probe with a sharp tip mounted on a spring (Binnig 

et al., 1986). The probe is just like the finger of a person reading a document in 

Braille.  

1.1.2. AFM: Basic Concept 
 

AFM is an electro-mechanical device: The spring (denominated 

cantilever) deflects while a tip mounted on it touches the sample’s surface. The 

deflection of the cantilever is monitored by the deflection of a laser focused on 

it, which is reflected to a photodiode. The photodiode is at the same time 

divided mainly in two areas. When any topographical feature on the surface 
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deflects the cantilever beyond or below the setpoint, the laser beam on the 

photodiode is deflected toward one of the two areas (Fig. 1.1). During the scan, 

the interaction force between the sample and the tip is kept constant, which 

results in a topographic map created by an electronic feedback mechanism. 

This is called the imaging mode of AFM. In another application, which is called 

force mode, the spring can be used to measure the interaction force with the 

sample. 

 
Figure 1.1. AFM setup. A sharp tip mounted on a flexible cantilever interacts 
with the surface. The cantilever deflects upon topographical features deviating a 
laser beam. The laser’s deflection is detected by a photodiode. The signal is 
then transmitted to a feedback mechanism that maintains the interaction force 
between the tip and the sample constant. 

 

1.2. Imaging mode of AFM 
 

The forces involved in imaging can be steric, electrostatic, magnetic, van 

der Waals (all of electrostatic origin), or lateral (friction) forces (Binnig and 

Rohrer, 1999). These forces depend on the nature of the sample and the tip. 

The sample is mounted on a piezo-electrical element able to move in three 

coordinates (x, y, z). While the scan is made by the piezo (x-y movement), it 

extends or retracts vertically (z movement) in order to keep the interaction 

between the tip and the sample constant. In the original design of AFM the 

probe is in contact with the surface during the scan (contact mode AFM). This 

leads of course to lateral interaction between the sample and the tip. To 

minimize them, another type of AFM operation, called tapping mode (TM-AFM), 

was invented. TM-AFM makes use of an oscillating cantilever to probe the 

surface (Zhong et al., 1993).  
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1.2.1. Contact mode AFM 

 
To visualize the topography of a sample with AFM in contact mode (CM-

AFM) the interaction forces between the sample and the probe have to be kept 

constant at a user-defined deflection setpoint. When the tip encounters a 

topographical feature, the cantilever deflects beyond the setpoint. The feedback 

mechanism takes the deviation of the deflection of the cantilever from the 

setpoint and moves the piezo vertically to bring back the cantilever to the 

setpoint. The distance it moves is the height of the sample at that point.  
1.2.2. Tapping mode AFM 

 
In the tapping mode, the cantilever oscillates driven by an acoustic wave. 

That generates intermittent contact between the tip and the sample. Several 

parameters are sensitive to interaction between the tip and the sample. These 

are: amplitude, frequency, phase shift, and cantilever deflection. The amplitude, 

the resonance frequency and the phase shift of the oscillation link the dynamics 

of the vibrating tip to the tip-surface interactions. Any of them could be used as 

a feedback parameter to track the topography of the surface (Garcia and Perez, 

2002). Amplitude-modulated TM-AFM is the technique that is most frequently 

used in biology. In this mode, the tip is excited at or near its resonance 

frequency and the root mean square (RMS) amplitude of the oscillation is 

detected by the photodiode. When the tip is in contact with the surface, the 

amplitude is reduced due to damping of the oscillation. The feedback loop 

maintains the amplitude of the oscillation constant at a user-defined setpoint by 

displacing the piezo vertically (Meyer et al., 2004). The topographic image is 

then generated, as in CM-AFM, by the movements of the piezo that keep the 

amplitude constant. Since the tip touches the surface only intermittently, the 

lateral forces are reduced (Fig. 1.2). 
1.2.3. Imaging mode in biology  

 
AFM is currently used to visualize samples at many different scales. For 

example, structures on the surface of cells are readily visualized with this 

technique. In one application, Poole et al. were able to observe structures on 

the surface of epithelial cells in different functional states depending on 

cholesterol depletion (Poole et al., 2004). In the case of melanoma cells, 
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surface structures were found, which correlated with surface receptors involved 

in migration, invasion and metastasis (Poole and Muller, 2005). At the 

intracellular level, molecular details are similarly examined. For example, Franz 

et al. dissected cells and analyzed the structure of actin bundles originated in 

cellular focal adhesions (Franz and Muller, 2005). Extracellular assemblies of 

proteins, like the one of collagen, were also examined by AFM, as it will be 

described in section 2.0. Observing single proteins at subnanometer resolution 

is also possible with AFM as discussed in the next section.  

 

 
 

Figure 1.2 Contact mode vs. tapping mode. A) In CM-AFM the probe is kept 
in contact with the sample during the scan. Lateral forces between the tip and 
the sample cannot be avoided. B) In TM-AFM, a cantilever oscillating with 
certain amplitude is raster scanned, contacting the surface intermittently.  
Hence, lateral interactions are minimized. 

1.2.4. Observing single proteins 
 

Hoh et al. (Hoh et al., 1993) performed the first observation of native 

single proteins with AFM. In their work, the extracellular surface of connexins 

was observed by dissecting with the AFM tip the upper hemi-channel layer of 

gap junctions. Hansma et al., introduced the use of TM-AFM to study biological 

samples by imaging DNA in liquid (Hansma et al., 1992). Since then, the list of 

proteins imaged with AFM has increased enormously (for a review see Muller et 

al., 2002b). Furthermore, the capability of AFM to detect conformational 

changes at the single molecule level can be illustrated by the following 

examples. Firstly, Müller et al. (Muller et al., 2002a) used the AFM tip to induce 

a conformational change in bacteriorhodopsin by scanning at higher forces 

(~300pN). By doing this, flexible loops are pushed away by the tip, resolving 

then the underlying helical structures. In the second example, the single 

molecule Ca2+- and pH- induced gating of connexin channels from gap junctions 

was observed by CM-AFM (Muller et al., 2002a; Yu et al., 2007). The use of 

chemically modified tips has led also to the development of recognition-AFM 
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(Stroh et al., 2004). In this technique, proteins are covalently attached to an 

AFM tip. This results in recognition of their ligands or receptors while performing 

TM-AFM imaging. The development of high speed AFMs (Ando et al., 2001) 

has lead to observe the power stroke of single myosin molecules (Ando et al., 

2003). In summary, the field has achieved the possibility of observing many 

aspects of biological phenomena. With commercial equipments the resolution 

has been pushed to sub-nanometer resolution in contact (Muller et al., 1999b) 

or in tapping mode (Moller et al., 1999). To date most of the results are 

produced in a few specialized labs in the world, mainly because the technique 

requires expertise to avoid deceiving artifacts. 
1.2.5. Resolution constraints in AFM imaging 

 
In AFM, many factors affect resolution like the geometry and sharpness 

of the tip. The radius of curvature of the tip is an important parameter, 

especially because the acquired image is a convolution between the probing tip 

shape and the sample features. Topographic features which have a larger 

aspect ratio compared to the tip are not resolved (Fig 1.3). Therefore, a blunt tip 

will broaden topographic features and reduce the apparent corrugation (Meyer 

et al., 2004). Commercially available tips have a radius of ~ 15-20 nm. Other 

factors affecting resolution have to do with sampling effects and interactions 

between the tip and the sample. As the height of the topograph is recorded as 

an image, its measurement is constrained to the pixel size and bit size of the 

image (Heymann et al., 2002). Sample preparation represents another obstacle 

in resolving accurately biological samples. The highest resolution has been 

achieved with densely packed samples like membrane protein 2D crystals 

(Muller et al., 2002b). The advantage of these samples is that the packing 

reduces lateral displacements of the proteins by the AFM stylus. 
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Figure 1.3. Tip convolution. The radius of the tip, which convolutes with the 
sample, reduces the observed corrugation on the topography. So basically, the 
features on the sample image the tip. 

1.2.6. Tip-sample interactions affect resolution in AFM 
 

Biological molecules exhibit a net surface charge. The magnitude of the 

charge depends on the pH of the buffer solution. The net charge is 

compensated by counterions from the bulk solution. The Debye length λD 

characterizes the exponential decrease of the potential resulting from screening 

the surface charges. It depends only on a constant that it’s determined by the 

valency (c) and concentration of the electrolyte (ec); these parameters are 

related as follows: λD = c / ec . The interaction (described as force) between 

surfaces can be modeled with the DLVO theory (Derjaguin, Landau, Verwey, 

Overbeeck), in this case being the surface of the tip and the sample (Muller and 

Engel, 1997). In these models, the interplay of electrostatic forces (Fel) and van 

der Waals (FvdW) are taken into account as follows: 

 

FDLVO = Fel (z )+ FvdW (z ) =
4πσsσ tRλD

εeε0

exp(− z
λD

)−
HaR
6z 2

  Eq. 1.1, 

 

where σs and σt are the surface charge densities of the sample and the tip 

respectively, ε0 is the permittivity of the free space, εe is the dielectric constant, 

Ha is the Hamaker constant, R is the tip radius and z is the distance between 

them. It was noted first, that the height of molecules depended on the 

electrolyte concentration in the buffer solution in which they were imaged 

(Muller and Engel, 1997). In particular the height of purple membrane patches 

was overestimated at low electrolyte concentration. As calculated with eq. 1.1 
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by Müller et al., (Muller and Engel, 1997) at sufficiently high electrolyte 

concentrations and a separation smaller than ~2 nm the van der Waals 

attraction becomes predominant. When the height of purple membranes was 

measured at different applied forces, it was shown that there was only 

dependence at low salt concentrations, when there is electrostatic repulsion 

between surfaces. All this effects come from the different dependence on the 

distance of the two contributing forces (exponential vs. quadratic, Eq 1.1). In 

summary, height-measuring artifacts can appear when the sample imaged in 

liquid presents a repulsive interaction with the tip (Muller and Engel, 1997). 

Topographical features on the surface of membrane proteins have been 

imaged at sub-nanometer resolution (Muller et al., 2002b). Because of tip 

convolution, it would be impossible to obtain high-resolution topographs with 

commercial tips that have a radius ranging from 10-20 nm. Therefore, it has 

been hypothesized that a local smaller tip actually contours the protein surface. 

This small tip is called the “local” tip mounted on the larger “global” tip. In this 

case a sample interacts in a similar way as described in eq 1.1  (Muller et al., 

1999a) with both the global and the local tip. Calculations made for a local tip 

with a radius of ~2 nm show that at low electrolyte concentrations, the 

electrostatic repulsion, Fel (z), of the global tip would not let the local tip to enter 

into contact with the sample. Forces larger than 2 nN would be necessary, 

which could disrupt the sample. Conversely, at very high salt concentrations, 

when the electrostatic repulsion is overcome by screening ions, the global tip 

would be pulled onto the sample deforming the sample. In conclusion, stable 

imaging on biomolecules requires the global tip to be supported by electrostatic 

repulsion but in such a way that permits the local tip to interact with the sample 

through van der Waals (FvdW) interactions. This has been called electrostatically 

balanced AFM imaging (Muller et al., 1999a). 
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1.3. Force mode of AFM 

 
The cantilever described in the previous sections can be used to 

measure forces at the pN scale. In this case the cantilever is treated as a spring 

following Hooke’s law: F=-k∆zcant, where F is the force, k is the spring constant 

of the cantilever and ∆zcant is the deflection of the cantilever. The setup is shown 

in figure 1.4 with an example of a force vs. distance trace. In extension-

retraction cycles of the piezo, the tip is brought into contact to the sample. At 

the beginning of the cycle, the tip is far from the piezo (Fig 1.4A). As the tip 

reaches the sample it jumps into contact, showing a positive force called “snap-

in” (blue peak Fig 1.4B). As the piezo keeps extending the cantilever bends in 

the other direction and now there is a force exerted by the cantilever (Fig 1.4C). 

At that point the retraction cycle begins. If there is an interaction force between 

the cantilever and the sample, then the cantilever will resist detachment from 

the surface, showing a positive force called adhesion force (Fig 1.4D). At the 

end of the cycle the tip finally detaches from the surface and the force equals 

zero again (fig 1.4E). 

 

 
Figure 1.4. Force mode of AFM. In extension cycles (A to D), the piezo brings 
the sample in contact with the tip. Interaction forces are measured as peaks 
detected in the force versus distance trace (See text for details). 
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1.3.1. Force mode in biology 
 

Force is a parameter controlling many biological processes, from 

covalent bonds (Grandbois et al., 1999) to receptor-ligand interactions 

(Hinterdorfer and Dufrene, 2006). In the case of single proteins in solution the 

relevant scale is the pN (Evans, 2001). Molecules immersed in liquid are 

subjected to thermal collisions equal to ~1 kbT, where kb is the Boltzmann 

constant. This correspond in force to ~4 pN  (Evans, 2001), which is the just the 

range that is appreciable by AFM.  
1.3.2. Single molecule force spectroscopy 

 
In single molecule force spectroscopy (SMFS) a single molecule is 

clamped to the cantilever’s tip and pulled from the surface. For example, it can 

be used to measure the force needed to rupture a ligand-receptor bond 

(Hinterdorfer and Dufrene, 2006). The rupturing of a bond formed between the 

molecule clamped on the cantilever and another molecule on the surface will be 

observed as a positive peak in the force vs. distance trace (Fig. 1.4). SMFS can 

also be used to study the folding and unfolding of proteins (Carrion-Vazquez et 

al., 2000). The first experiments done by Rief et al., were performed with the 

giant muscle protein titin (Rief et al., 1997). Titin is a protein that consists of 

immunoglobulin (Ig) repeats and type III fibronectin repeats. When the 

cantilever was brought to the surface in an extension-retraction cycle of the 

piezo, it bound to a single molecule and pulled it away from the surface. When 

each one of these domains unfolded, a peak appeared in the force trace. The 

overall appearance of the force trace has a saw-tooth pattern (Fig 1.5). The 

force is transmitted from the cantilever to each domain through the rest of the 

protein, or through previously unfolded domains. The increase in force of each 

of these peaks represents only the stretching of the unfolded polypeptide. 

Domains finally unfold at the end of the peak, represented by the sudden drop 

in force. The difference between the maximum of the peak and the baseline 

represent the unfolding force, which is the force at which a single domain 

unfolds. In this sense, the extension of a previously unfolded domains serves as 

the linker that exerts a non-linear force ramp over each of the folded domains.  
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Figure 1.5. Unfolding of titin. A) Scheme of unfolding experiment in titin Ig275 
recombinant polyprotein. A molecule consisting of  five Ig27 molecules is 
clamped to the tip and the surface (a), as the piezo moves downward, a force is 
exerted on the protein. At the end of the retraction cycle, all the domains were 
unfolded (c). B) Force versus distance trace of single molecule titin unfolding 
showing a saw-toothed pattern. Unfolded domains stretch (e.g. in the gray part 
of curve), and the cantilever is bent. When the force exceeds the stability of one 
domain, it unfolds relaxing the cantilever and bringing the force back to zero 
(yellow part of the curve). Force peaks are fitted to the worm like chain (WLC) 
model (red curves), from which the length of the stretched polymer can be 
obtained. The difference in contour length between two segments defines ∆z. 
The length (∆z) equals the length of the unfolded polymer. Six peaks are 
observed, the first five are the unfolding of the Ig27 repeats, and the last one is 
just the stretching of all 5 unfolded domains where the force represents 
detachment from the surface.  

1.3.3. Proteins as polymers 
 

Polymers in solution are subjected to thermal forces. These forces 

induce fluctuations in length and in shape. Shape fluctuations are important 

because they determine how these polymers maintain a certain structure over 

time. If a polymer is very flexible, thermal forces lead to such large shape 

fluctuations that it is said that the polymer is unstructured (Howard, 2001). 

