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Abstract 

The nature and properties of chemical bonding are at the heart of chemical 

reactivity, where bond rupture (activation) processes are the first step in chemical 

reactions. Thus, knowledge concerning the bond strength and characteristics is 

fundamentally important to understanding general chemical processes.  

Metalloproteins are ubiquitous in biology. Through the formation of multiple 

metal-ligand bonds, metal centers are incorporated into metalloproteins, greatly 

expanding their stability and functionality. Consequently, determining the 

characteristics of a metal center and individual an metal-ligand bond are critical 

towards understanding their unique stability and function. 

This thesis presents a series of studies on the mechanical rupture processes of 

metal-ligand bonds in the metal center of metalloproteins using single molecule 

Atomic Force Microscopy (AFM). Specifically, the investigation of the ferric-thiolate 

bonds in a simple iron-sulfur protein rubredoxin is presented.  

First, we develop a protein-level chemical coupling method to build 

poly-metalloproteins suitable for AFM studies. The ability to build a pure iron-form 

poly-rubredoxin molecule paves the way to investigating metalloproteins using AFM. 

 This thesis then shows that the FeS4 center in rubredoxin can be ruptured by 

mechanical force, the first example demonstrating that a naturally occurring metal 
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center in a biological system can be ruptured using AFM. Moreover, the measured 

rupture force of the highly covalent ferric-thiolate bond is surprisingly low. 

The rupture mechanism of multiple ferric-thiolate bonds is then explored. Using 

a loop insertion rubredoxin variant, we found that the FeS4 center ruptures in a 

stochastic manner, where bonds can break both sequentially and cooperatively. In 

addition, by stretching the metal center from different directions, the mechanical 

anisotropy of the FeS4 metal center is studied.     

The interplay between metal-ligand bond strength and the protein structure is 

also presented here, where we found that the amide hydrogen bond to the sulfur atom 

can modify the stability of the FeS4 center.  

Next, a ligand substitution reaction on the ferric-thiolate bonds in rubredoxin is 

investigated and discussed.  

Finally, conclusions and future directions are presented 
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Chapter 1:Introduction 

The first critical step of any chemical reaction is the rupture of chemical bonds. 

A successful reaction requires enough energy to overcome the activation energy 

barrier, a process mainly achieved by heat, the subject of thermochemistry. In fact, 

mechanical force which is ubiquitous in nature can also facilitate chemical bond 

rupture and subsequent chemical reactions. This so-called mechanochemistry field is 

much less explored
1,2

. As early as in the 19th century, the mechanochemical reaction 

of silver halides such as AgCl, AgBr and AgI was investigated as they could 

dissociate to silver under an external compressing mechanical force
3
. Additionally, the 

degradation of polystyrene by milling is known as a forced bond rupture process 

inside the polymer molecule
4,5

. However, the direct observation of a single bond 

rupture event has not achieved until very recently. The measurement of the strength of 

a bond at the single molecule level has not been possible until the recent development 

of single molecule force spectroscopy techniques.  

There are several different types of force spectroscopy techniques, such as 

magnetic tweezers, optical tweezers, atomic force microscopy, hydrodynamic 

methods, glass micro-needles and biomembrane force probe (BFP)
6-9,10,11

. They are 

able to measure force down to piconetwon (pN) and the first three techniques are 

widely used now. Magnetic tweezes and optical tweezes are largely used for studying 
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stability of DNA and RNA. However, forces that can be measured by these two 

techniques are below ~ 200 pN, which is less than the strength of many covalent 

bonds
12,13

. In comparison, the force range for AFM is between ~10 pN to tens of 

nanonewtons, such that it may be used to measure chemical bond strength. 

Consequently, we use AFM to investigate the bond strength of metal-ligand bonds in 

this thesis
1,14

. 

Atomic force microscopy (AFM) can stretch a single molecule from two holding 

points, thus directly applying a tiny force to the system. In doing so, the applied force 

sets the reaction coordinate in a single molecule along which the reaction will take 

place. In addition, the single molecule nature of the AFM technique greatly advances 

our understanding of chemical reactions by revealing many rare events and pathways 

which can be obscured by averaging, which is inherent in ensemble studies. Moreover, 

it provides a simple and reliable approach to directly measure the strength of 

individual chemical bonds. 

This chapter provides an overview on the application of AFM to measure the 

strength of single bonds, focusing on two major fields of AFM studies: chemical bond 

rupture and protein unfolding. Both of these processes occur during the rupture of 

metal-ligand bonds inside metalloproteins, the overarching theme of this thesis.    

I will first give an introduction to AFM, which is the most important analytical 

technique used in the work presented here. Selected AFM experiments measuring 

chemical bond strength and protein unfolding will be reviewed. Then, a very brief 

description about metalloproteins with a focus on the rubredoxin model system is 
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presented. Finally, the aim of this thesis will be stated.    

1.1 Single molecule AFM 

1.1.1 The principle of AFM 

The atomic force microscope (AFM), invented in 1986 by Binnig, Quate and 

Gerber based on an earlier Nobel prize winning invention of scanning tunneling 

microscope (STM), is designed with the aim of investigating sample surfaces by 

measuring tiny forces at the atomic scale
15,16

. Compared with STM, which relies on a 

tunneling effect between a conducting substance and the tip, AFM is a very simple 

instrument. It uses a small spring-like cantilever with a sharp tip as a force sensor to 

measure interactions at piconewton level (10
-12

 N).  

It is widely used as an imaging technique with several different modes. For 

example, under a constant force mode, the tip scans the surface along the x and y axes 

while keeping the force between them constant by adjusting the height of the tip in the 

z axis. As a result, a three dimensional image of the surface is revealed
15,17

.  

In this thesis, the AFM is used as a single molecule force spectroscopy tool to 

study mechanical stability of chemical bonds. It can directly measure the interaction 

force between atoms, and be used to manipulate a single molecule attached between 

the tip and substrate surface by mechanical force. Accurate spatial movement is 

achieved by moving the substrate with a piezoelectric positioner capable of moving 

with resolution at the Angstrom scale.  
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Figure 1.1 A schematic of the AFM technique A) There are three major components in 

the AFM: a cantilever with a sharp tip functions as a force sensor; a piezoelectric 

positioner moves in the z direction to stretch the molecule attached between the tip 

and the substrate, and a photodiode monitors the movement of a laser that shines on 

the back of the cantilever to indicate its deflection (zc). B) Based on Hook’s law, the 

resorting force can be calculated by the displacement of the cantilever monitored by 

the laser point on the photodiode. The dashed line indicates the original position of 

the cantilever. 

When there are interactions between the tip and the surface, the cantilever will be 

deflected as a spring in the z direction, as shown in Figure 1.1B. At the same time, 

laser light bounces off the back of the cantilever; the movement of the light is 

recorded by a two-segment or a four-quadrant photodiode detector as an electrical 

signal. As a result, the deflection of cantilever (zc) can be monitored by the change in 

deflection of the laser light. If the spring constant (kc) of the cantilever is known, the 

force (F) exerted on the stretched molecule can be calculated by using Hook’s law:  

F = kczc                                                       (1.1)   

In an AFM experiment, a commercial AFM cantilever composed of Si3N4 is  

employed, with an approximate value of the spring constant being specified by the 

manufactures. To obtain a more accurate spring constant, a thermal fluctuation 

method based on the equipartition theorem is frequently used
18,19

: 
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Modeled as a harmonic oscillator, the spring-like cantilever fluctuates in the z 

direction as it is driven by thermal energy. Based on the equipartition theorem, the 

thermal energy is equal to 1/2 kbT. Thus, the potential energy of the cantilever equals 

to the thermal energy as follows:    

Tkzk Bcc
2

1

2

1 2
                                           (1.2) 

Here, <zc
2
> is the time-average square of the displacement of the cantilever in the 

z direction. kc is the calculated spring constant and T is the temperature. In order to 

separate the characteristic thermal excitation from the overall measured fluctuation 

which includes the environmental noise, the fluctuation of the cantilever is not 

analyzed in the time domain. Rather, it is converted to the frequency domain using a 

fast Fourier transformation.       

1.1.2 Constant velocity mode of AFM to study single molecule  

1.1.2.1 Working principle of constant velocity mode of AFM 

There are several operational modes of AFM when it is used as a force 

spectroscopy. The constant velocity mode (also called constant speed mode) is widely 

used. In this case, the molecule is pulled by AFM under a constant velocity
13,20-28

. 

There are other modes such as force ramp mode and force clamp mode in which the 

applied force is increased linearly over time or kept constant
29

.   
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Figure 1.2 A schematic showing an AFM experiment measuring chemical bond 

strength by stretching a single molecule. A) The experimental sequence: a single 

molecule is picked up by the tip. The dashed line indicates the initial position of the 

cantilever. B) Stretching the molecule extends the polymer as determined by its 

elasticity. C) At a certain moment, the applied force triggers the rupture of the weakest 

chemical bond in the linkage, where the force value of the peak is recorded as the 

rupture force of the bond. D) After the bond breaks, the force drops immediately to 

nearly zero.  

For example, AFM can be used to stretch a single molecule under constant 

velocity mode. After the substrate is loaded with sample solution, the piezoelectric 

positioner which holds the substrate moves towards the tip at a constant speed while 

the tip remains still. The two parts then come into contact with each other with a 

compressing force of ~1 nN and the piezoelectric positioner moves away at the same 

speed to its original position. This cycle is repeated thousands of times during the 

experiment. Approximately ~1% of the time, a single molecule will be held between 

the tip and the substrate (Fig. 1.2A).  

The attached molecule will be then stretched and extended as the piezoelectric 

positioner moves away from the tip (Fig. 1.2B). At the same time, the restoring force 
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from the molecule to the cantilever is recorded by the deflection of the cantilever. The 

extension of the molecule (E) can be calculated by the difference between the 

movement of the positioner and the displacement of the cantilever (Zp-Zc) (Fig 1.2B). 

As a result, the relationship between the force and extension of the molecule is plotted 

as the so-called force-extension curve (Fig. 1.2 bottom curve). When a single polymer 

molecule is stretched, the force-extension curve can be described by models of 

polymer elasticity, such as the Freely-Joint Chain (FJC) model or the Worm-Like 

Chain (WLC) model
30,31

.    

As the polymer is stretched under an increasing force, the weakest bond in the 

molecular linkage will break. As shown in Figure 1.2C, a chemical bond in a polymer 

chain is ruptured, and the force value of the peak is recorded as the mechanical 

rupture force for that particular chemical bond. Consequently, the linkage between the 

tip and surface is broken and the force drops nearly to zero immediately (Fig. 1.2D).  

1.1.2.2 Mechanical bond strength is a kinetic stability 

By definition, the mechanical bond strength is the most probable force at which a 

chemical bond ruptures in repeated tests. Traditionally, the average rupture force with 

standard deviation is reported in AFM studies. As shown in Figure 1.3, the mechanical 

stability of a chemical bond is determined by the activation free energy barrier 

(GN-T), which is the free energy difference between the bound state and the 

mechanical transition state. On comparison, the classic thermodynamic stability is 

determined by the free energy barrier (GN-U) difference between the bound state and 



 

8 

 

the completely unbounded state. Consequently, the measured rupture force as the 

mechanical bond strength is a kinetic stability instead of thermodynamic stability. In 

addition, the mechanical bond dissociation pathway is different from the pathway of 

thermal assisted bond dissociation. Thus, there is no direct correlation between the 

mechanical bond strength and the classic chemical bond strength (energy).    

 

Figure 1.3 The energy landscape of a chemical bond A-B is tilted by an external force. 

The black line describes the energy landscape of a chemical bond A-B with three 

states: the native bound state (N), the transition bond dissociation state (T), and the 

completely dissociated bond state (U). Under an external force (F), the energy 

landscape of the bond will be tilted by the mechanical work (F*x) as the red dash line. 

Consequently, the energy landscape is the new red line and the activation energy will 

be decreased by F*x.  

1.1.2.3 Chemical bond dissociation under force 

Chemical bond dissociation process under external force is far from equilibrium, 

as the rate of bond association under this condition can be neglected. Consequently, 

the bond rupture processes in AFM studies are accomplished in non-equilibrium, 

stochastic fashion
14,32-3414,32-34

. To explain the bond dissociation process under 

mechanical force, we firstly describe the spontaneous bond dissociation process based 
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on Kramer’s theory. For a chemical bond with single activation barrier, the 

spontaneous bond dissociation rate: 
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In equation 1.3, G is the bond dissociation activation energy barrier (GN-T, 

used as G for simplicity in the following context),  is the transmission coefficient, 

kB is Boltzmann constant, T is the absolute temperature and h is Planck’s constant. 

When an external force is applied to a chemical bond, the bond dissociation 

process will be accelerated exponentially as is described by the Bell-Evans model
2,32

. 

The energy landscape of the chemical bond will be tilted by applied force (F) along 

the reaction coordinate (x) (Fig 1.3). As a result, the bond activation energy barrier 

will be decreased by F*x:  
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Here x is the distance (length) between the native bound state (chemical bond 

length) and the bond dissociation transition state in the reaction coordinate. From 

equation 1.3, it is clear that the rate of bond rupture under force is exponentially 

dependent on the applied force. The probability of bond rupture can be described as: 

dPd=(1-Pd)*k(t)dt, where k(t) is the mechanical bond dissociation rate at time t which 

can be derived from equation 1.3.  

For example, if the applied force is increased linearly with a loading rate of a 

(F=a*t, t is the time), as in the case of a force ramp mode of AFM, the probability 

distribution (density) of bond rupture as a function of the applied force is:  
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The most probable rupture force (Fd) at a given loading rate (a) can be calculated 

based on equation 1.5: 
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It shows that the most probable rupture force (Fd) is linearly dependent upon 

logarithm of the loading rate (a). If we plot the rupture force (Fd) versus ln(a), the 

spontaneous bond dissociation rate (kd) and the distance between the bound and 

transition state (x) can be extracted from the slope and the intercept.   

In practice, most experiments are performed under a constant speed mode and 

the rupture (unbind) force is measured as a function of pulling speed. For the simple 

AFM measurement of single protein-ligand or protein-protein interactions, the force 

applied on the complex can be assumed increasing with a constant loading rate. Thus, 

the loading rate (a) which is the time derivative of the applied force (dF/dt) can be 

calculated as the product of the pulling speed and the spring constant of the AFM 

cantilever (v*k=(dl/dt)*k=dF/dt=a)
35

. Consequently, the kinetic and energy landscape 

can be derived from the relationship between unbinding force and the loading rate
2,33

.  

To obtain more accurate value, the effective loading rate for each individual 

unbinding event can be directly determined by the slope of the force versus time curve 

just before the unbinding events
36

. It is noted that this method should be applied for 

studies where the protein and ligand is linked between the AFM tip and surface 

through a long polymer. Because the loading rate is not increased constantly at this 
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condition, an effective rate loading should be examined at the time of bond rupture. 

This theory/prediction is verified by mechanical unbinding studies of the 

avidin-biotin complex and streptavidin-biotin complex at early 1990s
37-39

. These two 

receptor-ligand systems as non-covalent weak bonds have received tremendous 

attention in the studies of single molecule force spectroscopy which are among the 

first few experiments in the field
8,37,40,41

. By directly break the interaction and 

measure the unbinding force as a function of pulling speed using AFM or BFP, the 

linear relationship between unbinding force and loading rate is found and agreed well 

with the prediction. Consequently, the kinetics and energy landscape is obtained using 

equation 1.6.             

1.1.2.4 Force-extension curve of protein unfolding 

AFM is also widely used to study how a protein folds and unfolds under 

mechanical strain. Compared with the result of stretching a polymer, the force 

extension curve of protein unfolding shows a critical piece of information: the contour 

length increment (Lc)
12,42

. Similar to the chemical bond rupture process that occurs 

as a polymer is stretched, increasing the applied force triggers the unfolding of protein 

and a resultant force peak (Fig. 1.4 step 1-3). At step one, a protein molecule is picked 

up by the tip of cantilever. Then, the increasing force applied to the protein triggers 

the unfolding of the protein. A force peak from protein unfolding arises. From it, the 

value of the mechanical stability of the protein can be derived. Thus, the protein 

unfolding force can be measured directly. At step three, the peptide chain of unfolded 
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protein is further stretched and extended to a much longer length leading to a contour 

length increment (Lc). Finally, the protein molecule detaches from the tip or the 

substrate leading to a second force peak.  

 

Figure 1.4 The process by which a protein is unfolded by AFM. A) The cartoon shows 

how single protein molecule is unfolded. The number indicates the three step of 

protein unfolding. The red part is the contour length increment when the protein 

domain unfolds. Protein GB1 (1PGA) is used for display. B) The corresponding 

force-extension curve shows a protein unfolding force peak (highlighted by a blue 

star). The red dash line is the WLC fitting to the force extension curves. C) A 

schematic shows a polyprotein molecule containing eight identical repeats of single 

protein domain stretched by AFM. D) The corresponding force-extension curve shows 

a characteristic saw-tooth like pattern containing eight protein unfolding peaks with 

equal contour length increment.  

Besides the direct measurement of the force at which a protein unfolds, the 

contour length increment (Lc) upon protein unfolding provides unique structural 

information about the protein (Fig. 1.4). For a folded protein stretched by AFM, the 

contour length is roughly the distance between the N and C terminus (Lf). When the 

protein is unfolded, the previously folded peptide chain will be extended, leading to a 

much longer contour length (Lu). By fitting the multiple unfolding events with the 

WLC model which describe the relationship between protein extension and the 
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resorting force on the protein: 
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Where F(x) is the force at extension x, kB is Boltzmann constant, T is the absolute 

temperature, p is the persistence length and Lc is the contour length of the polymer. 

 The contour length increment can be directly measured from experiment. It is 

of note that the value of Lc is proportional to the number of amino acids (N) released 

upon protein unfolding, where the extended length of one amino acid (Laa) is 0.36 nm. 

Thus, the number of released amino acids can be calculated as: 

N=Lc/Laa                                                    (1.8) 

If the structure of the protein is known, the number of released amino acids can 

be calculated and used to validate the experimental result.  

In the studies of mechanical stability of proteins, polyprotein are typically used. 

The polyprotein molecule contains tandem repeats of an identical single protein 

domain. As a result, each individual protein domain will sequentially unfold, resulting 

in multiple unfolding force peaks with the same contour length increment (Fig. 

1.4C-D). This characteristic saw-tooth like pattern of the multiple force peaks is used 

as an excellent single molecule fingerprint for protein unfolding studies.  

However, the direct extraction of the kinetic data from polyprotein unfolding 

studies is challenging using the previous method for protein-ligand interaction. 

Because the force (F) applied to the protein is not increased in a linear fashion here, it 

follows the non-linear relationship according to the polymer elasticity of protein 
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which can be described by the WLC model as the equation 1.7.    

As a result, the loading rate (a) during a constant velocity pulling experiment on 

protein unfolding is not a fixed value but varied as followed:  
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Consequently, the loading rate (a) is positively dependent on the pulling velocity 

(v). Because of this non-linear relationship and the multiple domain nature of protein, 

an analytical solution for the most probable rupture force (Fd) cannot be directly 

derived under a constant pulling velocity mode as the equation 1.6. As a result, the 

extraction of kinetic information is difficult. Instead, a Monte Carlo simulation or 

numerical fitting is needed to extract the two kinetic parameters (kd and x) from 

different pulling velocity experiments
43

. 

1.2 AFM studies on chemical bond rupture and protein unfolding 

For the past two decades, single molecule AFM in force spectroscopy modehas 

evolved into a powerful technique applied in many interdisciplinary research 

approaches. Because it can apply tiny forces to manipulate single molecules, it is 

widely applied in the subjects of chemistry, physics and biology. For example, AFM 

has been used to explore molecular recognition, polymer elasticity, protein 

unfolding/folding, mechanoenzymatics and DNA repair
40,44-47

. Here, two AFM 

approaches are introduced: the mechanical rupture of individual chemical bonds and 

the mechanical unfolding of proteins.  



 

15 

 

1.2.1 Studies of mechanical rupture of chemical bonds  

One of the most important features of AFM is that it can directly apply force on a 

selected target and in doing so break the molecular linkage and measure the 

corresponding force. Thus, AFM has been used used to measure chemical bond 

strength soon after it was invented
48

. One approach is to measure the interaction force 

between atoms on the tip and the surface. The other method is to link the target 

chemical bond within a polymer molecule and measure the rupture force. These 

methodologies will be presented below.  

1.2.1.1 Measurement of interaction between AFM tip and surface 

To directly measure the chemical bond strength between an AFM tip and a 

surface, the tip must be precisely placed at a defined position on the surface to ensure 

a single atom to atom interaction. However, it is difficult to achieve this at room 

temperature for several reasons. For one, the thermal noise affects the tip position 

dramatically at room temperature. In addition, the measured force needs to exclude 

long-range interactions (Van den Waals force and electrostatic interaction) occurring 

between the other atoms from the tip and the surface. To counteract these effects, 

experiments were performed under ultrahigh vacuum (UHV) and sometimes at very 

low temperature (below 10K). This approach has led to the measurement of several 

covalent and metallic bond strength, including Si-Si, W-Si, Au-Au and Ni-Ni. These 

bond rupture forces were found to be around 2-4 nN
49-52

.  
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Figure 1.5 Measurement of chemical bond strength using AFM A) The schematic 

shows how chemical bond strength is measured by stretching a polymer. Several Si-C 

bonds are formed between the polymer and tip or glass surface. The short black line 

represents the Si-C bond. (adapted from the reference (14)). B) The histogram of 

measured rupture force of Si-C bond. (adapted from the reference (14)). C) The 

schematic shows the linkage in the AFM experiment on the measurement of 

NTA/Histag interaction. (adapted from the reference (63)). D) The structure of protein 

GB1 with a bi-histidine metal chelating motif. E) The unfolding force histogram of the 

GB1 mutant with and without adding Ni
2+ 

(adapted from the reference (110)). 

1.2.1.2 Measurement of bond strength using polymer coupling method  

Another widely used approach is a polymer-facilitated chemical bond rupture 

experiment. In this type of experiment, a critical step is to link the polymer to a 

chemically modified tip and surface by a specific chemical coupling reaction. Many 

different chemical methods have been developed and have paved the way for this type 

of studies
14,53-57

. As a result, the target chemical bond is inside the polymer or at the 

linkage between the polymer and the tip or surface. When the polymer is picked up 

and stretched, it will be extended in a known fashion. At the same time, the force 

transmits through the polymer chain and is applied to the target chemical bond. Under 
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this condition, the extended polymer separates the tip and substrate surface far enough 

to avoid interactions between them. As a result, a tip with a low spring constant can be 

used to measure the force of a chemical bond rupture in solution at room temperature.  

In 1999, Dr. Gaub and his colleagues reported the direct measurement of a 

covalent bond rupture force using AFM. The target chemical bond was linked in a 

polymer and was ruptured during the stretching of the polymer molecule
14

. They 

demonstrated a chemical bond rupture event by mechanical force at the single 

molecule level and reported its corresponding bond strength. 

In their experimental setup, an amylose molecule was covalently anchored 

between an AFM tip and a glass substrate using carbodiimide chemistry. As a result, 

several Si-C bonds were formed between the polymer, the tip and the glass surface 

(Fig. 1.5A). When a single molecule was picked up, it was stretched leading to the 

rupture of the molecular linkage. The last force peak was determined to be the 

chemical bond rupture event and showed an average rupture force of 2.0 ± 0.3 nN 

(Fig. 1.5B). This force value was assigned to the weakest Si-C bond according to 

theoretical calculations of the bond strength.   

This pioneering experiment clearly demonstrated that a single covalent bond can 

be ruptured by mechanical force and that bond strengths can be identified and 

measured using AFM with the help of theoretical calculations. It is now generally 

accepted that the force needed to rupture a covalent bond is above 1 nN
14,58

. This 

experiment paved the way for the so-called covalent mechochemistry studies. A 

similar combination of experiment and theoretical calculation have been carried out to 
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determine the Si-O, Au-S and Au-Au bond strengths
28,52,59,60

.   

1.2.1.3 Interactions between metal and ligand coordination bond system 

Besides the covalent bond, there are several interesting AFM measurements on 

metal-ligand bond interactions. For example, the NTA/Histag (N-nitrilo-triacetic 

acid/Histidine tag) system with metal-histidine interactions has been studied 

intensively.  