Under the influence of force, unfolded proteins can be treated as entropic 

springs. Entropic springs resist acquiring a straight conformation due to its 

tendency to return to its more disordered configuration. The force they exert to 

keep themselves as a random coil is called the restoring force. Very large 

displacements of the polymer would deform bonds due to their stretching in the 

direction of the applied force. At that point the polymer exerts an enthalpic 

restoring force. We consider here only the entropic contribution.  

During a SMFS experiment a protein remains tethered to the surface and 

to the cantilever. During this time force is applied and unfolded domains stretch 
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along one direction. The restoring force of the entropic spring is then 

transmitted to the folded domains as explained above.  
1.3.4. The freely jointed chain 

 
The freely jointed chain (FJC) models the stretching of a polymer with a 

contour length L, formed by n subunits of length b (Fig 1.6A). The extension z of 

the polymer held by the two ends can be expressed as a function of the pulling 

force (Eq. 1.2). 

 

z(F ) = nb[coth Fb
kbT

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ −

kbT
Fb

] = nb L Fb
kbT

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,   Eq. 1.2, 

 

where L is the langevin function L(u ) = coth(u )−1 /u  and the product nb defines 

the contour length (L, not to be confused with L). The langevin function 

increases from zero to one as u increases. Consequently, if u=Fb/kbT, the FJC 

average extension increases from zero to nb, the length of the fully extended 

polymer. The freely joint chain describes well the stretching behavior of 

polysaccharides (Janshoff et al., 2000). 
1.3.5. Persistence length and the wormlike chain model 

 
Freely jointed chains with many segments behave qualitatively as 

slender rods. That is, rods whose lengths are greater than their diameters 

(Howard, 2001). The most important parameter, describing slender rods 

resistance to thermal forces is the persistence length (lp). The intuitive meaning 

of lp is the length of the rod over which bending produced by thermal forces 

becomes appreciable. Very rigid rods, like microtubules, have persistence 

lengths considerably larger than their lengths (Howard, 2001). Flexible 

polymers, like unfolded proteins, have persistence lengths many times smaller 

than their contour lengths. Such a rod is called a wormlike chain (Fig 1.6B). The 

relationship of the entropic restoring force to the extension is as follows: 
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The chain direction is preserved on the length scale of the persistence 

length, and below the persistence length the polymer can be considered to be 

linear (Janshoff et al., 2000). The WLC is suitable to model the stretching of 

DNA (Bustamante et al., 1994) and of unfolded polypeptides (Rief et al., 1997). 

In a SMFS as the one shown in figure 1.5, the increase in distance of ∆z is 

related to the length L of the unfolded polypeptide. Treated as a wormlike chain, 

a persistence length of 0.4 nm describes well the behavior of the force distance 

curve. The same value of persistence length was used to fit the stretching of 

unfolded membrane proteins (Oesterhelt et al., 2000). Under this assumption 

the length of the unfolded polypeptide L can be calculated (Figure 1.5, red 

curves). One of the main advantages of the FJC and WLC models is that in 

spite that fluctuations in the polymer occur in three dimensions, its extension 

behavior is described in a single distance coordinate (z) (Fig. 1.6). 

 

 
Figure 1.6. Comparison of FJC and WLC models. Two polymers with similar 
overall shape as modeled by the FJC and WLC. When extended, a restoring 
force F is measured along the pulling direction z. A) The length of the subunit b 
characterizes a FJC; its behavior is defined by the langevin function (Eq 1.2). B) 
The persistence length defines the behavior of a WLC as describe by equation 
1.3. 

1.3.6. Physical interpretation of SMFS unfolding experiments 
 

As we saw in the previous section, each peak in the force vs. distance 

trace represents the cooperative unfolding of a protein domain. The unfolding 

process can be viewed as a two-state transition of a molecule going from the 

native (N) to the unfolded state (U) crossing a single energetic barrier (Fig. 1.7). 

In this 1-D abstraction, the coordinate z is assumed to map the transition 

pathway over a barrier defined by the activation energy (Ets) relative to the 
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deepest minimum. Applying a persistent-external force contributes a 

mechanical unfolding potential that deforms the chemical energy landscape 

(Evans and Williams, 2002; Rief et al., 1998). The reaction coordinate under the 

experimental conditions is projected to the pulling direction z. Unfolding occurs 

when there is a switch in the location of one of the energy minima (compare 

dashed vs. pointed energy landscape in Fig. 1.7).  

Force reduces a barrier along the reaction coordinate in proportion to a 

thermally-averaged projection (zb) related to the position of the transition state 

as follows: zb=<zts cos θb>. Here, zts represents the distance between the native 

state and the transition state and θ is an angle that compensates for 

instantaneous deviations from the pulling direction (Evans and Williams, 2002). 

Then the activation energy (Ets) is influenced (lowered) linearly by the applied 

force as (Evans and Williams, 2002; Rief et al., 1998):  Ets (f) =Ets -f·zb. Further, 

in such a two state transition the off rate (kO) of the reaction is determined by 

kO=α·exp (-Ets/kbT) (Rief et al., 1998), where α is the pre-exponential factor 

related by Kramer’s theory to the reciprocal of the diffusion time (see Evans and 

Williams, 2002). Therefore, the off rate of the unfolding reaction, is affected by 

an external force as follows (Rief et al., 1998): 

 

kU = kO exp[−(Ets − fzb ) /kbT ]      Eq. 1.4 

 

The calculations above determine the characteristic force scale (f*) for 

the reaction, which is determined by thermal collisions: f*=kbT/zb. We said kbT is 

in the order of ~4 pN, and zb has been found to be in the order of 0.1-1 nm 

(Evans and Williams, 2002; Janovjak et al., 2004; Rief et al., 1998). Therefore, 

exerting an external force a few times over f* on a protein will cause it to unfold 

a hundred or thousands times faster than it spontaneously would (Evans and 

Williams, 2002). In an SMFS experiment, as the one presented in figure 1.5, a 

force gradient is exerted on the protein until it reaches the necessary force to 

overcome the energy barrier.  
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Figure 1.7. Conceptual energy landscape for a two-state transition. 
Coupled to the projected reaction coordinate z, a persistent-external force f 
adds a mechanical potential –fz that tilts the energy landscape (continuous line) 
and lowers the energy barrier towards unfolding. Two different forces are shown 
to exemplify, f1 (dashed line) and f2 (pointed line) where f2 is larger and switches 
the energy landscape to unfolding. zb represents the distance from the folded 
state to the transition state along the projected reaction coordinate. 

 

In summary force modifies an energy landscape in a way similar as other 

denaturants like urea, guanidinium hydrochloride and temperature induce 

unfolding of proteins. The equivalent action of force and denaturants was 

experimentally proved at least for titin (Carrion-Vazquez et al., 1999). It was 

shown that the unfolding rates and position of the transition state are similar 

when obtained from force or denaturant unfolding experiments (Carrion-

Vazquez et al., 1999). The advantages of single molecule experiments are that 

no secondary reactions are coupled and that single molecules can be observed 

instead of ensembles of molecules. Also, one can observe low frequency 

reaction intermediates that otherwise would be lost in the bulk. Single 

molecules often behave differently among each other and that is the beauty of 

SMFS.  
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2. Collagen self-assembly observed by time-lapse AFM 
 

2.1. Introduction 
 

Cells in multicellular organisms interact with an extracellular matrix 

composed of fibrous proteins, linker proteins, and complex polysaccharides. In 

human connective tissues, collagen fibers comprise the major component.  

Besides shaping and organizing the extracellular matrix (ECM), collagen 

provides a scaffold, which is then functionalized by other proteins (Hohenester 

and Engel, 2002). Connective tissue morphogenesis and  homeostasis, as well 

as its rearrangement during wound repair depend on interactions between cells 

and the ECM (Grinnell, 2003). Collagens receive considerable interest because 

of their involvement in various human diseases (Kadler, 1993; Kunicki, 2002; 

Myllyharju and Kivirikko, 2001; Myllyharju and Kivirikko, 2004; Ortiz-Urda et al., 

2005; Prockop, 1998; Prockop, 1999; Yuspa and Epstein, 2005).  

2.1.1. Fibrillar collagens and their assembly 
 

Collagen fibrils are rod-shaped molecules of ~ 300 nm in length. From 

these, collagen type I is the most studied. Structurally, collagen type I consists 

of three polypeptides that wind around one another into a triple helix (Fig. 1, 

top). Each of these polypeptides comprises a repeating Gly-X-Y triplet, in which 

X and Y are usually represented by proline and hydroxyproline. The dimensions 

of the rod are ~ 1.5 x 300 nm2 (Orgel et al., 2001) and follow a hierarchical 

assembly into a fibrillar form. Collagen fibrils assemble in many tissues in a 

quasi-crystalline structure, which was recently determined by X-ray diffraction 

(Orgel et al., 2006). In this structure five collagen molecules form the unit cell, 

called  a microfibril. The dimensions of the unit cell are ~3.9 x ~2.7 x ~67 nm3. 

Contrary to the early vision of collagen assembly (Petruska and Hodge, 1964), 

these microfibrils assemble non-linearly by interdigitation (Fig. 2.1). When 

inspected by electron microscopy (Chapman et al., 1990) or AFM (Cisneros et 

al., 2006; Raspanti et al., 1997), the quasi-crystalline structure of collagen fibrils 

present a repeating pattern of ~67 nm (D-band periodicity) perpendicular to 

their axis (Fig. 2.1).  
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Figure 2.1. Model of the hierarchical assembly of collagen type I 
molecules into fibrils. Top, in the axial direction, collagen molecule assembles 
from three collagen monomers forming a 299.8 nm long triple helix. Middle, five 
collagen molecules (each one shown in different color) stagger and interdigitate 
laterally shaping one microfibril, which has a cross section of 3.9 x 2.7 nm2. 
Oriented microfibrils assemble into collagen fibrils producing the D-band 
periodicity of ≈ 65-67 nm such as observed by transmission electron 
microscopy and AFM. The bottom panel represents a high-resolution AFM 
topograph of a self-assembled collagen fibril.  

  

Collagen is synthesized in the ER and secreted to the extracellular space 

as an immature form. Outside the cell, proteolytic enzymes cleave both N- and 

C- terminus, which initiates fibrillogenesis. Afterwards covalent crosslinking 

occurs trough the action of the enzyme lysyl oxidase. Covalent bonds between 

the triple helices give mature collagen great tensile strength.  Current models 

describe the formation of collagen fibrils as a self-assembly process, which 

results in the formation of corrugated sheets that stabilize native fibrils in tissues 

(Hulmes, 2002, Orgel, 2001 #8; Kadler et al., 1996).  

2.1.2. Collagen structure observed by AFM 
 

AFM has been used to study collagen assembly and network formation 

in different types of biological systems (Bigi et al., 1997; Gayatri et al., 2001; 

Jurvelin et al., 1996; Marshall et al., 2001; Meller et al., 1997; Raspanti et al., 

2001; Thalhammer et al., 2001), dynamic processes associated with enzymatic 

collagen degradation (Annunen et al., 1999; Fantner et al., 2004; Sun et al., 

2000), and the interaction of collagens with other molecules such as 

proteoglycans (Chen and Hansma, 2000; Fantner et al., 2004; Raspanti et al., 
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1997; Raspanti et al., 2005) or the discoidin receptor (Agarwal et al., 2002). 

Several works have used AFM to image the structure of collagen polymerized in 

vitro (Chernoff and Chernoff, 1992), in rat tendon fiber (Gutsmann et al., 2003; 

Raspanti et al., 2002; Revenko et al., 1994), in dentin collagen fibrils (Habelitz 

et al., 2002; Ho et al., 2005; Yang et al., 2005), in bone (Hassenkam et al., 

2004), and in bovine humeral particular cartilage (Jurvelin et al., 1996). 

Recently, a method to align collagen fibril on mica was developed (Jiang et al., 

2004a).  The effect of pH and electrolytes on the self-assembly of collagen and 

the exposure of the typical D-periodicity was then characterized (Jiang et al., 

2004a). The AFM stylus could also be applied as a nano tweezer to remodel 

the collagen matrix on the nanometer scale. Structural details ranging from few 

nm to a few hundred µm in size could be written into the collagen matrix (Jiang 

et al., 2004b). These collagen matrices could be used to direct attachment, 

orientation and motility of fibroblasts (Poole et al., 2005).  

2.1.3. Biofunctionalization of surfaces 
 

Surface functionalization and patterning represents a major concern in 

biotechnology. Patterned surfaces can be used to direct cellular attachment, 

orientation and migration (Cavalcanti-Adam et al., 2006; Gallant et al., 2005). 

Various techniques have been developed to create nanopatterned materials. 

Some of them, e.g. polymer demixing or self-assembling compounds, take 

advantage their intrinsic properties, like charge or solubility (Norman and Desai, 

2006). Other approaches induce topographical or chemical patterns by 

processes, like electron beam lithography or colloidal lithography (Norman and 

Desai, 2006). The size of the patterned features has been recently reduced to a 

few tens of nanometers by dip-pen nanolithography (Demers et al., 2002; Lee 

et al., 2002), which increases its applicability for even ambitious proteomic 

approaches. A fundamental part of biofunctionalization is the incorporation of a 

biocompatible entity. One approach comprises the introduction of small 

sequences into synthetic materials that mimic binding sites (Brandl et al., 2007). 

Another approach would be to use the self-assembly properties of biomolecules 

to create compatible matrices. 

In this chapter, we present the direct observation of the self-assembly of 

collagen type I molecules into anisotropic higher ordered structures by time-
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lapse AFM. Collagen molecules assembled laterally and fused into broad sheet-

like fibrillar structures. We propose a model of how collagen molecules 

incorporate into other fibers in a two-step process. High-resolution AFM 

topographs showed detailed substructures of the self-assembled matrix. When 

compared with transmission electron microscopy (TEM) data, the images 

suggested that the observed collagen fibrils exhibited the same structural 

features, which were described in assembled in vivo collagen fibers from 

tendon (Chapman et al., 1990). 

 

2.2. Materials and methods 

2.2.1. Sample preparation 
 

Part of this work was done in collaboration with Msc. Carlos Hung. 

Collagen type I was purchased from Invitrogen (Palo Alto, California, USA). A 

single batch of collagen molecules was used trough out the experiments. The 

final composition of the sample is 97% collagen type I, and 3% collagen type III 

according to the producer. As a supporting surface, a mica disc of 6.5 mm in 

diameter was used. After being freshly cleaved, a drop of buffer solution (≈ 30 

µl) was placed on to the mica surface, and 90 µl on the AFM fluid cell. The 

sample and buffer solution were placed into an AFM equipped with a fluid cell. 

After thermal relaxation, a small amount of buffer solution containing collagen at 

different concentrations was injected into the fluid cell while time-lapse AFM 

imaging was continuously performed. Collagen molecules aligned on the mica 

surface following most likely the crystalline mica lattice, as it has been proposed 

for α-synuclein fibrils (Heise et al., 2005). 

2.2.2. AFM 
 

The AFM (MultiMode, di-Veeco, CA) was operated in buffer solution 

using a fluid cell at 25 °C. The piezoelectric scanner had a scan range of ~ 100 

x 100 µm2. Oxide sharpened Si3N4 cantilevers with a nominal force constant of 

0.08 N/m (OMCL TR400PS) were used (Olympus Ltd, Tokyo). Imaging was 

performed in tapping mode (TM-AFM) with a drive frequency close to the 

resonance frequency of the cantilevers (8 – 9.5 kHz). The drive amplitude of the 

cantilever was set to a RMS value of 18 - 30 nm. 
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2.2.3. Image analysis 

 
Image analysis and processing was carried out using the software Image 

SXM (Barret, 2004) and ImageJ (Abramoff et al., 2004). A mask was created 

with the threshold option of Image J to measure the area ratio of collagen to 

mica in 1 µm2. Lateral and longitudinal growth was characterized by measuring 

the fibril width and length at different times on surface areas of 15 x 15 µm2, 

which were randomly selected on the supporting surface. In the case of the 

longitudinal growth measurement, the position of the fibril end was measured 

and the growth was derived from the distance to the fibril end at the following 

frame. The lateral fibril growth (measured in different areas) was derived from 

the increasing fibril width, which was determined using the “find edge” function 

of Image J from contour masks of the fibrils. Thermal drift of the topographs was 

compensated manually to allow determining fibril widths at the same reference 

points by measuring the movement of any imperfection on the mica.  

Growth steps of individual collagen fibrils could be observed after 

increasing the temporal resolution by scanning only a few lines over the fibril 

with 4096 pixels. The width increase was determined from the full-width at half-

maximun (FWHM) of the height profile along a cross section of 20 nm. Fibrils 

were considered exhibiting the same width between two different frames if their 

difference in width was less than 2 pixels.  

To enhance ultrastructural details of collagen, 13 D-periods of a selected 

topographical area were averaged line by line transversally to the D-band. The 

averaged height profile was cross-correlated with the EM density profile (Fig. 8) 

using the correlation function of Igor Pro (Wavemetrics, Inc.). 

 
2.3. Results 

2.3.1. Observing collagen self-assembly 
 

Jiang et al. (Jiang et al., 2004a) established conditions (pH and 

electrolyte) under which collagen molecules adsorb and align on a mica 

support. The collagen molecules assembled into fibrils that formed a 2D 

ultrathin (≈ 3 nm) matrix. Collagen fibrils in these matrices established their 

characteristic D-band periodicity (≈ 67 nm) exclusively in presence of K+ ions. At 

a pH close to the pI of collagen (9.3) (Hattori et al., 1999) individual fibrils could 
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be clearly resolved (Jiang et al., 2004a). To observe the self-assembly of 

individual molecules into a fibrillar network we performed our experiments in an 

aqueous solution buffered at pH 9.2 in the presence of K+ ions.  

 

 
Figure 2.2. Observing collagen self-assembly by time-lapse TM-AFM. A-G) 
Topographs of laterally and longitudinally growing collagen fibrils (arrows). The 
D-band periodicity of single fibrils can be clearly resolved independently from 
the fibrillar width. D-F) A fibril growing longitudinally into the center of the 
topograph while the upper fibril grows laterally. G-I) The growing collagen fibrils 
assemble into a matrix that almost covers the entire supporting surface. 
Defects, such as formed by colliding interphases between two formerly 
separated fibrils (circle, panel I) disappear after a certain time (J-L). Eventually, 
the supporting surface is almost completely covered and almost all defects are 
annealed or minimized. Topographs were recorded in buffer solution (pH 9.2, 
50 mM glycine, 200 mM KCl), at a collagen concentration of 12 µg/ml at 27˚C 
and exhibit a full gray level corresponding to a vertical scale of 5 nm. 

 

Injection of a concentrated collagen solution into the assembly buffer (pH 

9.2, 50 mM glycine, 200 mM KCl) initiated the growth of the fibrils on the mica 

surface as observed by time-lapse TM-AFM (Fig. 2.2). The first two topographs 
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revealed the adsorption of a single collagen fibril onto the mica surface (Fig. 

2.2A-B). The fibril continuously grew laterally and longitudinally (Figs. 2.2B-C; 

arrows) while another fibril grew into the scanning frame (Figs. 2.2C–L). The 

longitudinal axes of both fibrils seemed antiparallel to each other as well as its 

growth directions (Figs. 2.2E-F). From these observations it can be concluded 

that single collagen fibrils simultaneously grew on both ends and sides.  

After several minutes the width of both fibrils significantly increased until 

they came into contact (Figs. 2F-I). A third fibril was laterally approaching from 

the bottom of the topograph. Soon after, a third fibril joined the two previously 

fused fibrils. Apparently, the growing fibrils joined each other laterally (Figs. 2I-

L) thereby forming a part of the 2D matrix that later on covered the entire 

supporting surface. The D-band periodicity established showed the same 

orientation throughout the collagen matrix.  

The presence of the 67 nm periodicity (D-band) indicated that collagen 

molecules assembled into their native structure from the very first stage of their 

assembly. As directly revealed from the equally gray shaded structures of the 

topography, the collagen fibrils did not further increase their thickness after 

reaching their final height of 2.9 ± 0.3 nm (n=34 fibrils). Thus, we conclude that 

collagen microfibrils assembled into flat fibrils. These band-like structures, 

which finally established the ultraflat collagen matrix, were recently named 

microribbons (Jiang et al., 2004a). 

In the early stage of fibril fusion it appeared that occasionally defects 

occurred in the 2D collagen matrix (Fig 2.2I-J; circle). After a certain time period 

some of the defects disappeared, suggesting that collagen molecules from the 

solution have filled the gaps in. Another interesting feature was the observation, 

that the D-periodicity of neighboring fibrils was slightly shifted against each 

other before fibril fusion. However, as two fibrils approached each other, their 

D-bands sometimes registered apparently, preventing a mismatch.   

The smallest single fibrils observed (Fig 2.3A) exhibited a length of ~800 

nm and a width of 21.4 ± 3.7 nm (n=9) measured at full-width at half-maximum 

(FWHM). The time-lapse AFM followed the growth of early fibrilar structures into 

larger fibrils as well (Fig 2.3A-C). Initially, these early collagen fibrils had a 

height of 1.4 ± 0.4 nm, and in subsequent assembly steps they increased their 
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height to ~3 nm (see above). Subsequently, the growing fibril laterally joined the 

thicker collagen fibril at the bottom of the topograph (Fig 2.3C).  

 

 
Figure 2.3. Lateral and longitudinal growth of fibrillar collagen structures 
at an early stage. TM-AFM topographs (top panel) and phase images (bottom 
panel) show single fibrils at different growth stages, each one exposing the 
typical D-band periodicity (≈ 65 nm) of collagen. The initial fibril continuously 
grew over the time. Images were recorded in buffer solution (pH 9.2, 50 mM 
glycine, 200 mM KCl), at a collagen concentration of 6 µg/ml and exhibited a full 
gray level corresponding to vertical scale of 5 nm for height and 15º for phase. 

2.3.2. Observing tips of collagen fibrils fusing 
 

Figure 2.4 describes the fusion of the tip of an early fibrillar structure with 

that of a larger collagen fibril. Initially (Fig 2.4A), the longitudinal axes of both 

fibrils were shifted in relation to each other and spatially separated (circle). In 

the next frame (Fig 2.4B) the gap was covered by a bent structure. As revealed 

from the vertical scale of the topography, the broad fibrillar structures protruded 

higher (≈ 3 nm) compared to the tips of the growing collagen fibrils 1.4 ± 0.4 nm 

(n=16).  

2.3.3. Lateral vs. longitudinal growth kinetics 
 

To obtain insights of the kinetics of the process, the fibril self-assembly 

was measured in dependence of the collagen concentration. The growth rates 

of the collagen matrix were determined for protein concentrations from 6 to 24 

µg/ml (Fig 2.5). Recording one TM-AFM topograph required about 4 min. The 

growth of the matrix was determined as the surface coverage. As expected 
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(Kadler et al., 1996), growth curves vs. time showed a somehow sigmoid 

behavior and the process occurred faster at higher protein concentrations. 

 

 
Figure 2.4. Fusion of two fibril ends. A) Collagen fibril prior to the fusion 
event. Top, topographs recorded using TM-AFM. Bottom, TM-AFM phase shift 
images of the same area. B) A collagen early fibrillar structure fusing with the 
thicker collagen fibril. Topographs were recorded in buffer solution (pH 9.2, 50 
mM glycine, 200 mM KCl), a collagen concentration of 6 µg/ml at 27˚C and 
exhibit a full gray level corresponding to vertical scale of 5 nm for height and 15º 
for phase. 

  

 
Figure 2.5. Concentration dependent self-assembly of collagen matrices 
and fibrils. A) Growth rate of collagen matrices covering the supporting mica 
surface were measured at different collagen concentrations. Lateral (B) and 
longitudinal (C) growth rate of single collagen fibrils at 6 µg/ml. All experiments 
were done in the same buffer solution (pH 9.2, 50 mM glycine, 200 mM KCl). 

 

To measure kinetic properties of individual fibrils, we measured their 

relative longitudinal and lateral growth rates (Figs. 2.5B-C). The process was 
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slow enough only at 6 µg/ml, where we could track individual fibrils for a certain 

number of frames (Movie 1, supplementary material). The results are displayed 

as relative width or length vs. time plots. Linear fits allowed the estimation of the 

average lateral and longitudinal growth rates, which were 4.9 ± 0.005 nm/min 

and 60.6 ± 1.3 nm/min, respectively. Both grow rates were constant for a given 

collagen concentration until the supporting surface was fully covered. The 

lateral growth rates measured for early fibrillar structures (Fig 2.3) and for two 

fused fibrils (Fig 2.4) did not differ from the bulk (~4.8 ± 0.4 nm/min).  

2.3.4. Revealing growth steps of single collagen fibrils 
 

To enhance the temporal resolution of the TM-AFM, we scanned 

individual collagen fibrils by only a few height lines. The pixel size of the 

scanned profiles was smaller than 0.5 nm enabling a spatial resolution of 1 nm. 

To measure the relative width, a height profile of the fibril was made at every 

time point and its full width at half maximum was calculated (Fig. 2.6A). A width 

vs. time plot show that the width was kept constant for a few time points but it 

increased suddenly in discrete steps. The average growth step was 3.7 ± 1.3 

nm (n= 3 movies), as presented in the histogram (Fig. 2.6C).  

 

 
Figure 2.6. Observing growth steps of single collagen fibrils. A) Height 
profiles of a single collagen fibril (insets) recorded by TM-AFM. B) Width 
increment vs. time recorded for the fibril. C) Distribution of growth steps 
measured. The average step size of the fibrils was 3.7 ± 1.3 nm. 

2.3.5. Substructural details beyond the D-band periodicity 
 

To compare the structure of the matrix to previously describe ones we 

performed high-resolution imaging.The TM-AFM topographs revealed individual 

fibrils oriented at an angle of ~15º relative to the D-band axis (Fig. 2.7A). This 

observation was in excellent agreement with the 15º tilt observed for microfibrils 

forming corneal fibrils (Holmes et al., 2001), tendon fibers (Gutsmann et al., 
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2005; Raspanti et al., 1989; Wess et al., 1998), and with recently published 

models of the collagen microfibril assembly (Engel and Prockop, 1998; Hulmes, 

2002; Wess, 2005). AFM topographs recorded at higher resolution displayed 

distinct substructures within the D-periodicities (Fig. 2.7B). The corrugations 

resulted in banded patterns oriented in parallel to the D-bands. Averaging 

topographic segments (Fig. 2.7B; rectangle) enhanced the characteristic 

corrugations, which were repeated throughout the height profile of the D-bands. 

The averaged asymmetric height profile could be correlated the features of the 

unprocessed AFM topograph (Fig. 2.7B; lower panel). 

 

 
Figure 2.7. High-resolution TM-AFM topographs of self-assembled 
collagen matrices. A) Collagen fibrils are slightly tilted (~15˚) in respect to the 
normal axis of the D-band periodicity. The D-bands exhibited height 
modulations of ≈ 0.4 ± 0.1 nm (compare Table 1). The rectangle outlines an 
interface of two overlapping collagen fibrils. B) Substructural details and height 
profile beyond the D-band periodic structure. The height profile of a selected 
area of 980 nm x 70 nm (rectangle in B) was averaged line by line transversally 
to the D-band. C) Merge of the averaged height profile and the unprocessed 
topograph (rectangle in B). Correlation of the height profile with the TEM data 
(Fig. 8) allowed determining the microfibril polarity establishing the matrix. The 
arrow points from the C- to the N-terminal end of the unipolar microfibrils. 
Topographs were recorded in buffer solution (pH 9.2, 50 mM glycine, 200 mM 
KCl) at 27˚C and exhibit a full gray level corresponding to vertical scale of 5 nm 
(A) and 3 nm (B) in height. 

 
2.4. Discussion 

2.4.1. Collagen assembly observed by tapping-mode AFM 
 

Collagen fibril formation is mainly an entropy driven self-assembly 

process (Engel and Prockop, 1998; Kadler et al., 1987; Kadler et al., 1996; 

McBride et al., 1992), which is generated by the loss of solvent molecules from 

31



Molecular Assemblies observed by AFM                                                 
 

 
the protein surface. The formation of circular cross-sections between collagen 

molecules minimizes surface area and volume ratio of the final structure. 

Although many publications have contributed to the general understanding of 

the collagen fibril assembly (Christiansen et al., 2000; Holmes et al., 2001; 

Paige and Goh, 2001; Prockop and Fertala, 1998; Silver et al., 2003), the 

underlying self-assembly process was never been imaged directly.  

Here we have developed an assay to characterize the self-assembly 

process of collagen into fibrils and highly ordered networks. Single fibrils 

showed constant growth rates depending on the collagen concentration in the 

buffer solution (Fig 2.5). Collagen molecules aligned on the mica surface 

following most likely the crystalline mica lattice, as it has been observed for α-

synuclein fibrils (Heise et al., 2005). In all experiments performed in this work, 

the collagen fibrils did not grow in the direction vertical to the supporting 

surface. This suggests that the support formed an interface that guided the self-

assembly of collagen into two dimensions. Thus, the growth kinetics was 

determined by the lateral and longitudinal growth rates of the fibrils. Time-lapse 

AFM movies showed that single fibrils grew independentely from one another 

until they fused with adjacent fibrils (Fig 2.4B). At the end of the assembly the 

fibrils formed a continuous 2D matrix, which covered the entire supporting 

surface.  

Assembled in certain buffer solutions,  another collagen matrix can be 

grown on the first one (Jiang et al., 2004a). Instead of investigating the self-

assembly of such almost three-dimensional collagen matrix, we have chosen a 

buffer solution in which the self-assembled fibrils were clearly distinguishable. 

This criterion allowed us to resolve steps of the lateral and longitudinal 

accumulation of collagen fibrils at high-resolution. We assume that the collagen 

fibrils self-assembled into their native structure, which is demonstrated by the D-

periodictity and the substructural features observed at high-resolution (see 

below). 

Under the experimental conditions studied here, we could not observe 

any self-regulation of the fibril width. After the assembly the collagen matrix 

covered the entire supporting surface, which could be several cm in diameter 

(Jiang et al., 2004a). The absence of self-regulation may be directly related to 

the absence of proteoglycans, which have been suggested to regulate the 
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lateral fusion of fibrils (Graham et al., 2000; Kadler et al., 2000; Kadler et al., 

1996).  

2.4.2. Minimum unit of fibril growth 
 

In embryonic chicken, early fibrils have been described to have a length 

of ~1 µm (Kadler et al., 2000). These fibrils expose a particular axial mass 

distribution (AMD) in which the mass of the fibril increases from the fibril tip to a 

maximum point and then decreases without any plateau region, which indicate 

a non-uniform composition along them (Graham et al., 2000; Kadler et al., 

2000). Other studies on the self-assembly of type I collagen suggest 

characteristic units that range in length from 4-D staggered dimers (≈ 570 nm) 

(Kobayashi et al., 1985; Silver et al., 1979; Ward et al., 1986) to units that were 

about 700 nm long (Bernengo et al., 1978). In both cases the unit lengths were 

between 2 and 3 collagen molecules in length, while the number of molecules 

that formed such a unit might range between 5 and 17. Estimates of the unit 

diameter range between 2 to 6 nm (Gale et al., 1995). By TM-AFM the smallest 

isolated fibrillar units observed exhibited lengths of ~800 nm, widths of ~20 nm 

and heights of ~1.5 nm (Fig 2.3). The height of the final collagen matrix was ~3 

nm. This suggests that the thickness of fibrillar collagen structures establishing 

the matrix changed from single layered molecules to that of microfibrils (Orgel et 

al., 2006).  