In 2000, three groups independently reported details on the NTA/His-tag 

interaction using AFM
61-63

. In this system, a metal ion (such as Ni
2+

) with six 

coordination sites is used to bind a target protein. Four sites are occupied by the NTA 

through the nitrogen and oxygen atoms (Fig. 1.5C), and the other two sites used to 

bind two additional histidines in the Histag (six histidine residues in series) present 

within the sequence of the target protein. All three experiments used a long molecule 

to attach the histag or the NTA system and to serve as the linkage between tip and 

surface.  

In one of these studies, Dr. Hinterdofer and co-workers used a long 

hetero-bifunctional polyethylene glycol (PEG) derivative containing an amine and a 

thiol reactive end as a bridge to couple the His6 portion in a peptide to an 

amine-functionalized Si3N4 tip. A self assembled monolayer containing NTA was 

attached to the gold coated surface via gold-thiol chemistry (Fig. 1.5C)
54,63

. As a result, 

the NTA-His6 system was successfully coupled between the AFM tip and substrate 

surface. After adding nickel ion into the solution, they found that the rupture force of 
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the interaction between Ni
2+

 and NTA was ~150 pN. In addition, the lifetime of this 

interaction was revealed to be on the order of milliseconds. As a result, they showed 

that the NTA-His6 interaction system is of considerable mechanical stability and 

potentially as a general tool to anchor ligands to AFM tips. Indeed, they later 

successfully demonstrated such a application in molecular recognition experiments
64

. 

The NTA system containing other metal ion such as Co
2+

, Cu
2+

 and Zn
2+

 were also 

studied
62

.  

From our perspective of singe chemical bond strength measurement, these 

studies provide valuable information about metal-ligand bond interaction strength in 

the NTA/Histag system. Because of the complexity of the system, it is difficult to 

identify which bond is ruptured in the experiment. The bond ruptured from interaction 

between histidine and the metal ion or the oxalate and the metal ion are both possible. 

In addition, it is not known whether the measured force is from a single bond or 

multiple bonds. 

A range of other metal-ligand bonds systems have been studied by AFM, such as 

rubidium terpyridine bonds, the -cyclodextrin to ferrocene bonds, which 

demonstrated rupture forces below 100 pN
65,66

.     

1.2.1.4 Measurement of electromechanical property of a single molecule 

The break junction method, where molecular junctions are repeatedly formed 

and broken using STM, is widely used to measure single molecule conductance
67-69

. 

Recently, a conducting AFM has been developed to simultaneously measure 
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conductance and rupture force
67,69,70

. The principle of this instrument is based on a 

gold-coated AFM cantilever and substrate to capture a molecule, which allows an 

electric circuit to form. By applying a voltage as well as stretching the molecule, 

electromechanical properties of the single molecule can be measured. Frequently, a 

gold-ligand bond is tested in this type of experiments. For example, the rupture force 

of an Au-N bond between a gold atom and bipyridine molecule is found to be ~0.8 nN 

with a conductance of 1.0×10
-4 

G0
67,71

. From the perspective of chemical bond 

strength measurements, this technique provides additional information concerning the 

electrical properties of the molecule and can potentially be used to study electron 

transfer processes in chemical and biological systems.  

1.2.1.5 The interaction between metal and ligand bond in a protein  

Another interesting metal-ligand interaction study has been reported by our 

group
23,72

. With the aim of increasing the mechanical strength of a particular protein, 

Dr. Li and co-workers engineered a bi-histidine metal-chelating site into the model 

protein GB1 (Fig.1.5D)
110

. Adding nickel ion to the protein solution dramatically 

increases the unfolding force of the protein, from ~100 pN to ~250 pN (Fig.1.5D). It 

is clear that this enhanced stability derives from the added interactions between nickel 

and histidine in the protein, giving insight into the degree of metal-ligand interaction 

in the protein. Furthermore, the unfolding of this protein shows a clear fingerprint for 

the metal-ligand bond rupture event. However, a pure measurement of the bond 

strength is not available as the measured rupture force arises from a combination of 
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simultaneous protein unfolding as well as metal ligand bond rupture.  

1.2.2 Protein mechanical unfolding studies 

In addition to studies on the mechanochemistry of chemical bond rupture 

processes, single molecule AFM is also extensively used to study the mechanical 

properties of proteins
20,74

. In particular, both the force and spatial resolution (in the pN 

and nm range) of the AFM make it very suitable for protein unfolding studies. 

Mechanical force is ubiquitous in nature and many proteins are responsible for 

mechanical process in biological systems. For example, the giant muscle protein titin 

is one of the mostly studied proteins in this family
75

. Titin is essential for the passive 

elasticity of muscle. Under high stretching forces, it was found that titin can be 

extended to several times its original length without breaking.  

 
Figure 1.6 AFM experiments on protein unfolding. A) The mechanical unfolding of 
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titin resulted in a sawtooth-like force extension curves. (adapted from the reference 

(76)). B) The figure showed the successive construction of the gene coding for 

polyprotein (I27)8 and band of protein (I27)8. (adapted from the reference (42)). C) 

The unfolding of polyprotein (I27)8 showed a sawtooth like force-extension pattern. 

(adapted from the reference (42)). D) The T4 lysozyme was sandwiched by four GB1 

domains in an engineered hetero-polyprotein. The trace showed the unfolding event of 

T4 lysozyme (in green) and GB1 (in red). (adapted from the reference (26)). E) The 

hetero-polyprotein (I27- PEVK)3 was constructed to study the mechanical stability of 

PEVK. The initial curves showed a low force corresponding to the extension of PEVK. 

Adapted from (92). F) The construction of poly-GFP. The cysteine residue was added 

at two positions in GFP, leading to the expression of a GFP monomer with two 

cysteines. A GFP polyprotein was constructed by forming an intermolecular disulfide 

bond. (adapted from the reference (98)). G) By stretching GFP from two different 

locations, the mechanical anisotropic deformation of GFP was found. (adapted from 

the reference (99)).         

1.2.2.1 Mechanical unfolding of titin 

It is not surprising that titin, with its natural mechanical functionality, was the 

first protein to be probed by AFM. In 1997, mechanical unfolding experiments on titin 

were first reported
7,76,77

. Using AFM, a sawtooth-like pattern showing multiple peaks 

in the force-extension curve with an unfolding force of ~200 pN was found (Fig.1.6A). 

The individual peaks were assigned to the unfolding of each Ig domain of titin, with a 

representative contour length increment of 27-29 nm. Many other proteins with 

mechanical properties have been studied by AFM, including fibronectin, tenascin, 

ankyrin and spectrin
14,30,78-83

.  

1.2.2.2 Using the polyprotein method for AFM studies 

  The characteristic sawtooth-like force-extension curves observed in titin 

unfolding experiment not only provide a wealth of information regarding the protein’s 

stability, but also serve as a natural fingerprint for a single molecule stretching event, 
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originating from the unfolding of multiple domains within the protein. Dr. Fernandez 

and co-workers developed a polyprotein approach mimicking titin’s structure for 

AFM studies. They built a so-called ‘polyprotein’ consisting of multiple repeats of an 

identical protein domain
42

. For example, they chose the I27 domain and built the 

octomeric gene sequence (I27)8 in a stepwise fashion (Fig. 1.6B). The expressed 

polyprotein (I27)8, containing eight identical I27 domains, can be used directly for 

AFM experiment. The unfolding of this engineered polyprotein gives the 

representative sawtooth-like force-extension curve similar to titin. Furthermore, each 

individual force peak in the curve can be unambiguously assigned to the unfolding 

event of an I27 domain (Fig. 1.6B) and a characteristic unfolding force can be also be 

assigned. This polyprotein methodology has been widely used as an efficient and 

accurate way of studying protein mechanical stability. Many other proteins have been 

studied in this fashion, such as ubiquitin, protein L,GB1 and spectrin
84-91

  .         

1.2.2.3 Hetero-polyprotein approach to study protein mechanics.  

Based on the polyprotein strategy, a hetero-polyprotein approach is often used to 

study complex protein unfolding pathways. The target protein is sandwiched by a 

well-characterized protein domain that servers as a single molecule fingerprint. For 

example, Dr. Li and co-workers studied the parallel unfolding mechanism of T4 

lysozyme using a construct of (GB1)4-T4L-(GB1)4
26

. The GB1 domain served as a 

fingerprint to help identify the unfolding behavior of lysozyme (Fig. 1.5D)
26

.   

This approach is also used to investigate proteins with low mechanical stability. 
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For example, Dr. Fernandez and co-workers proved that the PEVK sequence was 

mechanically labile in titin using a (I27-PEVK)3 polyprotein construct
92

. During the 

unfolding experiment, they found a sawtooth like pattern which is from unfolding of 

the I27 domains only after a long initial spacer (Fig. 1.6E). Consequently, they 

concluded that the initial trace was from the extension of the PEVK, revealing 

mechanically labile properties of the PEVK. This approach has been widely used to 

study mechanically uncharacterized proteins, such as scaffold and maltose binding 

proteins
93-96

.    

1.2.2.4 Polyprotein engineering by disulfide bond at the protein level  

 The polyproteins constructed previously are mostly designed at the DNA level 

in which a plasmid encoding the entire polyprotein is built. Recently, a disulfide bond 

crosslink strategy was developed to construct polyproteins based on single protein 

molecule
97,98

. As shown in Figure 1.6F, Dr. Rief and co-workers engineered a single 

GFP (Green Fluorescent Protein) with a pair of cysteines, building a poly-GFP via an 

intermolecular disulfide bond
98,99

. Compared with the more traditional method, where 

the protein linkage is restricted to the N and C terminus, this method allows the 

protein to be stretched in selected directions based on the location of the engineered 

cysteine residues. It can be used to explore the mechanical anisotropy of 

proteins
85,99,100

. For example, this method was used to investigate the anisotropic 

nature of GFP (Fig. 1.6G). Similar studies were carried out on ankyrin, E2lip3, src 

SH3 protein domains and GB1
100-103

.  
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Figure 1.7 Mechanical reduction of a disulfide bond inside a protein. A) A schematic 

showing two-step unfolding of I27 with a disulfide bond. The disulfide bond is 

reduced under force leading to the extension of previous trapped residues by the bond. 

(adapted from the reference (99)). B) The corresponding force-extension curve of the 

two-step unfolding of the polyprotein using constant speed mode. The red initial 

portion is from the first step unfolding of I27, and the green part is due to the rupture 

of the disulfide bond. (adapted from the reference (102)). C) The mechanical 

unfolding trace of the protein using a force-clamp mode AFM. The stairs are from the 

unfolding of the protein as the force peaks at constant speed mode. (adapted from the 

reference (99)). D) The mechanical rupture of a disulfide bond by the enzyme 

thioredoxin. Adapted from (98). E) A schematic of studying the disulfide bond 

isomerization event probed by AFM using an I27 protein with multiple disulfide 

bonds. (adapted from the reference (58)). 

1.2.2.5 Disulfide bond reduction in a protein under force   

In addition to many protein unfolding experiments, a series of pioneering studies 

on the mechanical reduction of disulfide bonds inside a protein framework have been 

performed recently
58,104-107

. Here protein structure only serves as a sensitive probe for 

identifying the single bond rupture event. Disulfide bonds are covalent, with a 

mechanical stability above 1 nN. Under a reducing environment, it can be cleaved at 

relatively low force. Dr. Fernandez and co-workers engineered an artificial disulfide 
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bond inside the I27 protein domain, and studied the reduction of this disulfide bond in 

the presence of mechanical force
108

. The disulfide bond blocks the protein into two 

parts. As shown in Fig. 1.7A, two types of unfolding peak patterns are observed: one 

is from the partial unfolding of protein structure which is outside the disulfide bond, 

and the second is from the force-activated disulfide bond reduction (Fig. 1.7B). This 

I27 protein framework, which can contain one or multiple disulfide bonds was used to 

study interesting features of the disulfide bond reduction process, such as the 

mechanism of disulfide bond reduction in the presence of different reduction reagents 

and biological enzymes, and the disulfide isomerization process. Because the 

extension of previously trapped residues upon disulfide bond cleavage serves as a 

clear fingerprint, the results clearly illustrate many novel aspects of the disulfide 

bond.   

1.2.3 Other processes studied under mechanical force 

Although this thesis focuses on mechanical metal-ligand bond rupture processes 

in metalloproteins, it is worth mentioning many other interesting studies under 

mechanical force.  

Investigations of protein-ligand and protein-protein interactions are pioneering 

studies in the field of single molecule force spectroscopy as early as 1990s and are 

still of great attention
8,44,54,109-118

. To understand the mechanical determinant of a 

mechanically stable protein is another popular research field and thus to rationally 

design proteins with enhanced mechanical stabilities is of great interest
21,23,119-125

. In 
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addition, studies on the environmental effects on protein stability have also been 

conducted for decades. Moreover, several theoretical models are proposed to explain 

the mechanical protein unfolding experiment. Many molecular dynamics simulations 

and quantum chemical calculations are performed which provide critical insight to 

mechanical process and significantly increases our understanding of experimental 

results.
37,60,126-136

. Recently, several novel studies focus on the mechanical stability of 

membrane protein and intrinsically disordered protein which increase the application 

of AFM in protein studies
137-142

. In addition, the mechanical role on other systems are 

also explored, such as polymers, DNA molecules, and living cells
143-153

. 

1.2.4 Why metalloproteins are chosen to study chemical bond strength? 

Aspects of AFM studies discussed so far have been described in terms of either 

chemical bond rupture or protein unfolding. The chemical bond rupture experiment 

suffered from a lack of a clear fingerprint when single bond rupture events occur, 

while the protein unfolding experiment exhibits a clear signature from the 

characteristic contour length increment exhibited upon unfolding. Interestingly, the 

mechanical reduction of artificial disulfide bonds inside a protein demonstrated a 

promising example where the unfolding of the protein can be a fingerprint for the 

mechanical bond reduction process. However, the disulfide bond typically cannot be 

ruptured at low force without a reducing agent using AFM, with the focus so far being 

on engineered systems.     

This thesis utilizes AFM to investigate rupture processes in chemical bonds in 
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naturally occurring biological systems, with a clear signature from a coupled protein 

unfolding event. This type of metalloproteins is ubiquitous in nature, with ~30% of 

proteins known thus far containing metal co-factors
154

. The unfolding of 

metalloproteins frequently includes a step in which the metal is lost so that the 

metal-ligand bonds dissociate. Consequently, the multiple metal-ligand bonds present 

in the metal center of metalloproteins are a great candidate for AFM studies. Despite 

this, there have been few studies to date on the metal-ligand bond rupture process 

occurring inside metalloproteins by AFM. Additionally, very little information is 

available regarding metal-ligand bond strength at the single bond level. 

1.3 Metalloproteins  

1.3.1 General introduction 

Metalloproteins are a ubiquitous type of biomolecule in nature
154

. The 

incorporation of various types of metal ions into the protein structure greatly expands 

the function and stability of this class of proteins
155

. Considering the variety present 

within this class of proteins, metal-ligand bonds are the focus of this introduction.  

Among more than tens of different metal ions in proteins, iron and copper are the 

two most common transition metal ions in metalloproteins
156

. These types of proteins 

function mainly as oxygen carriers, electron transfer proteins and enzymes in nature. 

Some ions such as zinc can provide structural stability and promote protein assembly 

and folding. Frequently, these metal ions are bonded by an endogenous ligand from 

the protein residues forming multiple metal-ligand bonds as an active or structural site. 
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The nitrogen atom from histidine, the sulfur atom from cysteine and the oxygen atom 

from aspartate are the three most common residues in metalloproteins to coordinate 

metals
157

.     

One important feature of metal-ligand bonds in metalloproteins is the affinity 

between the metal ion and the ligand (the dissociation constant)
158

. These 

measurements are mainly performed using the equilibrium competition method such 

as metal or ligand competition. This approach provides important information on 

metal selection and speciation in the protein. In addition, unfolding experiments on 

metalloproteins also involve the rupture of metal-ligand bonds. The dissociation of the 

metal-ligand bonds which results in change of a spectroscopic signal can be easily 

identified as a single step or coupled with protein unfolding using thermal or chemical 

denature methods.     

1.3.2 Rubredoxin 

 

Figure 1.8 Structure of rubredoxin with a FeS4 center including four ferric-thiolate 

bonds. A) Side view of the rubredoxin structure (PDB: 1BRF) shows a three-stranded 

 sheet and the FeS4 center. B) The structure of rubredoxin shows the residues 
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enclosed by the FeS4 center (in red), the CXXC motifs (color in blue) and the residues 

outside the center (in grey). C-D) simplified schematics of rubredoxin corresponds to 

figure A-B.  

This work focuses on the ferric-thiolate bonds present in the small metalloprotein 

rubredoxin which belongs to the iron-sulfur protein family. Iron-sulfur protein, 

cytochromes and blue copper proteins are the three major metal-containing electron 

transfer proteins
154,159

. For example, rubredoxin participates in the electron transfer 

process of alkane hydroxylation and oxygen detoxication in some bacteria
160

. It is 

widely present in sulfur-metallolizing bacteria and archaea and proposed to be one of 

the most ancient proteins in nature. Rubredoxin is the simplest type of iron-sulfur 

protein with only one ferric ion. It was first discovered at the early 1960s and given 

the name rubredoxin because of its characteristic red color when in solution
161

. 

Rubredoxin shows a characteristic UV-Vis spectrum with adsorption maxima at 280, 

390 and 494 nm. Visible absorption arises from the ligand to metal charge transfer of 

the ferric-thiolate bonds. This work mostly utilizes rubredoxin from Pyrococcus 

furiosus (abbreviated as pfRD or RD) as a model system. P. furiosus is an organism 

that grows at ~100 ºC
162

. Rubredoxin from Clostridium pasteurianum (cpRD) is also 

used.  

As the first protein revealed with a high resolution structure by X-ray 

crystallography, the structural information of ferric-thiolate bonds in rubredoxin is 

abundant in the literature, with more than twenty crystal structures available
163-165

. For 

example, pfRD shows a typical  structure, with a three-stranded -sheet at one 

side of the protein and a FeS4 metal center in which a ferric ion is coordinated by four 
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sulfur atoms from cysteine residues in a tetrahedral geometry (Fig.1.8 A-D). The FeS4 

center divides the protein into two parts: the residues from 1 to 4 and 42 to 53 are 

outside the center, while the residues between 5 and 41 are trapped by the 

center
162,163,166

.  

The four cysteines in the FeS4 center are arranged in a two CXXC binding motif 

(C5XXC8 and C38XXC41). The four corresponding ferric-thiolate bonds are present 

in two bond lengths: the bond between the ferric ion and the two exterior cysteines 

(Cys5 and C38) is longer: ~2.31 Å than the bonds with the two interior cysteines 

(Cys8 and Cys41) at ~2.25 Å. There is no other cysteine residue besides these four 

iron-coordinated ones within rubredoxin.  

The high bond covalency which describes the electron mixing between the two 

bonding atoms is an important feature of the ferric-thiolate bond in rubredoxin. The 

sulfur K-edge experiments showed a high degree of electron sharing between the d 

orbital of iron and p orbital of sulfur
167,168

. Consequently, the ferric-thiolate bond in 

rubredoxin is often regarded as a highly covalent bond, which accounts for the 

excellent electron transfer properties of the protein. Interestingly, the same Fe-thiolate 

bonds in different types of rubredoxin are of different covalency: pfRD is ~125%, 

while cpRD, a homologue of pfRD, shows a value of ~135%, and an inorganic analog 

of the FeS4 center in rubredoxin [Et4N][Fe(o-C6H4(CH2S)2)2] is ~150%
169,170

. In 

addition, it is proposed that the protein environment around the FeS4 center can 

modify the Fe-thiolate bond through the amide hydrogen bond. Here, the covalency 

reflects the degree of mixing present in the bonding orbital, and may related to the 
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bond strength
167

.     

The breaking of the FeS4 center including the rupture of Fe-thiolate bond is an 

important and independent step during thermal and chemical denaturation of 

rubredoxin. By monitoring the decrease in the visible absorption spectrum of 

rubredoxin due to the ligand to metal charge transfer from the ferric-thiolate bonds, 

the rupture of the metal center event can be easily identified at an ensemble level. 

However, it cannot reveal how many ferric-thiolate bonds are indeed ruptured and the 

detailed bond rupture sequence. In addition, the pfRD is an extremely thermal stable 

protein with melting temperature of ~100 ºC. Thus, conclusive thermal or chemical 

denaturation experiments are very difficult
171-173

. 

In summary, rubredoxin is a small soluble protein with abundant structural 

information available. It has a simple FeS4 center with four corresponding 

ferric-thiolate bonds. Thus, it represents an optimal model protein to investigate 

mechanical rupture (activation) of metal-ligand bonds in metalloproteins using AFM.  

1.4 The aim of this thesis 

To our knowledge, there are no force spectroscopy studies on a naturally 

occurring metalloprotein focusing on the rupture processes of metal-ligand bonds 

inside. To unambiguously identify the rupture events of these bonds, the development 

of a general method to build pure metal-form poly-metalloprotein is a necessary step. 

Demonstrating that the metal-ligand bonds in the metal center of metalloprotein can 

be ruptured under mechanical force is the next and most critical step in the study 
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presented here. Considering the multiple metal-ligand bonds structure present in 

metalloproteins, it is quite interesting to study the mechanism and sequence of bond 

rupture. Furthermore, the relationship between protein structure and metal-ligand 

bond strength, which is a unique feature of chemical bonds inside a protein structure, 

is of great interest. Finally, the chemical reactivity of the ferric-thiolate bonds in 

rubredoxin is an attractive aspect to investigate.  
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Chapter 2: A facile method for constructing polyproteins for 

single molecule force spectroscopy studies
1
 

2.1 Synopsis 

To study mechanical rupture processes of metal-ligand bonds in metalloproteins, 

the construction of poly-metalloproteins is a necessary step for AFM studies. 

However, it is challenging to make such polyprotein using the classic recombinant 

polyprotein building method, which is at the DNA-level. Compared with simple 

proteins, over-expression and purification of metalloproteins often results in the 

apo-form or non-native metal substituted form of the metalloprotein. Consequently, 

poly-metalloproteins built at the DNA level exhibit several different types of metal 

forms in the same molecule. This makes the assignment of a given rupture event to a 

specific metal-ligand bond extremely difficult. In addition, the recombinant DNA 

method is tedious and time-consuming. A method of building polyproteins at the 

protein level is therefore important for studying metalloproteins.   

                                                 

 

1
 A chapter of this chapter has been published as “[Zheng P.], Cao Y. and Li H. (2011) Facile 

method of constructing polyproteins for single molecule force spectroscopy studies. Langmuir 

27(10): 5713-5718 
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In this chapter, we developed a facile maleimide-thiol coupling method to build 

poly-metalloprotein molecules at the protein level. At first, a well-studied 

non-metalloprotein GB1 was built to polyprotein (GB1)n using this method to 

demonstrate its feasibility and to optimize the reaction conditions. The AFM results 

on (GB1)n were identical to the results on (GB1)8 built using the recombinant DNA 

method.  

This method was then applied to rubredoxin to successfully produce pure 

iron-form poly-rubredoxin molecules suitable for AFM studies. The rubredoxin 

monomer protein with two cysteines was expressed first. However, a non-native zinc 

ion substituted rubredoxin was also expressed at the same time. The protein solution 

with a mixture of Fe and Zn form were purified and separated by a FPLC purification 

step using anion-exchange chromatography. The resultant pure Fe-form rubredoxin 

was then chemically coupled to form poly-rubredoxin through the maleimide-thiol 

reaction. Moreover, compared with disulfide bond, the resultant thioether bond 

between individual domains in the polyprotein is resistant to reducing agents. Thus, 

the mechanical stability of rubredoxin at different oxidation states can be probed.    

2.2 Introduction 

Protein mechanics plays an important role in a wide variety of biological 

processes
34,92,174

. Many proteins are subject to mechanical stretching force under their 

biological conditions and play various structural and mechanical roles. Elastomeric 

proteins are one representative class of such mechanical proteins, where many of 
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them are tandem modular proteins made of multiple individually folded domains
76,79

. 

They function as molecular springs under their biological settings to provide tissues 

with elasticity, extensibility and strength, and also play important regulatory roles in a 

wide variety of biological processes
175

. The development of single molecule force 

spectroscopy techniques, in particular atomic force microscopy (AFM)-based force 

spectroscopy, over the last two decades has made it possible to measure the 

mechanical properties of elastomeric proteins at the single molecule level, and AFN 

has provided tremendous insights into the mechanical design of elastomeric 

proteins
22,25,76,176,177

. Moreover, single molecule AFM has evolved into a general 

method to characterize the mechanical unfolding/folding dynamics of proteins along a 

well-defined reaction coordinate at the single molecule level. 