However, the width of an object determined by TM-AFM is often subject 

to non-linear stylus-sample convolution artifacts and thus appears broader 

(Allen and Goldberg, 1992; Schwarz et al., 1994). It may be further assumed 

that isolated fibrils exhibit an enhanced mobility and flexibility on the supporting 

mica surface and thus appear wider when imaged. Therefore,  considering this 

error, we suggest that early fibrillar structures (Fig 2.3) are not assembled yet 

into fibrils composed of microfibrils. This intermediate would represent a first 

step in the collagen self-assembly process. We assume that the final assembly 

of collagen molecules into microfibrils took place while forming the fibrillar 

structures of the higher order. A two-step mechanism may explain the collagen 

self-assembly into fibrils (see below). 
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2.4.3 Growth steps of collagen fibrils 

 
In our experiments the smallest fibril units grew at the same rate as 

longer and wider fibrils. Recording profiles of individual fibrils at improved 

temporal resolution (Fig. 2.6) showed width increase in a stepwise manner. The 

spatial resolution of these experiments (≈ 1 nm) was about the width of one 

collagen molecule. However, in average the growth steps observed were ~3.7 

nm, which corresponds well to the width of a single microfibril (Orgel et al., 

2006). The constant lateral growth rates measured (Fig. 2.5B) could indicate 

that the proposed stepwise growth process did not change during the entire 

self-assembly process of the collagen matrix. This data support the idea that 

the smallest unit of fibril growth is a microfibril, suggesting that microfibrils could 

form the units or “building blocks” of the collagen matrix assembly. Apparently 

this interpretation is contradicted by the observation that the smallest isolated 

fibrillar structures show the height of 1.5 nm only. The two-step process of 

collagen assembly mentioned above assumes that collagen molecules bind 

with a certain rate constant to the growing fibril. In a second step, these 

molecules rearrange to form a microfibril. The observed step size of fibril growth 

(~3.7 nm) corresponds well to the average diameter (~3.3 nm) of a microfibril 

(Orgel et al., 2006). As mentioned, convolution effects occurring between the 

AFM stylus and the collagen fibril broaden the profile of the fibril width. In our 

experiments, structures protruding less than the fibril will not be imaged unless 

they laterally extend far enough to be detected by the AFM stylus (Allen and 

Goldberg, 1992; Schwarz et al., 1994). The AFM stylus cannot detect single 

collagen molecules laterally associating with a higher fibril until these molecules 

have increased their height by the formation of a microfibril. Thus, the observed 

growth steps could correspond to the collapse of several molecules into a 

microfibril when it incorporates into an already formed fibril. 

2.4.4. Fibril fusion 
 

TM-AFM topographs showed that adjacent collagen fibrils could either 

fuse laterally or by their ends. In about 50% of all cases, the regions of laterally 

fused fibrils showed no or only very little structural mismatch of their D-

periodicity. However, in other cases a mismatch between the joining fibrils was 

observed as a shift in their D-band periodicities (Fig. 2.7A). It was previously 
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showed that fibrils assembled from acid-soluble collagen, such as used in this 

work (see materials and methods), are unipolar, D-periodic and have two 

smoothly tapered ends (Graham et al., 2000; Kadler et al., 1996). Such unipolar 

fibrils can fuse in a number of ways. Unipolar fibrils containing collagen 

molecules with oriented amino N- to carboxyl C-terminus could fuse in side-by-

side register resulting in fibril thickening. Fibrils of the same orientation could 

also fuse in end-to-end register resulting in fibril lengthening. End-to-end fusion 

of two oppositely oriented unipolar fibrils is also possible, yielding a bipolar fibril. 

Such a fusion occurs exclusively between two fibrils interacting by their C-

terminus. Side-by-side fusion of two oppositely directed unipolar fibrils is, 

however, not allowed according to current models describing the collagen fibril 

fusion (Kadler et al., 1996).  

Analysis of our experimental data shows that two fibril ends that are 

connected by end-to-end fusion never exhibited a mismatch of their D-

periodicity. This supports the above model that oppositely oriented unipolar 

collagen molecules can approach and fuse with each other. However, there 

must be a certain flexibility of the collagen molecules to establish the conditions 

to fuse. Fused fibrils showed no kinks, which would also suggest 

rearrangements on the fibrils after fusion. Since molecular interactions 

occurring between two fibril ends may be to low to physically move the entire 

fibrils immobilized to the surface, their termini must exhibit a certain flexibility 

which enables their rearrangement for coordinated fusion. Long-range 

interactions may also assist in aligning the fibril ends and staggering them in the 

right manner. Such flexibility was observed by the example shown in Figure 2.4. 

This observation agrees well with that of collagen matrices in which individual 

fibers could be mechanically rearranged only during the first hours of the 

assembly process (Jiang et al., 2004b).  

Adjacent fibrils that grew towards each other were frequently observed to 

fuse laterally (side-by-side). In about 50% of all cases the periodic D-bands of 

fused fibrils showed no mismatch. Because two independently growing fibrils 

cannot align their D-bands before interacting with each other, we assume that 

long-range interactions may align approaching fibrils so  they can stagger in the 

right manner to facilitate their fusion.  

35



Molecular Assemblies observed by AFM                                                 
 

 
The molecular basis for the flexibility of type I collagen results from 

sequences lacking amino acids proline and hydroxyproline. Electron 

microscopy data (Hofmann et al., 1984), modeling studies (Paterlini et al., 1995) 

and stereochemical maps (Silver et al., 2002) suggest that regions lacking of 

proline and hydroxyproline exhibit an increased flexibility and thus can adopt 

more conformations than other regions of the triple helix. In contrast regions 

with the sequence Gly-Pro-Hyp are very rigid. Hence, the collagen triple-helix 

can be considered a composite of regions with varying degrees of stiffness 

(Silver et al., 2003). Furthermore, it has been recently postulated, that the type 

III collagen molecule is more flexible than the type I one and that mixing of both 

collagen types would increase the elastic modulus of the fibrils (Silver et al., 

2002). Since we used a mixture of ≈ 97% type I and of ≈ 3% type III collagen in 

this work, we assume that both the molecular flexibilities contributed by the 

collagen molecule itself and by the mixture of both collagen types may facilitate 

the collagen self-assembly into the highly ordered fibrillar matrix. 

In all other cases (50%) when collagen fibrils fused, we observed a 

mismatch between the D-bands of two fused collagen fibrils (Fig. 2.7). 

Apparently, these fusing collagen fibrils could not stagger at their interface. We 

do not know how the collagen molecules were rearranged at this interface. AFM 

topographs recorded at subnanometer resolution may in future reveal the 

precise arrangement of single collagen molecules at such interfaces. Side-by-

side fusion of two unipolar fibrils may result in a perfect match of their D-bands. 

In contrast, side-by-side fusion of two antiparallel molecules would result in a 

mismatch such as observed here. High-resolution TM-AFM topographs clearly 

show a directionality of the D-band structure and may further support this 

hypothesis (see below). 

2.4.5. Collagen self-healing  
 

Time-lapse TM-AFM topographs showed that fusing collagen fibrils could 

leave structural gaps in the growing collagen matrix. However, in about 50% of 

all cases, the gaps disappeared after a certain time period (Fig 2.2). It was 

recently observed that after mechanical removal of collagen molecules from rat-

tail tendon the molecules could bind back to the fibril (Gutsmann et al., 2005). It 

was suggested that this self-organization and self-healing significantly 
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contributes to toughness and strength of tendon fibrils. During wound healing 

myofibroblasts increase the synthesis of the ECM and decrease its degradation 

(Grinnell, 2000; Grinnell, 2003). Such self-organizing capabilities of collagen to 

heal out defects could contribute to a faster and more efficient tissue repair.  

 

 
Figure 2.8. Comparing an averaged TM-AFM height profile of collagen with 
the TEM density profile. The top panel shows the averaged AFM height profile 
of Fig. 2.7. The lower panel shows the density pattern revealed from positively 
stained collagen fibrils by TEM (Chapman et al., 1990; Meek et al., 1979). 
Labeling of the pattern follows the conventional notation in which groups of 
closely spaced bands are denoted by a, b, c, d, and e. Individual bands within a 
group have numerical prefixes a1, a2, etc. TM-AFM height and TEM density 
profiles were aligned by correlation analysis. All height protrusions of the TM-
AFM profile correlate well with the density of the bands obtained by positive 
stain TEM. 

2.4.6. Collagen matrices posses structural characteristics of tendon 
 

Collagen fibrils self-assembled under the conditions used here 

established the characteristic D-band periodicity of ~67 nm such as observed 

by EM or AFM of in vivo assembled collagen fibers. High-resolution TM-AFM 

topographs (Fig. 2.7) of hydrated fibrils clearly resolved a multibanded 

substructure of the D-periodic collagen. After aligning the height profile with the 

TEM density profile (Fig. 2.8B) by cross correlation, these structural details of 
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the D-band could be correlated to bands observed by TEM of positively stained 

collagen fibrils (Chapman et al., 1990; Meek et al., 1979). The height of each 

protrusion of the D-banded substructure is given in Table 2.1.  

TEM images of collagen exhibited a more detailed substructural 

information if the collagen fibers were positively stained instead of the more 

frequently used negative staining (Chapman et al., 1990; Graham et al., 2000; 

Kadler et al., 2000; Meek et al., 1979). The structural information obtained from 

positively stained collagen fibrils showed an excellent agreement to AFM 

topographs revealed from native unstained collagen fibrils down to a lateral 

resolution of ≈ 2 nm (Chapman et al., 1990). So far, such excellent structural 

correlations were only obtained between negatively stained specimen observed 

by TEM and the AFM data revealed from native biological samples (Karrasch et 

al., 1994; Schabert et al., 1995). It is assumed, that positive staining contrasts 

the biological specimen in a different way than negative stain, which can be 

easily recognized by comparing TEM images of collagen fibrils stained by either 

one of both approaches (Chapman et al., 1990; Graham et al., 2000; Kadler et 

al., 2000; Meek et al., 1979). Positive stain contrasts mainly electrostatic 

information of a biological sample and the uptake of stain by collagen fibers is 

therefore assumed to be determined by the nature and abundance of charged 

side-chains on the collagen surface (Chapman et al., 1990). Hence, TEM data 

obtained from positively stained fibrils may be directly correlated with chemical 

information of the collagen. In contrast, AFM topographs normally contour 

protein surface structures (Müller et al., 2002). However, it was recently shown, 

that under certain circumstances AFM topographs could be a composite of 

structural and electrostatic information of the protein surface (Philippsen et al., 

2002). These electrostatic interactions, are suppressed at sufficiently high 

electrolyte concentrations such as used to record the high-resolution 

topographs shown here. Thus, we may assume that both topographical and 

chemical information of collagen fibrils are identical up to a resolution of ≈ 2 nm. 

2.4.7. Orientation of collagen molecules within the matrix 
 

From density profiles revealed by TEM the polarity (orientation) of 

collagen molecules within tendon can be determined (Chapman et al., 1990). 

The correlation between AFM height and TEM density profiles (Fig. 2.8) allowed 
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us to determine the orientation of collagen molecules assembled into the matrix 

(Fig. 2.7).  

 
2.5. Conclusions 

 
We have established an assay to observe the growth and fusion of 

individual collagen fibrils. The lateral and longitudinal fusion of single fibrils 

could be directly followed until they formed the final collagen matrix. The kinetic 

parameters of the collagen assembly suggest that both the longitudinal and 

lateral growth of the collagen fibrils at a low concentration were mainly 

determined by a two-step process describing the assembly of collagen 

molecules followed by the formation of microfibrils. The collagen fibrils within 

this matrix possessed the typical longitudinal 67 nm periodic structures such as 

observed in the case of the  fibers assembled in vivo. Furthermore, the 

structure of these matrices corresponds to the one found in vivo and could 

therefore be used as scaffolds for the construction of biocompatible materials. 

AFM topographs of native fibrils within this collagen matrix revealed 

substructural details of the D-band such as observed by high-resolution TEM in 

in vivo assembled collagen.  

 

Band Average height (nm) Standard deviation (nm) 
C2 0.32 0.08 
C3 0.12 0.05 
D 0.31 0.07 
E1 0.23 0.05 
E2 0.25 0.05 
A1 0.32 0.06 
A2 0.35 0.07 
A3 0.34 0.08 
A4 N.D. N.D. 
B1 0.43 0.07 
B2 0.48 0.06 
C1 0.24 0.08 

Table 2.1. Average height of collagen bands substructuring the D-
periodicty. A topographic area of ~68 µm2 (980 nm x70 nm) of the collagen 
matrix was averaged line by line. The protrusions could be assigned to the 
collagen bands by comparing the TM-AFM profile to the TEM data (Chapman et 
al., 1990). N.D. means not determined. 
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3.0. A new method to prepare membrane proteins for single 
molecule imaging 
 

3.1. Introduction 

3.1.1. Stucture determination of membrane proteins 
 

Membrane proteins are underrepresented in the database of high-

resolution structures from X-ray and nuclear magnetic resonance (NMR) (White, 

2004). Furthermore they often form large and sometimes transient 

supramolecular complexes. Alternative approaches, such as cryo-electron 

microscopy (cryo-EM) and AFM, are essential tools able to provide 

complementary information on the structure-function of membrane proteins in 

more native environments. Two approaches increase the resolution of these 

methods, 2D-crystalisation and single particle reconstruction. For cryo-EM, 

crystals provide electron diffraction data which can increase resolution, while 

single particle averaging can be used for proteins >200 kDa. High-resolution 

AFM topographs can reveal structural details of single native membrane 

proteins but, as a prerequisite, the proteins must be adsorbed to atomically flat 

mica and densely packed in a membrane to restrict their lateral mobility (Müller 

et al., 2002). While averaging of single particles shows their common 

structures, selected examples can be used to characterize structural flexibility, 

variability and conformational changes (Engel and Müller, 2000; Scheuring et 

al., 2002).  

Attempts have been made to prepare membrane proteins for AFM 

imaging avoiding crystalization (Milhiet et al., 2006). Mihliet et al. prepared lipid 

supportive bilayers on mica and reconstituted membrane proteins by 

solubilizing them with detergents. The samples observed in that study were 

most of them ironically crystalline (Milhiet et al., 2006). On the other hand, many 

examples of AFM analysis of self-assembled monolayers on gold supports have 

been published (Leggett, 2003; Love et al., 2005; Tinazli et al., 2005; Wagner et 

al., 1994; Wagner et al., 1996). Alternatively, thiolipids have been developed to 

create membrane mimetic surfaces on gold (Lang et al., 1994; Naumann et al., 

2003; Stora et al., 1999; Tamada et al., 1997; Terrettaz et al., 1993; Terrettaz et 

al., 2002). However these have not yet been combined to prepare membrane 

proteins. In this chapter, a covalent assembly approach for membrane protein 
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imaging that avoids crystallization is demonstrated. For this purpose the well-

characterized outer membrane protein OmpF from Escherichia coli was used. 