In single molecule AFM studies, it is critical to unambiguously distinguish single 

molecule stretching events of the protein of interest from non-specific interactions 

between the AFM tip and sample as well as from non-single molecule events
20,178

. 

Constructing polyproteins made of multiple identical tandem repeats of the protein of 

interest provides unambiguous fingerprints for identifying single molecule events and 

has thus become a gold standard in single molecule AFM studies of protein mechanics. 

Since polyproteins are made of identical tandem repeats of individual domains, the 

resultant force-extension curves will exhibit a characteristic sawtooth-like 

force-extension pattern with identical contour length increments between consecutive 

sawtooth peaks. Such repetitive patterns allow one to readily and unambiguously 

identify single molecule stretching events from a myriad of non-specific interactions 
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and complex multi-molecule stretching events.  

Construction of polyproteins is typically accomplished using a recombinant 

DNA technology-based DNA concatamerization method
42

. This method provides 

precise control of the molecular structure and composition of the resultant polyprotein, 

and has been the most widely used method
42,179,180

. However, this method requires 

stepwise repetitive cloning, making it laborious and expensive. To facilitate faster 

construction of polyproteins, alternative methods have been pursued. A cysteine 

engineering based method was developed for this purpose. This method was first 

successfully accomplished in a solid-state synthesis of polyproteins based on the 

specific crystallographic arrangement of proteins in their crystals
97

 and was later 

generalized to proteins in solution
98,99

. In this method, a pair of cysteines was 

introduced into the protein of interest at chosen locations. The subsequent oxidation 

of cysteines results in the polymerization of the protein via the formation of 

intermolecular disulfide bonds. This method provides an efficient alternative to the 

recombinant DNA technology based polyprotein engineering approach and also 

allows the polyproteins to be stretched in any defined pulling direction. This method 

has therefore found many applications in a variety of proteins
24,181

. However, the 

oxidation of cysteines is a slow process and the disulfide linkage in the resultant 

polyproteins limits the use of this method for studying redox-dependent mechanical 

properties of proteins. Here, we report a facile method based on maleimide-thiol 

coupling chemistry to construct polyproteins in order to complement these existing 

polyprotein engineering methods.  
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2.3 Results  

2.3.1 General principle 

Maleimide-thiol coupling-based bioconjugation methods have been used 

extensively in biochemistry, due to the rapid and specific reaction of maleimide with 

sulfhydryl groups under mild experimental conditions
182,183

. Here we employ this 

maleimide-thiol coupling chemistry to develop an efficient method for constructing 

polyproteins for single molecule AFM studies.  

 

Figure 2.1 Construction of a polyprotein using the maleimide-thiol coupling reaction. 

A) The maleimide group can specifically react with the sulfhydryl group forming a 

covalent thioether bond that is un-cleavable under reducing conditions. B) BM(PEO)3 

can link two GB1s together by reacting sequentially with the sulfhydryl group on the 

protein via a maleimide group at its both end to form a stable thioether bond, and 

further extension leading to coupling-built polyprotein (GB1)n.  

The basic experimental design is schematically depicted in Fig. 2.1. First, two 

cysteine residues will be introduced into the protein of interest via site-directed 

mutagenesis at well-defined, solvent-exposed positions to provide sulfhydryl groups. 

Then, the protein will react with the bi-functional maleimide compound BM(PEO)3 at 

a molar ratio of 1:1, leading to the polymerization of the protein of interest via the 
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formation of intermolecular thioether bonds. In the bi-functional maleimide 

compound BM(PEO)3, PEO serves as a flexible linker with increased solubility. 

(PEO)3 has a contour length of ~1.5 nm and can effectively minimize domain-domain 

interactions due to the formation of thioether bonds
183,184

.  

2.3.2 Synthesis and characterization of polyprotein (GB1)n  

 

Figure 2.2 Characterization of polyproteins constructed using maleimide-thiol 

coupling chemistry. A) SDS-PAGE analysis of polymerization degree of polyproteins 

(GB1)n (lane 1) and (GB1-RD)n (lane 2) constructed using maleimide-thiol coupling 

chemistry. Monomeric protein GB1 (lane 4), RD-GB1 (lane 3) and protein makers are 

shown. B) Analysis of polymerization efficiency under different conditions by 

size-exclusion chromatography. Curve 1 shows a chromatograph of products with the 

reaction being carried out at room temperature for 2 hours with a molar ratio of 1:1; 

curve 2 corresponds to the reaction performed with a molar ratio of 0.8:1 for GB1 to 

BM(PEO)3, and curve 3 is for the reaction carried out at 4 C overnight.  

To validate the design of this maleimide-thiol coupling-based polyprotein 

engineering method, we first constructed a model polyprotein of GB1which is an 

excellent elastomeric protein model domain
73,84

. Polyprotein (GB1)8 has been 

constructed using a recombinant DNA based strategy and its mechanical properties 
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have been characterized in great detail in our previous single molecule AFM 

studies
73,84

. Thus, constructing GB1 polyproteins provides a good test for the 

proposed maleimide-thiol coupling approach.  

By reacting Cys-GB1-Cys, which was pre-treated with -mecaptoethanol at 4 C 

overnight to prevent the formation of intermolecular disulfide bonds, with BM(PEO)3 

at a molar ratio of 1:1 in PBS buffer (pH 6.5) at room temperature for 2 hours, we 

found that polyprotein (GB1)n readily formed. From the SDS-PAGE gel (Fig. 2.2A), it 

is evident that the vast majority of monomeric GB1 has been converted to a GB1 

multimer and the formation of multimeric GB1 (up to 9) can be readily identified. At 

higher molecular weight, the protein band becomes smeared, indicating the formation 

of a mixture of higher order multimers of GB1.  

The reaction of Cys-GB1-Cys and BM(PEO)3 is similar to the 2+2 condensation 

polymerization. The molecular weight of the resultant polymer depends on the 

stoichiometry of the two functional groups
185

. To obtain higher multimers, it is 

important to ensure that the two functional groups are present at a 1:1 molar ratio. 

However, due to the air oxidation of cysteine residues into disulfide bonds, the molar 

ratio of GB1 versus BM(PEO)3 may not be necessarily equal to that of sulfhydryl 

groups versus maleimide groups. Thus, fine-tuning the molar ratio of GB1 and 

BM(PEO)3 is necessary. As shown in Fig. 2.2B, due to the incomplete reduction of 

disulfide bonds, a 1:1 molar ratio of GB1 versus BM(PEO)3 led to a large fraction of 

monomeric GB1 remaining in the reaction mixture, as monitored by analytical size 

exclusion chromatography (Fig. 2.2B, curve 1). By adjusting the ratio of 
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GB1:BM(PEO)3 to 1:0.8, the fraction of remaining monomeric GB1 decreased after 

polymerization and the yield of multimeric GB1 increased significantly (Fig. 2.2B, 

curve 2).  

We also found that the reaction temperature is an important parameter affecting 

the formation of multimeric GB1. It can be seen that incubating the reaction mixture 

at 4 C overnight only led to the formation of a very small amount of oligomeric GB1, 

and that a large amount of GB1 remained monomeric (Fig. 2.2B, curve 3). However, 

reaction at room temperature for 2 hr led to efficient polymerization of GB1. Thus, 

reacting Cys-GB1-Cys with BM(PEO)3 at room temperature provides an efficient 

alternative method for constructing polyproteins for single molecule AFM 

experiments. 

 

Figure 2.3 Mechanical unfolding and refolding of the polyprotein (GB1)n constructed 

using maleimide-thiol coupling chemistry and recombinant-DNA techniques. A) 

Typical force-extension curves from the unfolding of (GB1)n shows the characteristic 

contour length increment of ~18 nm which is identical to that of the recombinantly 
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produced polyprotein (GB1)8. B) The histogram of contour length increment of 

(GB1)n shows 18.0 ± 0.7 nm. C) The histogram of unfolding force shows an average 

force of 182 ± 42 pN (n=2628). D) Five consecutive force-extension curves of 

polyprotein (GB1)n from a repeated stretching and relaxation experiment that lasted 

100 cycles.  

2.3.3 (GB1)n shows the same mechanical properties as (GB1)8  

The formation of the (GB1)n polyprotein was further confirmed by AFM 

experiments. Stretching the (GB1)n polyprotein results in characteristic sawtooth-like 

force-extension curves, where each individual peak corresponds to the mechanical 

unfolding of individual GB1 domains in the polyprotein chain (Fig. 2.3A). The 

force-extension curve shows as many as 17 unfolding events, suggesting the 

polyprotein contained 17 or more GB1 domains (the degree of polymerization is 17 or 

higher). Fitting force-extension curves using the worm-like-chain (WLC) model of 

polymer elasticity
31

 revealed that the contour length increment Lc of GB1 is ~18 nm, 

identical to that of polyprotein (GB1)8 constructed using a recombinant approach. The 

average unfolding force of GB1 is ~180 pN, again close to that of (GB1)8 (Fig. 2.3B). 

These results suggest that the thioether linkage between GB1 domains does not affect 

the structural integrity and mechanical properties of GB1. In addition, the 

polymerized (GB1)n is also amenable for cyclic stretching-relaxation experiments, in 

which the folding kinetics of GB1 domains can be readily measured. Fig. 2.3 shows 

four consecutive stretching-relaxation curves from a (GB1)n polyprotein molecule that 

was repeatedly stretched and relaxed for more than 100 times (Fig. 2.3D). These 

results clearly indicate that the polyprotein (GB1)n constructed using maleimide-thiol 
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coupling chemistry is the same as (GB1)8, suggesting that this method is suitable for 

constructing polyproteins for single molecule force spectroscopy studies.  

2.3.4 Construction of the pure iron form poly-rubredoxin molecule 

Many proteins require co-factors to carry out their biological functions. 

Metalloproteins are one representative class of such proteins
154

. Interactions between 

proteins and their co-factors can facilitate the folding of proteins and increase their 

thermodynamic stability. However, the existence of holo- and apo-forms of proteins 

leads to a mixture of proteins in different conformations. In addition, non-endogenous 

ligands can compete with endogenous ones, creating additional complexity when 

considering the composition of the protein
186

. For example, the metalloprotein 

rubredoxin can accommodate different metal ions in its tetra-cysteine metal binding 

center. When expressed in E. coli, two different forms, wild type Fe-rubredoxin and 

Zn-substituted rubredoxin, co-express naturally, leading to a mixture of the two 

different metal-containing rubredoxins
161,164,165

. These issues make it difficult, if not 

impossible, to use the recombinant DNA methodology to construct polyproteins 

where all individual domains are in the same form for single molecule AFM studies. 

Instead, the maleimide-thiol coupling method provides a means of overcoming this 

technical hurdle. Figure 2.5 shows one example of using the maleimide-thiol coupling 

method to construct a metalloprotein rubredoxin polyprotein from Clostridium 

pasteurianum (cpRD) for single molecule AFM experiments.  

Rubredoxin is the simplest iron-sulfur protein containing one Fe(III) bound by 
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four cysteines
163,167

 and has been used in our group as a model system for 

investigating the mechanical unfolding/folding dynamics of metalloproteins. To 

construct pure Fe(III)-cpRD for single molecule AFM experiments, we first 

constructed a Cys-GB1-cpRD-Cys chimera as a building block for the construction of 

polyprotein (GB1-cpRD)n. We used anion exchange chromatography to separate Zn(II) 

and Fe(III) forms of cpRD and obtained Fe(III)-cpRD. Then, the purified 

Cys-GB1-Fe(III)-cpRD-Cys was used to react with BM(PEO)3 (molar ratio 1:1) at 

room temperature for 2 hours to produce polyprotein (GB1-cpRD)n, which contains 

Fe(III)-cpRD only. The formation of the polyprotein was verified by SDS-PAGE (Fig. 

2.2A). In addition, the maleimide-thiol coupling reaction did not alter the 

characteristic UV-Vis spectrum of Fe(III)-cpRD (Fig. 2.4A), suggesting that the 

polymerization process does not affect the Fe-S center. This result also shows that the 

BM(PEO)3 reacted specifically with the cysteine residues at the N- and the C-termini 

and the Fe(III)-coordinating cysteines did not react with maleimide groups.  

Thus, we can now use single molecule AFM to investigate the mechanical 

unfolding process of Fe(III)-cpRD in a well-controlled manner using polyprotein 

(GB1-cpRD)n, where the GB1 domains serve as single molecular fingerprints for 

identifying single molecule stretching events as well as being an internal force 

caliber
187

. Stretching polyprotein (GB1-Fe(III)-cpRD)n results in characteristic 

sawtooth-like force-extension curves, where the sawtooth peaks correspond to the 

mechanical unfolding of GB1 and Fe(III)-cpRD domains (Fig. 2.4C, curves 1-2). 

Unfolding events of GB1 are characterized by Lc of ~18nm (colored in black), while 
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unfolding events of Lc of ~13nm are due to the mechanical unfolding of 

Fe(III)-cpRD domains (colored in red), providing the characteristic signatures of the 

unfolding of cpRD.  

 

Figure 2.4 UV-Vis spectrum and AFM result of (RD-GB1)n. A) UV-Vis spectra of 

RD-GB1 before (top panel) and after (bottom panel) reacting with BM(PEO)3. For 

clarity, the two spectra are offset with each other. B) Mechanical unfolding of 

(RD-GB1)n under oxidized and reduced environment show the polyprotein is 

well-stable under reduced condition. They both show characteristic Lc of ~13 nm 

which is from rupture of Fe-thiolate center in Rubredoxin and a much lower unfolding 

force is observed in Fe(II)-RD-GB1(colored in green).  

2.4 Discussion 

In this chapter, we demonstrate a maleimide-thiol coupling-based facile method 

for constructing polyproteins for use with single molecule AFM studies. This new 

method makes it possible to construct polyproteins in a much faster fashion compared 

with the traditional recombinant DNA method. This approach allows for the 

construction of polyproteins consisting of pure forms of individual proteins to 

investigate the mechanical properties of each individual protein in an unambiguous 

way. In addition, it is possible to use this method to construct polyproteins to 

investigate the anisotropy of mechanical stability of proteins. Compared with 
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traditional recombinant DNA methods, the new approach does not have a precise 

control over the molecular weight of the polyprotein or the orientation of each 

individual domain in the polyprotein chain. In the polyprotein constructed using 

maleimide-thiol coupling method, the molecular weight of the polyprotein is 

polydispersed and the orientation of the individual protein domains are linked in 

either head-to-tail or head-to-head (tail-to-tail) fashion. This is in contrast to the 

monodispersed molecular weight and the uniform head-to-tail orientation (N to C) in 

polyproteins constructed using recombinant methods. However, these drawbacks do 

not affect the measurement of the mechanical properties of the protein of interest
98,99

  

Although the method reported here is similar to the disulfide bond-based 

polymerization method in many ways, it does have some unique features. First, the 

maleimide-thiol-coupling chemistry is much more efficient. In two hours at room 

temperature, high molecular weight multimeric proteins can readily form. In contrast, 

the disulfide bond formation is much slower and the formation of polyproteins 

required longer periods of incubation
98

. Second, the PEG-linker sequence between the 

two maleimide groups provides a space between the two domains and may help 

prevent the unfavorable domain-domain interactions in the resultant polyprotein; 

Third and probably the most important, the resulting thioether bond is no longer 

sensitive to redox condition, as evidenced by fact that the polyprotein (GB1)n 

constructed using maleimide-thiol coupling reaction remains intact in the reducing 

SDS-PAGE in Fig. 2.2A. This makes it possible to investigate the mechanical 

properties of the polyproteins under reducing as well as oxidizing conditions
21,106

. Fig. 
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4B shows one such experiment in which the mechanical unfolding of 

Fe(II)-rubredoxin was investigated using single molecular AFM. Under reducing 

conditions, Fe(III)-cpRD was reduced to Fe(II)-cpRD. Stretching (RD-GB1)n resulted 

in similar sawtooth-like force-extension with Lc of 18 nm and 13 nm, indicating the 

polyprotein was still linked under reducing conditions (Fig. 2.4B Curves 3-4). It is 

evident that the unfolding of Fe(II)-rubredoxin occurs at much lower force as 

compared with that of Fe(III)-rubredoxin. Thus, the ferrous-thiolate bond is 

successfully measured and clearly shows the polyprotein is robust for studies in 

reducing environments. 

In summary, we report a novel facile chemical coupling strategy to prepare 

polyproteins for single molecule force spectroscopy studies. This maleimide-thiol 

coupling-based strategy offers a new alternative method that not only complements 

the existing strategies, but also offers some unique advantages that will facilitate some 

special single molecule AFM experiments that are otherwise difficult to study using 

current polyprotein construction strategies. We anticipate that continuous 

development of polyprotein engineering will greatly facilitate protein mechanics 

studies and help to develop single molecule AFM into a general biophysical tool for 

protein characterization.  

2.5 Materials and methods 

2.5.1 Protein engineering 

The model proteins we used in this study are GB1, the B1 IgG binding domain of 
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protein G from Streptococcus, and Fe(III)-rubredoxin from Clostridium Pasteurianum 

(cpRD). The gene coding cys-GB1-cys was amplified by using the polymerase chain 

reaction (PCR) and subcloned into expression vector pQE80L (Qiagen). The gene 

encoding cys-cpRD-GB1-cys was constructed using standard molecular biology 

techniques and cloned into expression vector pQE80L between BamHI and KpnI sites. 

The sequences of both genes were verified by direct DNA sequencing. Both 

constructs were over-expressed in Escherichia coli strain DH5 and purified using 

Co
2+

-affinity chromatography using TALON His-Tag purification resin (Clontech.). 

The purified protein was kept in PBS (Phosphate Buffered Saline) buffer at 4 °C with 

a concentration of ~ 2 mg/mL. 

The pure Fe(III)-form of Cys-cpRD-GB1-Cys was obtained by further 

purification using anionic exchange chromatography. First, using a 9K MWCO pierce 

concentrator (Thermo Scientific), the protein chimera RD-GB1 solution was buffer 

exchanged into a 40mM Tris (Tris (hydroxymethyl) aminomethane) buffer at pH 8.5 

and concentrated to ~8 mg/mL. The Fe form of cpRD-GB1 protein was eluted first at 

around 120 mM NaCl using a linear gradient elution (0-300 mM NaCl in 40mM Tris 

buffer and 1mM TCEP (Tris(2-carboxyethyl)phosphine) at pH 8.5) with a Mono-Q 

5/50GL anion exchange column (GE Healthcare) in AKTA FPLC system (GE 

Healthcare) at a flow rate of 2 ml/min (Fig. 2.4A). The UV-Vis spectrum of purified 

Fe(III)cpRD-GB1 was recorded on a NanoDrop ND-1000 Absorption Spectrometer 

and the purity of Fe(III)-cpRD-GB1 was estimated to be >90% (based on its molar 

extinction coefficient 8.2 mM
-1

 cm
-1

 at 494nm)
164

. The protein was kept in Tris buffer 
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at pH 7.4.  

In a typical experiment, 1 mL freshly purified Cys-GB1-Cys (or 

Cys-cpRD-GB1-Cys; at a concentration of 2 mg/mL) was reacted immediately with 

40 L of 10 mM concentrated stock solution of BM(PEO)3 (1, 8-bis 

(maleimido)triethylene glycol, Molecular Biosciences) in Tris buffer at pH 7.4. The 

solution was incubated at room temperature for ~2 hours, and then the resultant 

polyprotein solution was used directly in AFM experiments. 

SDS-PAGE was performed to examine the molecular weight of the resultant 

polyproteins. The polymerization efficiency of GB1 was also analyzed using gel 

filtration chromatography using a superdex 75 10/300GL column in an ATKA FPLC 

system (GE Healthcare). The buffer contains 50 mM sodium phospate plus 100mM 

sodium chloride at pH 6.5, and the flow rate was 0.5 mL/min.  

2.5.2 Single molecule AFM experiments 

Single-molecule AFM experiments were carried out on a custom-built AFM as 

described previously
46

. Each Si3N4 cantilever (Veeco Corp.) was calibrated in solution 

using the equipartition theorem before each experiment to obtain the spring constant 

(typically around 60 pN/nm). All experiments were done in Tris buffer at pH 7.4 at 

room temperature.  

In a typical experiment, 2 L polyprotein sample (at a concentration of ~2 

mg/mL) was added onto a clean glass coverslip covered by ~50 L Tris buffer. The 

protein was allowed to absorb for ~5 minutes before starting the AFM measurements. 
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During the experiment, the cantilever was brought into contact with the substrate at a 

contact force of ~1 nN to pick up proteins. The pulling speed was 400 nm/s.  

For experiments on the Fe(II)-cpRD-GB1 polyprotein, 10 L of 200mM 

dithioreitol (DTT) was added to the solution after the (Fe(II)-cpRD-GB1)n protein 

was absorbed on the glass cover slip. AFM experiments started after incubation for 

~20 minutes. The same amount of DTT solution was added every hour thereafter to 

ensure a reduced environment.  
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Chapter 3: The Fe-thiolate bond in rubredoxin shows a 

surprisingly low mechanical strength
2
 

3.1 Synopsis 

After the successful construction of poly-rubredoxin molecules in pure iron-form, 

the mechanical rupture processes of metal-ligand bonds in a metalloprotein were 

investigated. We found that the ferric-thiolate bonds in rubredoxin can be ruptured 

under mechanical force, showing a characteristic contour length increment upon 

breaking of the FeS4 center. This is the first example in which metal-ligand bonds in a 

biological system have been cleaved under mechanical force. Surprisingly, the 

measured rupture force of these bonds is very low ~ 200 pN. This is one magnitude 

lower when compared to the bond strength of a typical covalent bond. In addition, we 

also indirectly measured the bond strength of a single ferric-thiolate bond and found 

that this value is dependent on bond length. Finally, based on the rupture force of the 

FeS4 center in different types of rubredoxins, we propose that the mechanical 

                                                 

 

2
 A version of this chapter has been published as “[Zheng P.], Li H. (2011) Highly covalent 

ferric-thiolate bonds exhibit surprisingly low mechanical stability. Journal of the American 

Chemical Society, 133(17): 6791-6798” 
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ferric-thiolate bond strength is related to the bond covalency which describes the 

degree of electron sharing between ferric ion and sulfur atoms in the protein.   

3.2 Introduction 

Chemical bonding, which describes the degree of interactions between atoms, is 

a fundamental concept in chemistry. Depending on their nature, different chemical 

bonds display vastly different strength and stability, with covalent bonds showing the 

highest degree of stability. Single molecule force spectroscopy studies
1,14

 have shown 

that the mechanical stability of chemical bonds, defined as the most probable force at 

which the bond ruptures, of chemical bonds also follow this hierarchy: the rupture 

force of non-covalent bonds such as hydrogen bonds ranges from a few pN to a few 

tens of pN, while covalent bonds rupture at forces that are orders of magnitude higher, 

ranging from 1.4 to 3 nN
1,14,37,53,61,188,189

. The mechanical strength of chemical bonds 

provides new information about the characteristics of chemical bonds that are 

complementary to the classical thermodynamic descriptions
1
.  

Fe-S bonds are ubiquitous in nature and an essential component of a myriad of 

proteins
159

. These bonds are highly covalent
167,168

, making Fe-S-containing proteins 

suitable electron transfer proteins
154,159,190

 as well as facilitating protein folding and 

maintaining their overall three-dimensional structures
154

. Due to their highly covalent 

nature, it is believed that these Fe-S bonds are mechanically stable. However, no 

experimental study is thus far available to prove it. To understand the mechanical 

nature of such high covalent Fe-S bonds, we combined single molecule AFM and 
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protein engineering techniques to carry out the first direct experimental measurement 

on the mechanical strength of these ferric-thiolate bonds in rubredoxins. For this 

purpose, rubredoxin from P. furiosus was used as a model system. Rubredoxin is the 

simplest iron-sulfur protein, which consist of one iron atom bound by four cysteinyl 

sulfur atoms (Fig. 3.1A)
162,166

. Fe(III)-thiolate bonds are highly covalent with a total 

covalency of ~130% as measured by sulfur K-Edge X-ray absorption spectroscopy (S 

K-edge XAS)
169

. Upon reduction, these Fe-S bonds lengthen by an average of 0.033 

Å accompanied by a reduction in their covalency
163,191

. The four coordinating cysteine 

residues are grouped into two CXXC chelating motif (C5XXC8 and C38XXC41) and 

are highly conserved in different types of rubredoxins
162,191

. Thus, rubredoxin 

provides an ideal model system to study the mechanical strength of highly covalent 

Fe-S bonds.  