Single OmpF trimers were viasualized by TM-AFM with similar resolution as 

previously reported for 2D crystals. 
3.1.2. Structure and function of OmpF 

 
Two lipid bilayer membranes surround Gram-negative bacteria such as 

E. coli. The space between these membranes, called the periplasm, contains 

the peptidoglycan layer. Both membranes contain proteins that are in charge of 

transporting solutes across. About 50% weight of the outer membrane consists 

of integral membrane proteins or lipoproteins anchored to the membrane 

(Koebnik et al., 2000). Some of these proteins form pores and were accordingly 

called porins. Porins translocate hydrophilic molecules to the periplasmic space 

with a molecular  weight up to 600 Da. Structures determined for members of 

this family showed a β-barrel structure (Koebnik et al., 2000). Particularly, 16 

strands connected by loops compose the structure of the general porin OmpF 

(Cowan et al., 1992b). One of this loops (extracellular loop 3) folds back into the 

barrel, determining some of the permeability properties (Fig 3.1A).  

 

 
Figure 3.1. Structure of OmpF. A) OmpF porin has a homo-trimeric structure 
as observed from the extracellular side in the plane of the membrane. B) View 
from the membrane plane of OmpF trimer showing residue Glu183 (PDB code 
2OMF). The structure of each monomer is composed of a 16 stranded β-barrel. 
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3.2. Material and methods 

3.2.1. OmpF-E183C production and purifiction 
 

OmpF-E183C was kindly provided by Prof. Jeremy Lakey (University of 

Newcastle upon Tyne, UK). The E183C mutation was introduced into OmpF 

using a site-directed mutagenesis commercial kit (Quickchange, Stratagene 

Inc.) and purified as described previously (Terrettaz et al., 2002).  

3.2.2. Preparation of gold supports 
 

Gold supports were kindly provided by Prof. Jeremy Lakey (University of 

Newcastle upon Tyne, UK). Evaporated gold was prepared as described 

(Terrettaz et al., 2002). Template-Stripped gold (TS-gold) surfaces were 

prepared as described (Hegner et al., 1993; Wagner et al., 1995). Briefly, gold 

was evaporated on freshly cleaved mica. The mica was then glued to a silicon 

support with Torr Seal epoxy glue (Varian), with the gold surface facing the 

epoxy. The mica was subsequently removed by immersing briefly the support in 

liquid nitrogen until it separated from the epoxy. The gold remained on the 

epoxy leaving a flat gold surface. The silicon support was then glued to a steel 

disc commonly used to mount samples for AFM. 

3.2.3. Assembly of OmpF-E183C on template-stripped gold  
 

TS-gold surfaces were treated with 10 mM β-mercaptoethanol for 20 min 

before washing and incubation with protein (0.25 mg/ml in 300 mM NaCl, 50 

mM Tris-HCl, pH 7.5 ) and 1 mM tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP). Protein incubations were for a minimum of one hour. The samples 

were washed with buffer with 1% (v/v) octylglucopyranoside (OG). Then, 

samples were incubated with buffer containing 0.5 mg/ml thiolipid 

(1,2Dipalmitoyl-sn-Glycero-3-Phosphothioethanol; Avanti Polar Lipids, USA) for 

at least 1 h at 45oC.  Control TS-gold surfaces were incubated in thiolipid or 

alkanethiol (18-hydroxy-n-octadecylthiole) for at least two hours. 

3.2.4. AFM and image analysis 
 

The AFM (MultiMode, DI-Veeco, CA) was operated in buffer solution 

using a fluid cell. The piezoelectric scanner had a scan range of ~120 x 120 
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µm2. Oxide sharpened Si3N4 cantilevers had a nominal force constant of 0.08 

N/m (OMCL TR400PS, Olympus Ltd, Tokyo). Imaging was performed in tapping 

mode with a drive frequency close to the resonance frequency of the cantilever 

(9.5 kHz) immersed in buffer solution (150 mM NaCl, 50 mM Tris-HCl, pH 7.8). 

The drive amplitude of the cantilever was set to a root mean square (RMS) 

value of 18 - 30 nm. All samples were imaged in buffer solution at room 

temperature (23oC). Single particles extracted from the topograph (trace and 

retrace) shown in Fig. 3A (n=40) were aligned and correlation averaged using 

the software Semper. The final average was three-fold symmetrized. This 

procedure was identical for the topographs from 2D crystals (Müller and Engel, 

1999). 
 
3.3. Results 
3.3.1. Assembly strategy 

 
OmpF can be covalently assembled on gold surfaces if a single cysteine 

residue is inserted into one of the intracellular loops. For this purpose a 

mutation (E183C) in one of the intracellular loops was introduced. When 

covalently bound to a gold surface trough the engineered cysteine residue, the 

protein exposes its extracellular surface. The assembly process consists of: 1) 

Passivating the gold surface with a short chain thiol (Fig 3.2A), 2) adding 

OmpF-E183C in detergent solution (Fig 3.2B) and 3) completing the remaining 

surface with a layer of thiolipid in which the headgroup contains a thiol able to 

chemisorb to the gold surface (Fig. 3.2C). This approach has shown to maintain 

the native structure of OmpF-E183C (Terrettaz et al., 2002). 

3.3.2. OmpF-E183C assembled on evaporated gold  
 

As a first approach evaporated gold on a silicon surface was used as a 

support. The conservation of the OmpF-E183C native structure on this gold was 

proved by various methods including, fourier transformed infrared spectroscopy 

(Terrettaz et al., 2002) and neutron refraction (Holt et al., 2005). A sample at 

the second step of assembly on evaporated gold was observed by AFM (Fig 

3.2B). As a control, evaporated gold without protein was examined. For the 

protein sample, the gold surface was incubated with OmpF-E183C solubilized 
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in OG detergent. In the topograph, trimeric particles that matched the 

dimensions of OmpF-E183C were observed (Fig 3.3B, circles). In contrast, the 

sample without protein showed no trimeric structures (Fig 3.3A). The roughness 

of the gold sample is clearly larger than the height of the OmpF-E183C 

particles. Therefore, there was no possibility to perform high-resolution imaging. 

 

 
Figure 3.2. OmpF assembly strategy. A) The gold surface is passivated by β-
mercaptoethanol. B) OmpF-E183C trimers in octylglucopyranoside (OG) 
micelles attach to gold surfaces via cysteine mutation E183C. C) Mixed 
OG/thiolipid micelles are added which assemble a thiolipid monolayer. 
Subsequent washing with OG containing and detergent-free buffer removes 
free lipid and detergent leaving a hydrophobic half bilayer on the gold support. 
Due to the relatively thin cross section of outer membrane proteins, the 
hydrophobic region of the OmpF-E183C protein (aromatic residues) is 
effectively stabilized by the 3 nm thick lipid monolayer (see text for details). 
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Figure 3.3. Assembly of OmpF-E183C onto evaporated gold surfaces. A) 
Control surface of evaporated gold. B) Gold surface incubated with protein  in a 
detergent solution (Step 2).  

3.3.3. Template-stripped gold yields a flat surface  
 

To improve the flatness of the surface, template-stripped gold (TS-gold) 

was used instead of the evaporated gold. TS-gold is prepared by evaporating 

gold on a mica surface. Because mica is atomically flat, removing the mica is 

supposed to leave a flat gold surface. When observed by AFM the TS-gold 

supports didn’t appear flatter than the evaporated gold (Fig 3.4A). The 

corrugations on the sample could be debris from the mica or from the cleaving 

process. To verify this, a small area was scanned at high force (~10 nN). When 

the area was inspected at lower magnification, it was observed that some 

debris was removed from the sample, and that the underlying area was indeed 

flat (Fig 3.4B). 

3.3.4. Thiolipid assembly removes debris from TS-gold 
 

 To control that the thiolipid did not introduce any topographic 

feature, a TS-gold surface with thiolipids was incubated and inspected by AFM. 

The surface presents a clear background only with a few very high features. 

These however, could not be confused with OmpF-E183C trimers because they 

are too big and irregular (Fig 3.5). Furthermore no corrugations similar to the 

mica debris on the TS-gold were found. This result suggests that the covalent 

assembly of thiolipids on the gold removes chemically the remaining mica 

debris.  
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Figure 3.4. Template stripped gold surface. Two zones of the same 
topograph are shown A) Gold surface after cleaving the mica where the gold 
was deposited. B) Gold surface where the debris was removed by scraping the 
surface with the AFM stylus. 
 

 
Figure 3.5. Thiolipid assembled on TS-gold.  A gold support after 

thiolipid assembly showed an homogenous surface. 
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To asses the possibility that the thiolipid was chemically removing debris 

from the cleaving process on the surface, a self assembled monolayer (SAM) 

on the TS-gold was assembled. An eighteen carbon chained alkanethiol (18-

hydroxy-n-octadecylthiole) was used to substitute the thiolipid. The results show 

an even more dramatic effect of the alkanethiol compared to the thiolipid. The 

surface is completely homogenous without any topographical feature (Fig 3.6). 

This suggest first that both the thiolipid and the alkanethiol remove debris from 

the gold surface, and second that the thiolipid could be assembling as a SAM.  

 

 
Figure 3.6. TS-gold assembled with SAM. A 20 carbon alkanethiol was 

assembled on the gold, the surface present no debris or contaminant. 
3.3.5. OmpF-E183C assembles on TS-gold 

  
To test whether TS-gold would yield a support suitable for high-resolution 

AFM imaging, the second assembly step on TS-gold was visualized by AFM. 

For this purpose OmpF-E183C solubilized in OG detergent was incubated on a 

TS-gold surface. To our surprise, the resulting topograph showed many high 

features and some features with the size of OmpF trimers. Some features 

showed trimeric structures resembling OmpF (Fig 3.7, circles). This result 

suggests that at least some molecules of OmpF bound covalently exposing the 

extracellular surface. The other features likely represent misoriented proteins or 

protein aggregates.  
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Figure 3.7. OmpF-E183C assembled on TS-gold. The white circles mark the 
structures that resemble OmpF-E183C trimers.  

 
The height of the trimeric particles observed in Figure 3.7 was measured 

to confirm that they were OmpF trimers. A cross section of two subunits of 

every particle was made (Fig 3.8A). The particles protruded 5.5 ± 1.3 nm in 

average (n=18), which matches the height of OmpF covalently bound to the 

gold (Fig 3.8B). 

 

 
Figure 3.8. Cross section of an OmpF trimer on TS-gold.  A) Image of a 
single particle form fig 3.7. B) Height profile of two OmpF subunits along the 
dotted line shown in A.  

 
The full assembly of protein with thiolipid (3rd step) looked dramatically 

different (Fig 3.9). A TS-gold surface was incubated first with OmpF-E183C and 

then with thiolipids. The topograph shows a clear background and many trimeric 

features with dimensions matching those of OmpF. These results suggested 

that the area surrounding each trimer is flat enough to perform high-resolution 

imaging. Moreover, the thiolipids removed chemically almost all the features 

observed in the sample without thiolipids. 
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Figure 3.9. OmpF-E183C covalently bound to gold assembled with 
thiolipids. 

 
To confirm that OmpF-E183C was embedded in the thiolipid, the height 

of all the trimeric structures was measured. A cross section of the particles was 

made along two monomers and the height to the surface measured (Fig 3.10A). 

The particles protruded 2.2±0.4 nm in average (Fig 3.10B). Since the thiolipid is 

~3nm long, the average height correlate to OmpF trimers protruding from a 

thiolipd monolayer (compare to the height of the sample withouth thiolipids). 

 

 
Figure 3.10. Cross section of OmpF-E183C trimer embedded in thiolipids.  
A) Image of a single particle form fig 3.9. B) Height profile of two OmpF 
subunits along the dotted line shown in A.  
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3.3.6 High-resolution OmpF-E183C  
 

The protein assembly on TS-gold is flat enough to perform high-

resolution imaging. When observed at higher magnification (Fig. 3.11A), the 

trimeric structures clearly resemble the extracellular surface of OmpF (Müller 

and Engel, 1999). To compare our results to previous studies (Müller and 

Engel, 1999), correlation averages of single OmpF trimers were made (3.11B-

C). The obtained correlation averages were similar to correlation averages 

obtained from 2D crystal topographs (3.11D-E). 

 

 
Figure 3.11 High resolution imaging of OmpF-E183C assembled on TS-
gold. A) High resolution topograph of OmpF-E183C. Non-symmetrized (B) and 
symmetrized (C) correlation average of particles observed in A. Non-symetrized 
(D) and symetrized (E) correlation average of OmpF extracellular surface 
obtained from 2D crystals (Müller and Engel, 1999). 

 
3.4. Discussion 

3.4.1. TS-Gold and thiolipds make a suitable support for AFM imaging 
 

The use of gold supports represents advancement to surface science 

because components can be covalently bound to it. Another major step was the 

invention of SAMs, which are thioalkanes able to bind covalently to gold. Their 

name derives from the ability to form a molecular film, which is stabilized by 

hydrophobic lateral interactions, similar to lipids in a biological membrane. 

Applications of gold with SAMs supports in biology include optical and chemical 

biosensors (Shin et al., 2006).  
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In the approach used in the present work, gold supports were used to 

investigate structural properties of a membrane protein. For this purpose, two 

types of gold supports were tested. Comparing evaporated gold (Fig. 3.3) with 

TS-gold (Fig. 3.4) surfaces, clearly shows that the roughness of evaporated 

gold is not suitable for high-resolution imaging because it contains depressions 

with a depth of several nanometers. In contrast, TS-gold presents a flat surface. 

Moreover, application of thiolipids to the TS-gold surface improves its quality by 

removing chemically any debris remaining from the stripping process. A similar 

effect could be the cause of the difference in the amount of large non-trimeric 

particles between the sample with and without thiolipid. 
3.4.2. Imaging of membrane proteins embedded in thiolipids 

 
TS-Au covered with a thiolipid monolayer provided a control background 

(Fig. 3.5). This half-bilayer of immobilised phospholipid may act like a 

hydrophobic SAM of methyl-terminated alkane thiols (Bain and Whitesides, 

1988). Recent studies show that interaction forces of the hydrophilic Si3N4 tips 

with very hydrophobic SAM layers are very low (Subramanian and Sampath, 

2005; Yang et al., 2004), thus enabling the acquisition of clear AFM topographs. 

Under these conditions (Fig. 3.7), poorly defined OmpF-E183C trimers were 

observed. Nevertheless, these trimers protruded ~5.5 nm above the support, 

corresponding to the height of their 3D structure (Fig. 3.8) (Cowan et al., 

1992a). However, after incubation with thiolipid, the images were greatly 

improved, revealing individual trimers protruding ~2.2 nm above the surface 

(Fig. 3.9). The height difference of ~3.3 nm confirmed that the trimers were 

embedded in a thiolipid monolayer (Fig. 3.8B vs. 3.10B). From the 

measurements performed in this study, it is not know whether a screening layer 

of tightly bound detergent may have resisted the washing with detergent-free 

buffer solutions (Popot et al., 2003; Thomas, 2004). Such remaining detergents 

may shield the hydrophobic tails from the thiolipids (Fig 3.2C) that would 

otherwise be exposed to water. It has been shown, however, that detergents 

like OG dissociate from similar hydrophobic surfaces when diluted below their 

critical micellar concentration (Sigal et al., 1997). 

The improvement of the sample background after thiolipid assembly may 

be due to two effects: the removal of poorly attached OmpF-E183C after 
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competition with thiolipid, and the reduction of possible lateral displacements by 

a rigid thiolipid layer. Although the protein solution used should contain non-

aggregated individual trimers, small groups (25% of 393 trimers) of closely 

contacting trimers arranged as in 2D crystals were observed. This possibly 

implies a cooperative assembly of OmpF-E183C trimers at the surface (Figure 

3.9, white circles). Previously, SPR, FTIR (Terrettaz et al., 2002) and NR (Holt 

et al., 2005) data of OmpF-E183C were collected on evaporated and therefore 

rougher gold surfaces. Comparable topographs from these samples are 

presented in figure 3.3B. Therefore, the results also show that the overall 

structure of OmpF is not affected when bound to rough gold. Using TS-gold 

gives the advantage of enabling high-resolution imaging on the sample. 
 3.4.3. High resolution imaging of OmpF-E183C 

 
Images of single OmpF-E183C trimers (n=40) assembled on TS-AU 

were averaged (Fig. 3.11B-C) using the same approach as used previously on 

2D crystals (Fig. 3.11D-E). The resulting images clearly resolve the three 

individual protrusions of the OmpF-E183C trimer (Cowan et al., 1992a). 