The AFM-based single molecule force spectroscopy has evolved into a powerful 

tool to investigate the mechanical activation (bond rupture) of chemical bonds, 

ranging from noncovalent bonds (such as hydrogen bonds) to covalent bonds (such as 

C-Si bonds), as well as elucidating the influence of the stretching force on chemical 

reactions
1,14,49,76,106

. Here we used single molecule AFM to directly measure the 

mechanical bond strength of Fe-thiolate bonds in rubredoxin and investigate the 

nature of their mechanical activation.   

3.3 Results 

In single molecule AFM experiments, the construction of polyproteins or 
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polyprotein chimeras is necessary for identifying mechanical unfolding signatures of 

proteins in an unambiguous fashion
42

. Since Zn-substituted RD and Fe-RD are 

co-expressed in E. coli, the conventional DNA-concatamerization method for 

polyprotein construction will lead to the production of mixed metal-containing 

rubredoxin
162

. To overcome this hurdle, we developed a novel chemical coupling 

method based on maleimide-thiol chemistry to construct polyprotein chimera 

(Fe(III)RD-GB1)n, in which rubredoxin exists solely as Fe(III)-RD
192

, as 

demonstrated in Chapter 2. In (Fe(III)RD-GB1)n, Fe(III)-RD alternates with the 

well-characterized GB1 domain, which was used as the internal force caliber and 

fingerprint for identifying single molecule stretching events for 

(Fe(III)RD-GB1)n
73,187

.    

 

Figure 3.1 Mechanical unfolding experiments on the (Fe(III)-RD-GB1)n polyprotein 
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revealed that the Fe(III)S4 center ruptures at low forces. A) 3D structure of 

Fe(III)-pfRD. Right panel schematically shows the pulling geometry of Fe(III)-RD in 

single molecule AFM experiments. B) Typical force-extension curves of 

(Fe(III)-RD-GB1)n characterized by two groups of unfolding events. The unfolding 

events of Lc of ~13 nm (colored in red) are attributed to the unfolding of Fe(III)-RD 

domains. C-D) Mechanical unfolding signatures of Fe(III)-RD. The Lc of 

Fe(III)-RD shows a distribution (shown in C)) with an average of 12.6 ± 1.3 nm (n = 

1421 The Lc histogram for GB1 is shown in black in C) with an average of 18.2 ± 

0.8 nm (n=1534). The histogram of the rupture forces of FeS4 (shown in D)) is 

characterized by a very broad distribution, with an average of 211±86 pN (n=1421).  

3.3.1 The FeS4 center in rubredoxin ruptures at ~200 pN 

Stretching the (GB1-RD)n polyprotein results in force-extension curves with a 

characteristic sawtooth-like appearance (Fig. 3.1B), in which individual force peaks 

correspond to the mechanical unfolding of individual domains and the last peak 

corresponds to the stretching of the fully unfolded polypeptide chain and its 

subsequent detachment from either the AFM tip or glass substrate. The 

force-extension curves of (RD-GB1)n are characterized by two populations of 

unfolding force peaks. Fitting the Worm-like chain model of polymer elasticity
31

 to 

consecutive force peaks revealed that one group of force peaks displayed contour 

length increments Lc of 18.2 ± 0.8 nm (averagestandard deviation) with number of 

events (n) of 1534, which is the unfolding signatures of the well-characterized GB1 

domains
73,187

, while the other group (colored in red) showed Lc of 12.6 ± 1.3 nm 

(n=1421) (Fig. 3.1C). Since rubredoxin alternates with GB1 in (GB1-RD)n, the 

unfolding events of Lc of ~13 nm can thus be attributed to the mechanical unfolding 

of Fe(III)-RD. Single molecule AFM experiments on the polyprotein (I27-RD)4, 

where a different fingerprint domain I27 was used, showed the same unfolding events 



 

56 

 

of Lc of ~13 nm and further validate their origin to the mechanical unfolding of 

Fe(III)-RD. 

The contour length increment Lc upon domain unfolding is an important 

structural parameter that can provide detailed information about the unfolding 

mechanism of a protein
106

. If the structure of the protein is known, Lc can also be 

calculated according to: Lc=Lc(unfolded)-Lc(folded), where Lc(unfolded) is the 

length of the unfolded and fully extended polypeptide chain and Lc(folded) is the 

distance between the N- and C-termini in the folded structure. If there is a strong bond 

(such as a disulfide bond) in the protein structure linking two parts of the protein, Lc 

will be affected, as the sequence between the strong bond will be sequestered and 

shielded from the stretching force, as demonstrated in the disulfide bond mutants of 

I27
21,105,106

. Rubredoxin contains 53 residues. The highly covalent Fe(III)-thiolate 

bonds could serve as a strong bond such that the rubredoxin sequence enclosed in the 

FeS4 center (residues 5 to 41) is sequestered and shielded from the stretching force 

until  the FeS4 center ruptures. Thus, when the FeS4 center is intact, rubredoxin can 

only partially unravel, leading to the unfolding and stretching of the polypeptide 

sequence from residues 1 to 5 and 41 to 53. Such a partial unfolding would result in 

unfolding events of Lc of 5.3 nm ((5+13)aa*0.36nm/aa-1.2nm, where 1.2 nm is the 

distance between the N- and C-termini of rubredoxin). However, we did not observe 

such unfolding events, suggesting that residues 1 to 5 and 41 to 53 unfold at low 

forces that are below our AFM detection limit (~20 pN). Instead, we observed 

unfolding events with a Lc of ~13 nm. A Lc of ~13 nm corresponds to the exposing 
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of a polypeptide of 36 aa (36*0.36 nm/aa) to a stretching force during the mechanical 

unraveling of rubredoxin. In rubredoxin, there are only 18 aa (residues 1-5, 41-53) 

outside the FeS4 center. During the unfolding of Fe(III)-RD, if Fe-thiolate bonds were 

not broken, it would be impossible to obtain Lc of as long as 13 nm. Therefore, the 

unfolding of Fe(III)-RD must involve the breaking of the Fe(III)-thiolate bonds. In 

fact, based on the three-dimensional structure of rubredoxin, it is expected that the 

unraveling of the FeS4 center and subsequent unfolding of the remainder of 

rubredoxin (residues 5 to 41) would result in unfolding events of Lc of 12.4 nm 

(37aa*0.36 nm/aa-0.9 nm). This expected value is in close agreement with our 

experimentally determined Lc of rubredoxin, strongly indicating that the observed 

unfolding events of rubredoxin correspond to the rupturing of FeS4 center and the 

subsequent unfolding and extending of rubredoxin. 

Based on these results, the mechanical unfolding of Fe(III)-RD occurs in two 

steps: the first step is the mechanical unraveling of protein structure outside the FeS4 

center (which occurs at low forces); and the second step is the mechanical rupture of 

the FeS4 center followed by the unfolding and extension of the remaining structure 

(residues 5 to 41), leading to the observed unfolding events with a Lc of ~13 nm. It 

is important to note that in order to rupture the FeS4 center, at least two 

Fe(III)-thiolate bonds from the same side of FeS4 center need to be broken completely 

(Fe-C5/Fe-C8 or Fe-C38/Fe-C41). However, we do not know exactly how many 

Fe(III)-thiolate bonds are broken during this mechanical unfolding process and 

whether Fe(III) is still attached to rubredoxin after the FeS4 center has been 
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mechanically ruptured.  In principle, depending on the number of Fe-S bonds that 

are broken during unfolding, slightly different Lc value should be observed (where 

the difference is ~1 nm). However, the length resolution of our measurements is not 

sufficient to allow us to unequivocally determine the number of Fe-thiolate bonds that 

break during the AFM experiments. To address this issue, we developed a loop 

insertion rubredoxin mutant to increase the length increment upon single 

ferric-thiolate bond rupture which is fully described in the next chapter.   

Having confirmed that the unfolding events with a Lc of ~13 nm correspond to 

the mechanical rupture of the FeS4 center, we then measured the rupture force of FeS4 

center. Fig. 3.1D shows the rupture force histogram of FeS4 center at a pulling speed 

of 400 nm/s. The rupture force showed a very broad distribution from 100 pN to 500 

pN, with an average rupture force of 211 ± 86 pN (n = 1421). This result suggested 

that the rupture of the FeS4 center formed by four highly covalent Fe(III)-thiolate 

bonds occurred at forces of ~200 pN, which are surprisingly low compared to typical 

covalent bond strength
1,14

.  

To ensure that we did not miss unfolding events of rubredoxin occurring at 

forces that are higher than the detachment force, we measured the ratio of the number 

of unfolding events for rubredoxin versus GB1. Since GB1 alternates with rubredoxin 

in the polyprotein, the number of rubredoxin unfolding events should be roughly 

equal to that of GB1. Indeed, the force-extension curves shown in Fig. 3.1B contained 

similar number of unfolding events of rubredoxin and GB1. The overall ratio between 

rubredoxin and GB1 unfolding events is 0.93:1, which is close to the theoretical ratio 
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of 1. This result indicates that the rupture force histogram for the FeS4 center 

genuinely reflects the true mechanical strength of the highly covalent ferric-thiolate 

bonds. And the broad distribution of the rupture force is clearly beyond the 

experimental errors and reflects the intrinsic short distance from the bound state to the 

mechanical dissociation transition state for ferric-thiolate bonds
37

.  

3.3.2 Unfolding of apo-rubredoxin shows no detectable rupture force  

 

Figure 3.2 Mechanical unfolding of the (I27-apoRD)4 polyprotein indicates that the 

unfolding of the RD protein structure does not contribute to the rupture force of 

Fe(III)-RD. A) A schematic of the polyprotein (I27-apoRD)4. B) The force-extension 

curves of (I27-apoRD)4 are characterized by featureless spacer followed by the 

unfolding events of I27 domains, which are characterized by Lc of ~28 nm. Lc0 

measures the length of featureless region of the polyprotein, which largely correspond 

to the length of unfolded and fully stretching apo-RD proteins in the polyprotein 

construct. C) The distribution of Lc0 shows four clearly separated peaks (n = 72), 

corresponding to Lc0 of different length of polyprotein (I27-apo-RD)4 fragments.  

To confirm that the unfolding of the secondary structures of rubredoxin does not 

contribute to the rupture force histogram of the ferric-thiolate bond shown in Fig. 

3.1D, we measured the unfolding force of a pseudo apo-rubredoxin (apo-RD). This 

pseudo apo-RD, a computationally designed rubredoxin mutant in which four 
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iron-coordinating cysteines were mutated to alanine, lysine and threonines, foled into 

the same three-dimensional structure as wild type Fe(III)-RD, but does not have a 

FeS4 center
193

. If apo-RD is mechanically stable and unfolds in a two-state fashion, 

the unfolding of apo-RD will result in unfolding events with Lc of ~17 nm 

(53aa*0.36nm/aa-1.2nm, where 1.2 is the distance between the N, C-termini of 

apo-RD).  However, this contour length increment is similar to that GB1, making the 

identification of apo-RD unfolding events difficult. To avoid this potential 

complication, we used the well characterized I27 domain as the fingerprint domain
42

, 

as the unfolding of I27 leads to Lc of ~ 28 nm. We constructed a (I27-apoRD)4 

polyprotein for single molecule AFM experiments (Fig. 3.2A). In the vast majority of 

force-extension curves, we observed that stretching (I27-apoRD)4 results in 

sawtooth-like force-extension curves characterized by a long featureless spacer 

followed by unfolding events with a Lc of ~28 nm corresponding to the unfolding of 

I27 domains (Fig. 3.2B). Hence, the long featureless spacer originates from the 

unfolding and stretching of the pseudo apo-RD, suggesting that apo-RD is 

mechanically labile and unfolds at forces that are below the detection limit of our 

AFM. The distribution of the length of the featureless spacer shows four clearly 

separated peaks, corresponding to the stretching of a different number of I27-apo-RD 

repeating units. The measured length is ~20 nm per apo-RD, close to the expected 

contour length of fully extended apo-RD (~19 nm). This result corroborated that the 

rupture force histogram of wt-RD largely results from the rupture of theFeS4 center.  
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3.3.3 The distance to the transition state of FeS4 is ~0.11 nm  