Furthermore, all the particles resemble the extracellular surface of OmpF-

E183C and not the periplasmic one (Müller and Engel, 1999). Therefore, our 

data shows that the cysteine mutation ensures 100% orientation of the protein 

and that, surprisingly, the exposed hydrophobic face of the thiolipid monolayer 

provides a smooth non-interacting background for AFM imaging. While the 

method should be readily applicable to many outer membrane proteins, it could 

be extended to the study of other type of membrane proteins. In particular, by 

avoiding crystallization, the tiny quantities required make the study of 

complexes that are hard to purify more attractive. In this work the proteins were 

fixed close to the surface, using thiolipids with hydrophilic spacers could be 

used to stabilize proteins with water soluble domains (Lang et al., 1994). 

Finally, the engineering scaffold properties of the β-barrel proteins suggests that 

these oriented layers are capable of contributing to the development of precise 

nanoscale biointerfaces (Lang, 2000; Terrettaz et al., 2002). 
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3.5. Conclusions 

 
In conclusion, a simple method to prepare membrane proteins for AFM 

imaging was developed. A membrane protein with a cysteine mutation, fixed in 

a defined orientation on a flat gold surface, can be used to obtain high-quality 

AFM images under aqueous conditions without 2D crystallization. The main 

benefit for AFM imaging is that lateral displacements of proteins by the AFM 

stylus is avoided thanks to the covalent assembly. The approach presented 

could be readily applied to observe membrane proteins and obtain preliminary 

information about their structure, such as its oligomeric state. Another 

advantage is that the sample could be applied without any further procedure 

immediately after purification and in very low quantities. Furthermore, a second 

layer of lipids could be fused to the first one to complete a bilayer. For this 

purpose, the synthesis of thiolipids of various lengths would be very useful to 

fulfill special requirements of other membrane proteins. Additionally, the 

resolution obtained is similar to the one obtained for 2D crystals. To our 

knowledge, this is the first time that a diluted sample of membrane proteins is 

visualized using AFM at such resolution. 
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4.0. Collective interactions determine the stability of archaeal   
rhodopsins 
 

4.1. Introduction 

4.1.1. Structure and function of archaeal rhodopsins 
 

Photoactive membrane-embedded retinylidene proteins (rhodopsins) are 

used throughout the animal and microbial kingdoms as receptors for light 

(Spudich, 2006). In the case of haloarchaea, four light-activated retinal proteins 

are found. These are: the inwardly directed chloride pump halorhodopsin (HR), 

the outwardly directed proton pump bacteriorhodopsin (BR), as well as two 

photoreceptor sensory rhodopsins (SR) SRI and SRII. After light excitation, the 

phototactic receptors SRI and SRII undergo conformational changes and 

transfer the signal to their tightly bound cognate transducer proteins (HtrI and 

HtrII, respectively), thereby initiating a phosphorylation cascade that regulates 

the flagellar motors (Spudich, 2006). When oxygen and respiratory substrates 

are abundant, the negative phototaxis receptor SRII is expressed (Landau et 

al., 2003). Blue-light activation of SRII exerts a repellent response allowing the 

host to escape potential photo-oxidative damage. In unfavorable light 

conditions, orange-light activation of SRI elicits an attractant to illuminated 

areas with better growth-conditions. Under these circumstances BR and HR are 

co-expressed in large quantities and energy transduction proceeds via 

photosynthesis (Landau et al., 2003). SRI also mediates a strong repellent 

response when it is activated by two sequential photons (i.e. orange followed by 

near-UV light) (Spudich, 2006). The molecular weight of these proteins lays 

around 26 kD, and their polypeptides fold into seven transmembrane alpha-

helices named from A to G. A Schiff base covalently links the photoactive retinal 

to the last helix G. HR represents the only light-driven anion pump known so far 

and is present in haloarchaea and at least in one halophilic bacterium (Sharma 

et al., 2006). When over-expressed in Halobacterium salinarum, HR forms two-

dimensional (2D) crystals with a P4212 symmetry (Havelka et al., 1993). In this 

symmetry space group, tetramers exposing their cytoplasmic and extracellular 

surfaces are alternated in a tetragonal lattice. Investigation of these 2D crystals 

by electron crystallography allowed developing a three-dimensional (3D) 

structural model at a resolution of ~5 Å (Havelka et al., 1995; Kunji et al., 2000). 
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The atomic model of HR, which was solved by X-ray crystallography, confirmed 

the extremely high structural similarity of HR with that of the light-driven proton 

pump BR (Kolbe et al., 2000). Moreover, several structures of SRII from 

Natronobacterium pharaonis with transducer (Gordeliy et al., 2002) and without 

transducer (Luecke et al., 2001), show its structural similarity to BR and HR. 

4.1.2. Membrane protein folding in vivo 
 

For the case of helix-bundled membrane proteins, cells have the 

challenge to insert the very hydrophobic transmembrane helices from the 

aqueous cytoplasmic environment. Cells overcome this by coupling translation 

of membrane proteins to insertion. In vivo, insertion occurs through the 

translocon machinery (for a review see White and von Heijne, 2005). The 

current model establishes that polypeptides arise from the ribosome tunnel exit 

and are recognized by a protein called the signal recognition particle (SRP). 

The SRP binds both to the polypeptide and to the ribosome and arrests 

elongation (White and von Heijne, 2004). Then, the ribosome-SRP complex 

docks to the membrane bound SRP-receptor at the exterior surface of the 

endoplasmic reticulum (ER). Both SRP and SRP-receptor are GTPases that 

become activated when the ribosome is docked to the ER. This process 

disengages SRP from the ribosome and the nascent protein is transferred to 

the translocon (White and von Heijne, 2004). The translocon is composed of 

heterotrimeric proteins called Sec61 in mammals and SecY in bacteria. The 

machinery of archaea resembles more the one of eukaryotes than the one of 

eubacteria (Albers et al., 2006). The translocon contains a hypothetical lateral 

gate that opens to let hydrophobic helices slide into the lipid bilayer (White and 

von Heijne, 2004). In such a scheme, a transmembrane helix will partitionate 

into the bilayer due to its hydrophobicity, whereas a more hydrophilic one will 

simply go through the translocon channel into the lumen of the ER (White and 

von Heijne, 2004). As of the folding of the polypeptide into a helix, it was 

suggested that the process can occur inside the ribosome prior to translocation 

(Woolhead et al., 2004).  

In vivo folding experiments of BR have also been performed. Pulse-

chase studies on the insertion of bacterioopsin (BR without retinal) showed that 

55



Molecular Assemblies observed by AFM                                                 
 

 
the folding occurs sequentially from helix A, then helices B and C, and then F 

and G Helices D and E could not be resolved (Dale et al., 2000).  

4.1.3. Unfolding single membrane proteins 
 

Single-molecule experiments provide complementary information to that 

obtained from bulk experiments (Zhuang and Rief, 2003). With an innovative 

approach, single molecule force spectroscopy (SMFS) was applied to study the 

iterative unfolding and re-folding of the muscle protein titin (Oberhauser et al., 

2001; Oberhauser et al., 1999; Rief et al., 1997). Oesterhelt et al. unfolded the 

first membrane protein by SMFS (Oesterhelt et al., 2000). In this study, after 

imaging of individual BR molecules at subnanometer resolution, the AFM tip 

was attached to the terminal end of the protein, which was then unfolded and 

extracted from the mebrane by applying an external pulling force. Using the 

same approach, unfolding and refolding was observed for the transmembrane 

sodium-proton antiporter NhaA from Escherichia coli (Kedrov et al., 2004).  

4.1.4. Membrane proteins follow various unfolding pathways 
 

Single molecule unfolding experiments in BR demonstrated that all force 

vs. distance traces showed the same overall profile. Nevertheless, small 

differences between them made them unique. This observation led to the notion 

that each molecule took a different pathway to unfold (Muller et al., 2002c). The 

probabilities of these pathways depended on temperature (Janovjak et al., 

2003) and pulling speed (Janovjak et al., 2004). It was observed that slight 

temperature variations shifted significantly the probability of individual unfolding 

pathways. Accordingly, the probability of secondary structures to unfold 

collectively was higher at elevated temperatures while they preferentially 

unfolded individually at low temperatures (Janovjak et al., 2003).  

4.1.5. Biological significance of mechanical membrane protein unfolding 
 

To predict membrane protein structures, two main questions have to be 

solved. The first one is to decipher the mechanism in which these proteins fold 

in vivo. The second is to map the interactions that stabilize membrane proteins 

in the anisotropic environment of the lipid bilayer (White and von Heijne, 2004). 

The latter is one of the aims of SMFS on membrane proteins. 
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Contrary to the proposal that protein folding occurred as a chemical 

reaction, in 1997, a ‘new view’ of protein folding was proposed by Ken Dill. He 

suggested that the folding of a protein may occur in a multi-pathway reaction 

(Dill and Chan, 1997; Yon, 2002). In this respect, single-molecule force 

spectroscopy has given a significant contribution by observing the multiple 

unfolding pathways of a protein (Muller et al., 2002c). SMFS showed that 

unfolding of BR occurs via different pathways that involved the unfolding steps 

of single secondary structure elements. However, it was shown that these 

structural elements exhibited distinct probabilities to unfold together or 

separately. The probabilities of these unfolding events depended on the intrinsic 

roughness of the energy landscape determined by potential barriers mapping 

the protein structure (Janovjak et al., 2004).  

To investigate the contribution of specific amino acid residues to the 

stability of membrane proteins, unfolding pathways of BR, HR and preliminary 

data obtained for unfolding of SRII were compared. As for BR, HR unfolded 

through intermediates determined by regions of the polypeptide that unfolded 

cooperatively. In an attempt to understand whether molecular interactions 

stabilizing these regions are determined by the secondary structure or by its 

polypeptide sequence, the secondary and tertiary structures of the segments 

were compared. The results show that in the case of archaeal rhodopsins, 

different amino acids (aa) can establish the same stabilizing structural 

segments (i.e. at the same locations) to resist unfolding.  

 
4.2. Material and methods 

4.2.1. Protein purification 
 

Purified HR and BR 2D crystals were kindly provided by Prof. Dieter 

Oesterhelt (MPI of Biochemistry, Martinsried, Germany). BR was purified from 

H. salinarum as described (Heymann et al., 1993). 2D crystals of HR were 

produced by over-expressing it in a D2 H. salinarum strain and purified as BR 

(Heymann et al., 1993). Briefly, cell lysates were centrifuged and applied to a 

sucrose gradient (25% to 45% w/v) and fraction with the highest density was 

recovered. SRII was kindly provided by Dr. Johann P. Klare (MPI for Molecular 

Physiology, Dortmund). SRII was over-expressed as a His-tagged protein in E. 
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coli (called here only SRII for simplicity) and purified by affinity chromatography 

using a Ni-NTA agarose column (Qiagen, Hilden, Germany). The protein 

was then reconstituted into purple membrane lipids with a 1:1 (w/w) protein to 

lipid ratio (Hohenfeld et al., 1999).  

4.2.2. AFM  imaging 
 

To obtain high-resolution AFM topographs, the 2D-crystals were 

adsorbed to freshly cleaved mica (Muller et al., 1997) in buffer solution (50 mM 

TRIS-HCl, 300 mM KCl, pH 7.8) (Muller et al., 1999a). Contact mode 

topographs were recorded using a commercial AFM (Nanoscope E, Veeco 

Instruments, Santa Barbara, CA). Images were obtained using Si3N4 cantilevers 

(OMCL TR-400-PS, Olympus, Tokyo and NP-S, Veeco Instruments, Santa 

Barbara, CA) with a nominal spring constant of 0.08 N/m. 

4.2.3. Single-molecule unfolding 
 

Single-molecule force spectroscopy on BR, HR and SRII was performed 

after high-resolution imaging (Janovjak et al., 2003; Muller et al., 2002c; 

Oesterhelt et al., 2000). 2D crystals (for the case of BR and HR) were adsorbed 

to mica and imaged by AFM. For SRII, membrane patches containing 

reconstituted protein were adsorbed to the mica support and visualized. After 

imaging, the AFM operation was changed to force mode. The AFM tip was then 

pushed onto the protein until the terminus adsorbed to the cantilever by 

unspecific interactions (Janovjak et al., 2003; Oesterhelt et al., 2000). Then, the 

AFM tip was retracted from the membrane surface at a velocity of ~ 90 nm/s for 

HR and ~300 nm/s for BR and SRII. Force vs. distance curves were obtained 

recording the cantilever deflection (i.e. force) over the separation length.  

Si3N4 cantilevers (OMCL TR-400-PS, Olympus, Tokyo and NP-S, Veeco 

Instruments, Santa Barbara, CA) were used for both imaging and force 

spectroscopy. Within an accuracy of ~ 10 % all cantilevers showed a spring 

constant of around 0.08 N/m (Olympus) and 0.07 N/m (Veeco). The spring 

constant of each cantilever was calculated using the equipartition theorem (Butt 

et al., 1995; Florin et al., 1995). 
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4.2.4. Data analysis 
 

In previous studies, the total length of the force curves has been used to 

discard force curves that came from attachment events of the AFM tip with 

regions of the polypeptide that do not belong to one of the termini (Muller et al., 

2002c). This criterion was applied in the present study. However, since the 2D 

HR crystals showed a P4212 symmetry, both C-and the N-terminus were 

exposed to the same surface of the membrane. This implied that the force 

curves detected pulling the N-terminus had to be distinguished from those 

pulling the C-terminus. Because both HR termini exhibited different lengths, it 

was expected that force curves obtained by pulling the N-terminal end (4 aa) 

would be shorter compared to those pulling the C-terminal end (19 aa). 

Consequently, only long force curves that came from unfolding HR by pulling its 

C-terminus were selected. The force curves selected showed lengths between 

65 and 70 nm corresponding to a stretched polypeptide being ~ 210 - 223 aa 

long (Muller et al., 2002c). Similarly to the alignment procedure applied to BR, 

the force curves obtained from HR were aligned at their second main peak. 

Later on, these curves were compared with those observed for BR unfolding 

pulled from the C-terminus (Janovjak et al., 2003; Muller et al., 2002c; 

Oesterhelt et al., 2000).  

The N-terminus of SRII is embedded in the membrane as part of helix A. 

Therefore, that the probability of it to adsorb to the cantilever’s tip is assumed to 

be very low. As a consequence, as for HR, force curves derived from N-terminal 

unfolding would be short and can be excluded by the length criteria. Therefore, 

only curves exhibiting a length larger that 65 nm were selected for analysis. 

To analyze side peaks, every main peak was superimposed separately. 

Each force peak was fitted using the WLC model (Section 1.3.5) The contour 

length (L) of the stretched polypeptide was obtained from the fit assuming a 

persistence length (lp) of 0.36 nm (Oesterhelt et al., 2000). When pulling the 

protein from the cytoplasmic surface, sometimes the anchor of the stretched 

polypeptide segment is embedded in the membrane. In this case, the lipid 

membrane thickness (~ 4 nm) had to be considered, and 11 aa (11 x 0.36 nm ≈ 

4 nm) were added to the number of aa determined by the WLC model (Muller et 

al., 2002c). Alternatively, if the segments were shorter than the width of the 
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membrane, a fraction of the membrane thickness (11 aa) proportional to the 

length of the apparent stretched polypeptide was added. The polypeptide 

lengths derived from the WLC fits were compared with the HR structure 

determined by X-ray crystallography (Kolbe et al., 2000)(PDB code 1E12). For 

the case of SRII, lengths derived from the WLC fits were compared to structure 

1JGJ (Luecke et al., 2001). WLC fits of BR unfolding were compared to 

structure 1BRR (Essen et al., 1998). 

 
4.3. Results  

4.3.1. High-resolution imaging of halorhodopsin 
 

To characterize HR crystals, high-resolution AFM imaging was 

performed. Topographs recorded in buffer solution (Fig. 4.1) show HR 

tetramers arranged into a 2D lattice. Since the 2D crystal exhibit a P4212 

symmetry, adjacent HR tetramers exposed either their extracellular or 

cytoplasmic surface to the aqueous solution (Fig. 4.1B). The correlation 

averaged topography (Figs. 4.1C,E) enhanced common structural details 

among individual HR molecules. Previously, those tetramers that were 

protruding less  from the lipid bilayer were assigned to be seen from their 

cytoplasmic surface, and the more protruding ones from the extracelullar 

surface (Persike et al., 2001). The three protrusions of the cytoplasmic surface 

extend 1.1 ± 0.09 nm, 0.8 ± 0.12 nm and 0.6 ± 0.09 nm from the lipid bilayer. 

Monomers of extracellular surface type only showed one dominant protrusion of 

1.2 ± 0.16 nm. The standard deviation map of the correlation average (Figs. 

4.1D-E), showed two main features. Both maxima of 0.16 nm and 0.08 nm 

correlated to the protrusion of the extracellular surface (Figs. 4.1C-E). The 

perspective representation of the averaged topography (gold) mapped by the 

standard deviation (red) allows the precise correlation of the information.  
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Figure 4.1. High-resolution AFM topograph of a two-dimensional 
halorhodopsin (HR) crystal. A) Adsorbed 2D crystal of HR on mica at low 
magnification. B) Unprocessed topography such as obtained by AFM imaging in 
buffer solution (50 mM TRIS-HCl, 300 mM KCl, pH 7.8) at high resolution. C) 
Correlation average of the topography shown in (B). The density map of HR 
revealed from Cryo-EM (Havelka et al., 1993) was outlined. The two 
possibilities of the outlines explain the structural features observed in the AFM 
data with the sidedness of the tetramers. D) Standard deviation map of the 
correlation averaged topograph. E) Surface map of the averaged topograph 
shown in a perspective view with a tilt of 20°. The standard deviation map (red) 
was superimposed. The vertical range is scaled in colors ranging from black to 
white with 15 nm (A), 1.5 nm (B), 1.2 nm (C), 0.2 nm (D) and 1.2 nm (E). 
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4.3.2. Halorhodopsin unfolding 
 

To compare the unfolding pathways of HR and BR. HR and BR were 

force-unfolded as it was previously done for BR. HR and BR 2D crystals were 

adsorbed onto mica and imaged by AFM. After imaging, the AFM was changed 

to the force mode and extension-retraction cycles were performed over the 2D 

crystal. Force curves were obtained and selected to match the length of the 

protein pulled from the C-terminus (~70 nm), as it is described in Material and 

Methods. Representative curves from BR and HR are shown in Figure 4.2A and 

4.2B, respectively. Spectra of BR and HR force unfolding showed three peaks 

that appeared with 100% frequency, called here main peaks (Fig. 4.2A-B). As 

shown previously (Bustamante et al., 1994; Rief et al., 1997), these peaks, 

which represent the stretching of a polypeptide segment, can be described 

using the worm-like chain (WLC) model (Bustamante et al., 1994; Rief et al., 

1997). The WLC describes the entropic force-dependent stretching of a polymer 

(section 1.3.5). 

The superimposition of the force curves enhances the common features 

among the force spectra (Fig. 4.2C-D). The three main peaks from each curve 

build up the main density. In a previous study, Müller et al. unfolded BR using 

SMFS (Muller et al., 2002c). In that study, BR unfolding force traces were 

obtained in correspondence to the ones shown in Figures 4.2A-B. Simulating 

the WLC with stretched polypeptides of ~88 aa, ~148 aa and ~219 aa describes 

well the density of superimposed curves as it was previously shown (Figure 

4.2B, red curves). By correlating the length with the structure of BR, Müller et al. 

showed that the 88 aa, 148 aa and 220 aa peaks corresponded to the 

simultaneous (called pairwise) unfolding of helices D & E, B & C and to the one 

of helix A, respectively (Muller et al., 2002c).  
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Figure 4.2. Comparison of BR and HR force-unfolding spectra. A) 
Representative force curves of BR unfolding. B) Representative force curves of 
HR unfolding. B) Superimposition of force curves of BR unfolding. D) 
Superimposition of force curves of HR unfolding.  

 

To make sure that the selected force curves belonged to the C-terminus 

unfolding, WLC curves assuming pairwise unfolding of HR by pulling its C- and 

N-terminus were simulated. For C-terminal unfolding, WLC-simulated stretched 

polypeptides have 83 aa, 147 aa and 223 aa. These curves matched the 

density of the force curves obtained (Fig. 4.2D, red lines). On the contrary, N-

terminal simulated pairwise (WLC simulations at 84 aa, 136 aa and 205 aa) 

unfolding did not match the density (Fig. 4.2D, blue lines). This approach was 

recently challenged by Kessler et al. (Kessler and Gaub, 2006). In his study of 

BR N-terminal pulling he found a barrier at 223 aa. This barrier would occur 

when the protein had already been extracted when pulled by the N-terminus 

(the length is almost equal to the length of the protein). Further experiments to 

confirm or discard this possibility are currently being performed. 

At the same time, each individual trace showed different shoulder peaks 

next to the three main peaks, called here side peaks (Fig. 4.2A-B arrows). The 

WLC model was fitted to every main and side peak of force curves (Fig. 4.3).  
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Figure 4.3. Fitting of WLC model to the force curves. All force curves from 
BR and HR were fitted with the WLC model. A representative curve of HR is 
shown with its respective WLC-fit derived lengths. The main peaks of this curve 
were re-scaled to length in aa. 

 

 
Figure 4.4. WLC-derived length histogram. The WLC model was fitted to 
each individual peak from each force curve. The length obtained in nm was 
transformed into aa assuming a length of 0.36 nm/aa. A histogram of the 
lengths is shown for A) BR and B) HR and the main or side visible peaks are 
marked. 
 

The lengths derived from the fits were re-scaled to aa assuming a length 

of 0.36 nm/aa. A histogram of the WLC-derived lengths, show again the 
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similarities between BR and HR (Fig. 4.4A-B). Additionally, some of the side 

peaks are also distinguishable in this plot. For the case of BR (Fig. 4.4B), side 

peaks at 45 aa, 105 aa, and 169 aa are visible. Those peaks were previously 

assigned to the unfolding of loop F-G, helix D and the beta sheet formed by 

loop B-C, respectively (Muller et al., 2002c). Comparing the histograms show 

that for every described peak in BR a corresponding one could be found in HR 

unfolding. The histogram for HR unfolding show side peaks at 26 aa, 36 aa, 48 

aa, 98 aa, 106 aa, 17 4aa. Side peaks of HR, were analyzed individually (see 

below). 

4.3.3. Unfolding pathways of HR 
 

To compare the unfolding pathways of HR and BR the appearance of 

each peak in HR spectra was analyzed individually (Fig. 4.5). To locate the 

structural segments that unfold together, the lengths derived from the WLC fit 

(see example in Fig. 4.5A), were correlated to the structure of HR (PDB code 

1E12). Peaks detected at distances below 5 nm showed a strong variation, 

which reflected the different attachment sites of the molecule to the tip (Muller 

et al., 2002c). Beyond the first 5 nm, three characteristic peaks were found (Fig. 

4.5C). The first peak with an average length of ~26 aa corresponds to the 

stretching of the first half of helix G. As previously proposed for BR (Muller et 

al., 2002c), helix G unfolds in two steps probably because the retinal is 

covalently bounded to it. The next peak was then found after ~35 aa. This peak 

co-localizes to the GF loop. The peak at ~47 aa probably described the 

unfolding of helix F. In the separation distance between 15 and 35 nm four 

different force peaks were observed at average lengths of ~84 aa, ~88 aa, ~97 

aa and ~103 aa (Fig. 4.5D). The 84 aa peak was established by helix E. In 

some cases, a short cytoplasmic segment of this helix unfolded releasing only 6 

aa, which was detected at the ~88 aa peak. Both peaks of ~88 aa and ~97 aa 

were assigned to the unfolding of consecutive short segments of helix E, each 

one being ≈ 11 aa long (Table 1). At an average length of ~103 aa the rest of 

helix E unfolded together with helix D. Between 35 nm and 55 nm, three peaks 

were found (Fig. 4.5E). The peak at ~147 aa represented unfolding of helix C, 

while at ~160 aa the long B-C loop unfolded which forms a β-sheet in its native 

conformation. After this, the stretched polypeptide summed up to ~180 aa. This 
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peak describes unfolding of helix B. Finally, in the last part of the force trace 

(Fig. 4.5F), helix B was stretched then to ~223 aa and helix A unfolded in two 

steps described by the peaks at ~223 aa and ~237 aa. The probabilities of 

appearance for all peaks described above, when they represent the unfolding of 

single structural elements, are given in Table 1. 

  
4.4. Discussion 

4.4.1. Halorhodopsin imaging  
 

Two-dimensional HR crystals were imaged previously in buffer solution 

using AFM (Persike et al., 2001). An assignment of the extracellular and 

cytoplasmic surface was made assuming that the largest loop (loop B-C, which 

includes a β-sheet) of HR would be represented by the highest protrusion of the 

AFM topograph (Denoted by the four single protrusions in the center of Fig 1C). 

The spatial resolution of our high-resolution topographs was slightly better than 

that previously published (Persike et al., 2001). Nevertheless, without further 

elucidation, it appears difficult to confirm or discard the assignment of 

sidedness. Both possibilities of the sidedness assignment are depicted in Fig. 

4.1C, where the outline of neighboring HR tetramers (Havelka et al., 1993) was 

superimposed to the correlation averaged topograph. 

4.4.2. Unfolding pathways of HR resemble those of BR 
 

In previous studies, SMFS has been used to characterize unfolding 

events of BR (Oesterhelt et al., 2000). In these studies, the force vs. distance 

spectrum characterized the unfolding pathway of each individual molecule. The 

probability for each pathway to occur depended on physiologically relevant 

parameters like pH, electrolytes, and temperature (Janovjak et al., 2003; Muller 

et al., 2002c). Experimental conditions, like the pulling speed, affected the 

probability of the pathways as well. (Janovjak et al., 2004). It is interesting to 

note that the variation of none of the conditions mentioned above promoted the 

appearance of new unfolding pathways in BR. This observation suggests that 

the additional unfolding barrier within helix E could be intrinsic to HR. 
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Figure 4.5. Unfolding pathways of HR. A) Representative force spectra of HR 
unfolding. For simplicity only three peaks were fitted and correlated to the 
structure-topology (B). B) Schematic drawing of HR showing single molecule 
unfolding processes from fits derived in A. The first force peaks detected within 
a separation distance between 0 and 15 nm indicated the unfolding of helices F 
and G, and of loops F-G and E-F. After unfolding two transmembrane helices 
(a), the number of unfolded aa was increased to 84 aa and the cantilever 
relaxed. Further separation of tip and sample stretched the polypeptide (b), 
thereby pulling on helix E. At a certain pulling force, the mechanical stability of 
helices E and D was overcome and they unfolded together with loops D-E and 
C-D (c). A polypeptide chain of 147 aa was now stretched (d). Helices B and C 
and loops B-C and A-B unfolded, thereby relaxing the cantilever (e). By further 
separating tip and HR, the cantilever pulled on helix A (f), until it unfolded and 
the polypeptide was completely extracted from the membrane (g). C-F) 
Unfolding events of individual secondary structures in HR. C) The peak at ~26 
aa indicated the unfolding of the cytoplasmic half of helix G up to the covalently 
bound retinal. The peak at ~35 aa indicated the complete unfolding of helix G. 
At ~47 aa, helix G and the loop connecting helices G and F unfold and the force 
pulled directly on helix F until this helix unfolded together with loop E-F. D) The 
side peaks of the second main peak indicated the stepwise unfolding of helices 
E and D and loop D-E. The peak at ~84 aa indicated the unfolding of the first 
part of helix E (helix Ea). The remaining side peaks (~88 aa, ~97 aa) 
represented the stepwise unfolding of helix E, the peak of ~103 aa represents 
the unfolding of the rest of helix E and helix D. E, The third main peak and its 
side peaks indicated the stepwise unfolding of helix C (at ~147 aa), of loop B-C 
(at ~160 aa) and of helix B (at 180 aa). F) Finally, unfolding of helix A was 
represented by the last main peak at ~223 aa, while the following side peak 
(~237 aa) occurred probably due to the pulling of the N-terminal end through 
the membrane. 
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Almost all unfolding barriers and pathways observed for HR have been 

previously observed for BR (Janovjak et al., 2003; Muller et al., 2002c). To trace 

the origin of this phenomenon, structural segments establishing their own 

stability were co-localized to the primary and secondary structures of both 

proteins (Fig. 4.6, colors). It became evident that these stabilizing segments of 

BR and HR were located at almost the same structural positions. Apparently, 

the aa composition and their distribution within these segments showed no 

specific pattern. Thus, it may be assumed that in the case of HR and BR, 

different aa sequences form similar structural segments that establish very 

similar energetic stability. Additionally, the unfolding forces (Table 1) of these 

structural elements in HR do not differ significantly from those measured for BR 

(Janovjak et al., 2004). 

4.4.3. Collective interactions of aa establish stable structural segments 
 

At this point it appears difficult to conclude by which mechanism the aa 

establish an energetic barrier against unfolding. Analyzing the residues which 

compose the structurally stabilizing segments or domains in HR and BR 

showed no common patterns. Thus, non-specific interactions may dominate this 

process. This observation supports the idea that, in vivo, transmembrane 

helices would simply partition into the bilayer due to its overall hydrophobicity 

while passing through the translocon without any signal (White and von Heijne, 

2004). Furthermore, after aligning sequences of BR and HR (Fig. 4.6) it became 

clear that the identical aa were randomly distributed within stabilizing structural 

segments. Additionally, no differences between the aliphatic index and the 

hydrophobicity index (GRAVY) were observed among stable structural 

elements of BR and HR.  

 Overcoming the critical force initiates spontaneous unfolding of the 

structural segment. Apparently, there is no rule on how many aa are required to 

build up such a stabilizing structural segment within the protein. The distance 

between two consecutive stabilizing segments allows estimating the maximum 

number of aa which establishes the first segment. From these it can be 

concluded that the smallest segments in HR contained only ~6 aa while the 

largest ones were comprised by more than 32 aa (Table 1). Structural 

segments establishing a cooperative unfolding barrier do not necessarily 
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correlate to one secondary structure element of the protein. For example, the 

force spectra show unfolding of a transmembrane helix together with a 

polypeptide loop, or of two helices establishing a cooperative unfolding barrier. 

The forces required to unfold a small segment are equally large as the ones 

necessary to unfold larger segments. This suggests some hidden complexity in 

the force unfolding process (Table 1).  

 
Figure 4.6. Sequence alignment of BR and HR. A) Each color indicates one 
segment structural of the protein that unfolded collectively. The name of each 
helix (A-G) is indicated on top (BR) and bottom (HR) of the sequence. S 
denotes the β-sheet established by the B-C loop. From this representation it 
becomes clear that the structural segments that established a barrier against 
unfolding were conserved in HR and BR. One exception, however, was found 
for the zone colored gray in helix E. Here, an additional unfolding barrier was 
present in HR. B) Helices E and Ea in the HR structure were represented as 
cartoon; the colors in helix E correspond to the different segments that unfolded 
cooperatively and correlated to the ones in panel A. Both Ala 178 and Trp 183 
(colored as CPK) were represented as cpk spheres to highlight the Pi-bulk 
interaction that structurally and energetically disrupted helix E. 
 

In other experiments, Faham et al. mutated a proline (P50A) located at 

the kink of BR helix B (Faham et al., 2004). Since neither the structure nor the 

stability of the membrane protein changed significantly, it was concluded that 

the bend of this helix results from cumulative effects of adjacent residues. 

These results also strongly argue that aa of folded polypeptides interact 

collectively to establish stable structural modules or segments. It is furthermore 

assumed, that during evolution some aa replaced residues of the peptides and 

took over structural properties, which were previously induced by a key residue 
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(Faham et al., 2004). Our measurements showed that such segments establish 

sufficient interactions to form stable entities.  

 
Segment unfolded Force ± SD (pN) Length ± SD (aa) P(single) ± SD (%) 

Helix Ea* 93 ± 23 6 ± 2 79.5 ± 6.0 

Helix E (1st  part)* 120 ± 45 11 ± 4 63.3 ± 7.3 

Helix E (2nd part)* 91 ± 36 17 ± 5 22.7 ± 6.3 

Helix D 79 ± 26 32 ± 5 36.3 ± 7.3 

Helix C* 73 ± 14 24 ± 10 43.2 ± 7.5 

Helix B* 71 ± 35 30 ± 15 52.2 ± 7.5 

Helix A 50 ± 31 14 ± 6 29.5 ± 6.9 

Loop B-C* 77 ± 11 22 ± 12 22.7 ± 6.3 

Table 1. Stability and length of single structural elements. P(single) 
denotes the probability of that structural element to unfold alone in a single 
event. *For these values it had to be considered that the elements building up 
the unfolding barrier was embedded in the membrane during stretching (see 
section 4.2.4). 
 

4.4.4. Unfolding of Helix E 
 

One apparent difference between the unfolding pathways of BR and HR 

was found in case of helix E (Fig. 4.3D). Unfolding of helices E and D in BR can 

occur via four different pathways, exhibiting peaks at positions ~88 aa, ~94 aa 

and ~105 aa, which denote the positions of three unfolding barriers (Janovjak et 

al., 2003). In the case of HR, helix E exhibited one additional unfolding barrier. 

All four barriers were fitted to segments of ~84 aa, ~88 aa, ~97 aa and ~103 aa. 

Together with all other unfolding intermediates it became clear that helix E 

exhibited a high probability to unfold in multiple steps. Seven unfolding 

pathways were found for helices D & E in HR, which represent the combination 

of all unfolding barriers (Fig. 4.5D). The additional unfolding barrier of helix E 

may find its origin in a Pi-bulk interaction (also known as CH/Pi)(Kobayashi and 

Saigo, 2005) which is located between Ala 178 and Trp 183 (Fig. 4.6) and 

disrupts helix E (Kolbe et al., 2000) (see remark 650 in HR pdb file, code 1E12). 

This interaction is not present in BR. The disruption stabilizes a kink that splits 

helix E into two structurally different segments (Fig. 4.6B), helix E and helix Ea. 

The force spectroscopy data gives experimental evidence that both helix E and 

helix Ea are structurally stabilized by intrinsic molecular interactions, which 
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allow each structural segment to act independently. The probability that helix Ea 

unfolds by itself was 79.5% (Table 1). In other structural papers it was further 

assumed that the region where the Pi-bulk interaction (Ala 178 - Trp 183) is 

located can act as hinge (Essen, 2002; Subramaniam and Henderson, 2000), 

supporting the idea of the structural independence of helical segments E and 

Ea. Furthermore, in vivo folding experiments of bacterioopsin (BR without 

retinal) could not resolve the insertion of Helices D and E (Dale et al., 2000), 

which shows that these helices show a different behavior from the rest. 

4.4.5. Hierarchical unfolding within the “three stage” model 
 

The two-stage model postulates that membrane protein folding includes 

a primary stage in which independent, stable helices are established across the 

membrane lipid bilayer. This process is followed by a second stage in which the 

helices interact with each other forming higher ordered structures (Engelman et 

al., 2003; Popot and Engelman, 1990). In a recent review, the question “what 

happens beyond” the two-stage model was raised and the third stage of 

membrane folding was introduced (Engelman et al., 2003; White, 2003). In this 

third stage, the loops condense the inserted secondary structure elements into 

the functional protein. Here, the effect of intrinsic molecular interactions that 

established unfolding barriers located within the membrane protein were 

detected. It was observed, that single helices, polypeptide loops or helical pairs 

can form structurally stable segments. Apparently, amino acids within these 

segments act collectively and unfold cooperatively. Although some structural 

segments were smaller (Helix Ea) than single secondary structure elements of 

HR, they maintained the ability to form their own energetic barriers against 

unfolding. Intermediate steps within the two-stage folding model may be 

established by this kind of interactions. However, it was observed that some 

structural segments could bridge two secondary structures. For example, the 

extracellular half of helix G and the loop connecting helices G and F established 

one stabilizing segment (Fig. 4.5C, 35 aa peak). It could be speculated, that this 

process may represent an important step of a folding intermediate bringing the 

secondary elements, which have been inserted into the membrane bilayer, 

close together into the functional arrangement. This observation would strongly 

support the recently suggested third stage of folding in which loops pull 
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transmembrane helices together into the functional conformation (Engelman et 

al., 2003; White, 2003). 

 
4.5. Conclusions  

 
One of the most remarkable results of this study is that two proteins that 

have ~ 30 % sequence identity and almost identical 3D structures, unfold taking 

almost identical pathways. This finding suggests that different amino acid 

compositions can establish structurally indistinguishable stabilizing segments. It 

is concluded that these segments may rather result from comprehensive 

interactions of all amino acids within a structural region than from specific 

interactions. Both proteins unfolded via equivalent intermediate steps 

independently of their amino acid sequence. The results support the view that 

secondary structure, to which the peptide backbone contributes significantly 

could play a major role in stabilizing membrane proteins. A subtle but important 

difference was found in the unfolding pathway of helix E of HR. Here, a Pi-bulk 

interaction locally disrupts helix E into two structurally and energetically different 

parts. This additional unfolding barrier increases the combinatorial space of 

possible unfolding pathways. In future it may be investigated whether this 

structural and energetic division of helix E is functionally significant to HR during 

the photocycle.  

A thorough analysis of the structural segments that stabilize the 

membrane protein structures of HR and BR allows supporting the recently 

presented three-stage model of membrane protein folding. These and previous 

force-spectroscopy experiments showed that secondary structures can 

establish sufficient molecular interactions to act as independently stable units. 

For example it was shown, that polypeptide loops connecting transmembrane 

α-helices could have an intrinsic stability as well. Additionally, it was observed 

sometimes that two different structural elements unfolded together (pairwise 

unfolding). This suggests that there must be molecular interactions that keep 

these structures together, as well. Here, for the first time, experimental 

evidence in support of the postulated third stage of membrane protein folding is 

presented, in which independently stable structural units are brought together to 

form the functional protein.  
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4.6. Future Perspectives 

4.6.1. SRII unfolding resembles that of BR and HR 
 

To gather further information on the folding processes of archaeal 

rhodopsin, the question of whether SRII also unfolds in the same way as BR 

and HR was addressed. For that purpose, force-unfolding experiments for SRII 

without the transducer were performed. Preliminary data show that individual 

curves contain three main peaks, just as for BR and HR (Fig. 4.7A). The 

superimposition of the force curves into a density plot (Fig 4.7B) showed the 

resemblance of the main features with those of BR and HR unfolding traces 

(compare to Figure 4.2C-D). The results show that just as HR, SRII seems to 

establish the same unfolding barriers as BR. This observation supports the 

argumentation that no specific sequence is needed to establish unfolding 

barriers in structurally similar transmembrane proteins. Further analysis of the 

individual force traces will be performed to confirm the appearance of intrinsic 

segments that establish barriers against unfolding.  

 

 
Figure 4.7. Force-unfolding spectra of SRII. A) Representative force curves 
of SR unfolding. B) Superimposition of force curves of SRII unfolding. Arrows 
indicate differences in individual traces. 
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5.0 General Conclusions  
 

5.1.Structural complexity of living organisms and self-organization 
 

Biological systems are recognized to be complex. Moreover, it is 

established that they consist of subsystems (levels) hierarchically arranged in a 

nested manner. From a general point of view, one can discuss about functional 

and structural levels (Heylighen, 2001). In the case of a biological system, e.g. 

a cell, the hierarchical assembly of molecules determines its structural 

complexity and the interaction between them determine its functional levels.  

Many structures formed by bio-macromolecules present self-organizing 

or self-assembly properties at several levels of complexity. As self-organization 

is understood the steady state assembly and disassembly of components into 

transit structures. Self-assembly is simply the process by which components 

form stable structures through weak interactions (Kurakin, 2005; Whitesides 

and Boncheva, 2002). Therefore, the structural complexity at each level is 

ultimately determined by self-assembly processes. 

For example, at the intracellular level, cytoskeleton dynamics are 

determined by the self-organizing properties of actin filaments and microtubules 

(Kurakin, 2005). Interactions with other proteins modulate the self-organization 

properties of these filaments, which regulate cell shape and motility. In another 

example, differences in the physico-chemical properties of lipids result in the 

self-organization of domains in biological membranes (Kahya, 2006). Clustering 

of the domains through the interaction with proteins could confine in the same 

space signaling molecules and ultimately affect cellular functions (Rajendran 

and Simons, 2005).  

At another level of complexity, components of the extracellular matrix 

also present self-assembly properties. Fibronectin, a component of the ECM, 

forms insoluble fibrils after being secreted by connective tissue cells. Recent 

data indicate that mechanical stretching exerted by the cells to fibronectin 

exposes cryptic self-association sites in it, resulting in fibrillogenesis (Vogel et 

al., 2001). Collagen, another major component of the ECM, undergoes self-

assembly. In section 2.0, this process was observed at high resolution for the 

first time using time-lapse AFM. The assembly comprises an artificial collagen 

type I matrix. It is proposed that collagen self-healing properties observed in 
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those matrices (section 2.4.5) contribute to wound healing (Grinnell, 2003). 

Furthermore, a two-step mechanism for the formation of fibrils was proposed. In 

the first step collagen molecules associate loosely, in the second step they 

collapse to form a microfibril (section 2.4.3). The mechanism implies that 

microfibrils could be the building blocks of fibrillogenesis. In tissues like cornea, 

the modulation of the self-assembly of collagen molecules into fibrils is 

controlled very precisely (Holmes and Kadler, 2005). It is supposed that the 

control of the fibril width depends on proteoglycans by a not so clear 

mechanism (Graham et al., 2000). Therefore, the assay developed to visualize 

collagen self-assembly into fibrils (section 2.0) could also be used to observe 

how other proteins regulate the process.  

Protein folding remains at the intra-molecular level in the hierarchy of 

self-organizing processes. In pioneer experiments, Anfinsen showed that the 

protein ribonuclease could refold spontaneously in vitro (Haber and Anfinsen, 

1961). The result implies that all the information is encoded in the protein itself. 

Hydrogen bonds, ion bridges and van der Waals interactions are the driving 

force. Currently, the debate is centered in whether folding is driven by backbone 

or side-chain interactions (Rose et al., 2006).  

On the other hand, AFM unfolding experiments on membrane proteins 

have recently gotten attention since: 1) it was proved that membrane proteins 

re-fold after being force-unfolded (Kedrov et al., 2004; Kessler et al., 2006) and 

2) it was shown that ATP dependent proteases extract mechanically membrane 

proteins from mitochondrial and ER membranes in vivo (Leonhard et al., 2000; 

Ye et al., 2001). In section 4.0, it was demonstrated that two proteins with only 

30% sequence identity unfold by exactly the same mechanism. The results 

described in section 4.0 support the view that backbone contributions, i.e. 

secondary structure, could participate hierarchically (section 4.4.5) in the 

(un)folding process. How these hierarchies affect the folding mechanism in the 

context of the translocon it is to be determined by re-folding or in vivo 

experiments.  

At the intermolecular level, some membrane proteins form multimers and 

interact with lipids to achieve their native structure. Clearly, the anisotropic 

environment of the bilayer imposes geometrical restrictions to how membrane 

proteins structure/function is studied. In particular, into how its structure is 
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determined. 2D and 3D crystals of membrane proteins embedded in lipids are 

difficult to obtain, but atomic resolutions is attainable. In section 3.0, the self-

assembly properties of a thiolipid were used to create an interface to study 

membrane proteins with AFM. The results described open the possibility to 

obtain structural details of membrane at a resolution similar to the one obtained 

with 2D crystals.  

Biological systems exist as a result of processes that generate complex 

functional structures by self-assembly (Whitesides and Boncheva, 2002). In this 

work, we used AFM to characterize self-assembly processes. Besides, SMFS 

was used to characterize interactions stabilizing/driving membrane protein self-

assembly into membranes. Ultimately, mimicking natural self-assembly 

processes allowed studying macromolecular structures. 
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 Abbreviations and symbols 
 

Abbreviations 
 

2D Two-dimensional 

3D Three-dimensional 

Å Angstrom 

aa Amino acid 

AFM Atomic force microscopy 

BR Bacteriorhodopsin 

CM-AFM Contact mode AFM 

Cryo-EM Cryo-electron microscopy 

ECM Extracellular matrix 

EM Electron microscopy 

FJC Freely-Jointed-Chain 

FnIII Fibronectin domain III 

HR Halorhodopsin 

I27 Titin immunoglobulin domain 27 

Ig Immunoglobulin 

kcal Kilo-calorie 

kDa Kilo-dalton 

kHz Kilo-Herz 

min minute 

N Protein native state 

NMR Nuclear magnetic resonance 

OG octylglucopyranoside 

OmpF Outer membrane protein F 

PDB Protein Data Bank 

RMS Root mean square 

s Seconds 

SAM Self-assembled monolayer 

SD Standard deviation 

SEM Standard error of the mean 

SMFS Single molecule force spectroscopy 

SNOM Scanning near-field optical microscope 
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SPM Scanning probe microscopy 

SRP Signal recognition particle 

SRI Sensory rhodopsin I 

SRII Sensory rhodopsin II 

STM Scanning tunneling microscopy 

TEM Transmission electron microscopy 

TM-AFM Tapping mode AFM 

TS-gold Template-stripped gold 

U Protein unfolded state 

WLC Worm-Like-Chain 

 

Symbols 
 

σ Surface charge density [C/m2] 

ε0 Vacuum dielectric constant 

εe Solvent dielectric constant 

b Monomer length [m] 

ec Ion concentration [C/L] 

ETS Activation energy [kcal/mol] 

F Force [N] 

f* Most probable rupture force [N] 

Fel Electrostatic forces [N] 

FvdW Van der Waals forces [N] 

Ha Hamaker constant [J] 

k Cantilever spring constant [N/m] 

k0 Unfolding rate [s-1] 

kb Boltzman constant (1.38*10-23 J/K) 

kU Unfolding rate under force [s-1] 

ku Natural off-rate of a bond 

L Langevin function 

L Polymer contour length [m] 

lp Persistence length [m] 

pI Isoelectric point 

T Temperature [K] 
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zb Projected potential barrier width [m] 

zTS Potential barrier width [m] 

∆z Cantilever’s deflection 
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