The broad distribution of rupture force for FeS4 is clearly beyond the 

experimental error in our single molecule AFM experiments and reflects the intrinsic 

energy landscape underlying the mechanical activation process. The width of the 

distribution is related to the distance from the bound state to the mechanical 

dissociation transition state (xu)
32,33

. A broader distribution implies a shorter xu. To 

quantitatively measure the xu during the mechanical rupture of FeS4, we carried out 

single molecule AFM experiments at different pulling speeds (Fig. 3.3). Based on the 

Bell-Evans model, we carried out Monte Carlo simulations to reproduce 

speed-dependence results
32,33,43

. The data can be reproduced using a xu of 0.11 nm 

and a spontaneous dissociation rate of 0.15 s
-1

. The distance to the transition state is 

about half of the bond length of the Fe(III)-thiolate bond
162,166

 and the distance is 

smaller than that for typical protein unfolding (~0.2 nm) but larger than that of 

disulfide bond (~0.2 Å). These differences reflect the unique nature of Fe(III)-thiolate 

bonds. It is of note that data obtained here likely reflects the average properties of the 

FeS4 center.   
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Figure 3.3 The rupture force of FeS4 center of rubredoxin depends on the pulling 

velocity. The red line corresponds to the Monte Carlo simulation using a xu of 0.11 

nm and a spontaneous dissociation rate of 0.15 s
-1

. For comparison, the simulated 

pulling velocity dependence of the unfolding force of I27 (xu of 0.25 nm, k0 = 

3.310
-4

 s
-1

)
42

 and rupture force of disulfide bond in the presence of ~0.25mM 

hydroxide anions (xu = 0.011 nm, k0 = 0.13 s
-1

)
106

 are shown. In addition, simulated 

pulling velocity dependence of the rupture force of a hypothetical bond (xu of 0.05 

nm, k0 = 0.13 s
-1

) is also shown. For clarity, the data is offset with each other.  

3.3.4 The two types of ferric-thiolate bonds display different stabilities. 

From the geometry of the FeS4 center, it is clear that in order to fully unfold and 

extend rubredoxin, at least two Fe(III)-thiolate bonds in the same CXXC chelating 

motif should be ruptured (Fig. 3.1A). To prove this point, we engineered a double 

histidine mutant of rubredoxin C38,41H-RD, in which both Cys38 and Cys41 in the 

same chelating motif were substituted by histidines. Since the interactions between 

the Fe and N atom from histidine are much weaker than Fe(III)-thiolate bonds, we 

anticipated that the mutation C38HC41H would significantly weaken rubredoxin. 

Indeed, force-extension curves of (GB1C38,41H-RD-GB1)n showed that the 

unfolding of the majority of C38,41H-RD occurred at very low forces and behaved 
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like as long featureless spacers (Fig. 3.4A). Only a small fraction of C38,41H-RD 

domains showed clear unfolding events of Lc of ~13nm with a rupture force close to 

~100 pN, leading to the observation that the number of C38,41H-RD unfolding events 

is only 17% of the GB1 unfolding events (93 versus 540) (Fig. 3.4B). Mutating Cys5 

and Cys8 to histidines led to a similar destabilization effect. These results clearly 

indicated that removing the two Fe(III)-thiolate bonds from the same CXXC chelating 

motif significantly weakens rubredoxin, emphasizing the important roles of the two 

CXXC chelating motif in the mechanical stability of rubredoxin. Therefore, the two 

Fe-thiolate bonds in the same CXXC loop are required to provide the mechanical 

stability for rubredoxin.  

Since the two types of Fe(III)-thiolate bonds are of different bond length, it is 

possible that they display different mechanical stability
163

. To experimentally test this 

hypothesis and dissect the difference in the mechanical strength of these two types of 

Fe(III)-thiolate bonds, we engineered two rubredoxin mutants C38H-RD and 

C41H-RD. Since Fe(III)-N bond is more mechanically labile than a Fe(III)-thiolate 

bond (Fig. 3.4B), selectively mutating one of the two cysteines in the same CXXC 

motif with histidine should allow us to determine the mechanical rupture force of the 

two different Fe(III)-thiolate bonds.  

Stretching polyprotein (GB1-C38H-RD)n resulted in sawtooth-like 

force-extension curves which are similar to those of wt-rubredoxin. The unfolding 

events of C38H-RD, thus the rupture of Fe(III)-thiolate bonds, are characterized by 

Lc of 12.0 ± 1.8 nm and an average unfolding force of 203 ± 92 pN (n = 332) (Fig. 



 

64 

 

3.4C). In addition, the number of unfolding events of C38H-RD is ~72% of that of 

GB1 (332 versus 460). These results suggested that the mutation C38H does not 

change the mechanical stability of the Fe-S center significantly. Since the 

Fe(III)-thiolate bond formed by Cys41 remains the force-bearing bond, our results 

suggested that the rupture force measured on C38H-RD likely reflects the mechanical 

stability of the Fe(III)-S41 bond. It is of note that C38H-RD mutant is not as stable as 

wt rubredoxin, as we have observed that C38H-RD can lose its iron ion over time. 

Thus, the 28% missing events for C38H-RD are likely due to the unfolding of 

C38H-RD at low forces. 

 

 

Figure 3.4 Dissection of the mechanical stability of the two types of ferric-thiolate 

bonds in the FeS4 center. A) AFM experiments revealed that mechanical unfolding of 

C38,C41H-RD occurs at very low forces. B) Unfolding force histogram of 

C38,41H-RD. The majority of C38,41H-RD occur at forces below 20 pN. C) The 

mechanical unfolding force of Fe(III)-C38H-RD remains largely unchanged. The 
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average unfolding force of Fe(III)-C38H-RD is 203±92 pN (n=332). D) 

Fe(III)-C41H-RD unfolds at significantly reduced forces (121±74 pN (n = 262)).  

In contrast to C38H-RD, the unfolding events of C41H-RD were observed to 

occur at much lower forces 121 ± 74 pN (n=262) with Lc of 12.6 ± 0.8 nm (Fig. 

3.4D). In addition, the number of C41H-RD unfolding events is clearly fewer than 

that of GB1 (262 versus 472), suggesting that some “missing” C41H-RD domains 

may unfold at forces below 20 pN. These results indicate that mutation C41H 

significantly weakens the mechanical stability of rubredoxin. Due to the mutation of 

C41H, the force-bearing Fe(III)-thiolate bond shifted to the Fe(III)-S38 bond. 

Therefore, the measured rupture force for C41H-RD likely reflects the mechanical 

stability of the Fe(III)-S38 bond. It is of note that the mechanical strength for 

Fe(III)-S38 and Fe(III)-S41 bonds is fittingly correlated with the bond length of these 

two types of Fe(III)-thiolate bonds. Thus, our results indicated that the two types of 

Fe(III)-thiolate bonds are not equivalent in terms of their mechanical strength. The 

shorter Fe(III)-thiolate bonds (Fe(III)-S8 and Fe(III)-S41) are mechanically stronger 

than the longer Fe(III)-thiolate bonds (Fe(III)-S5 and Fe(III)-S38). To our best 

knowledge, this is the first direct experimental evidence that the bond strength of the 

two types of Fe-thiolate bonds is different. It is of note that although histidine 

mutation may slightly alter the structure of the Fe-S center in rubredoxin, the 

difference in bond length of the two types of Fe(III)-thiolate bonds should remain 

similar: Fe-S(5) and Fe-S(38) bonds should be longer while Fe-S(8) and Fe-S(41) 

bonds be shorter. This trend has been observed experimentally in Cys to Ser mutants 

of rubredoxin in X-ray crystallographic studies
194

. Thus, our results on histidine 
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mutants of rubredoxin can provide a reasonable estimate of the bond strength of 

individual Fe-thiolate bonds in rubredoxin.  

3.4 Discussion 

Our results clearly demonstrate that the mechanical rupture force of the highly 

covalent Fe(III)-thiolate bonds is ~200 pN (with the shorter ferric-thiolate bonds 

being stronger than the longer ones), which is significantly lower than what one 

would expect for a highly covalent bond. For example, Si-Si ruptures at 2.1nN, C-Si 

at 2.0nN and Au-S at above 2.5nN
1,14,49,188

. In addition, the rupture force of 

Fe-thiolate bond is also significantly lower than that of a disulfide bond (~1.4 nN), 

which is generally perceived as a weaker covalent bond
14,21

. In contrast, the 

mechanical strength of ferric-thiolate bonds is more comparable to the mechanical 

strength of non-covalent bonds, such as hydrogen bonds. For example, the unbinding 

force of the avidin-biotin complex is ~200 pN
37,40

. The mechanical unfolding force of 

mechanically stable proteins ranges from ~50 pN to 300 pN, with a few proteins 

unfolding at more than 500 pN
99,195

. The unfolding of such non-metalloproteins 

corresponds to the rupturing of a network of non-covalent bonds, including hydrogen 

bonds and hydrophobic interactions. Thus, the finding that the highly covalent 

ferric-thiolate bonds rupture at ~200 pN is surprising, suggesting that such Fe-thiolate 

bonds are mechanically labile and display features clearly distinguishing themselves 

from those of typical covalent bonds.  

Chemical bonding reflects the degree of interactions between two atoms and can 
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be described by covalency, the amount of covalent mixing of their atomic orbital
196

. 

The highly covalent nature of ferric-thiolate bonds originates from the high degree of 

mixing of the p orbital of a sulfur atom with the d orbital of a iron atom
159,167,196

. S-K 

edge XAS has been used extensively to probe the covalency of metal-thiolate bonds
168

. 

It was discovered that the covalency of ferric-thiolate bonds depends on the chemical 

environment in which the ferric-thiolate bonds are located. Due to the formation of 

hydrogen bonds in rubredoxin, the covalency of the ferric-thiolate bond in rubredoxin 

is significantly lower than that of its inorganic analogues [Et4N][Fe(o-C6H4(CH2S)2)2] 

(~150%)
169,170

. These observations raise interesting questions about the relationship 

between covalency and mechanical strength of Fe-thiolate bonds, and the strength of 

the ferric-thiolate bond in the inorganic analogue. To address these issues, we 

measured the mechanical stability of Fe(III)-thiolate bonds in clostridium 

pasteurianum rubredoxin (cpRD) and the Fe(II)-thiolate bond in pfRD. cpRD is a 

homologue of pfRD with an identical FeS4 center, but shows a higher covalency 

(~135%) than pfRD (~125%)
169

. Moreover, reduction of Fe(III) to Fe(II) leads to a 

significant decrease in the Fe-S covalency to ~80%
196

. These proteins provide ideal 

model systems to investigate the relationship between covalency and mechanical 

strength.   

Our single molecule AFM experiments revealed that the rupture force of 

Fe(III)-thiolate bonds in cpRD shows a broad distribution with an average force of 

258 ± 122 pN (N=686) at a pulling speed of 400 nm/s (Fig. 3.5A&C), significantly 

higher than that of pfRD. In contrast, the unfolding force for Fe(II)-thiolate is 152 ± 
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62 pN (n=579) (Fig. 3.5B&D), which is ~30% lower than the rupture force of 

Fe(III)-thiolate bonds in pfRD. It is evident that there is a positive correlation between 

the covalency and mechanical strength of the Fe-thiolate bond: the higher the 

covalency, the higher the rupture force (Fig. 3.5E). Clearly the mechanical strength of 

Fe(III)-thiolate bond in the inorganic analogue [Et4N][Fe(o-C6H4(CH2S)2)2] will be 

stronger than that in rubredoxin, possibly as high as 350 to 500 pN. Although the 

exact value is yet to be experimentally determined, the mechanical strength of the 

Fe(III)-thiolate bond in [Et4N][Fe(o-C6H4(CH2S)2)2] will be still significantly lower 

than that of a typical covalent bond. Therefore, from a mechanical perspective, the 

metal-thiolate bond itself is distinctly different from covalent bonds and can thus be 

only considered as labile highly covalent bonds. Moreover, the protein environment 

may also play important roles in determining the mechanical strength of Fe-thiolate 

bonds. It is well known that in rubredoxin the hydrogen atom of a nearby amide can 

form backbone hydrogen bonds with the cysteine sulfur atoms. The formation of these 

hydrogen bonds decreases the ability of the S atom binding with iron and lead to the 

reduction in covalency
1,167

. Hence, the reduced mechanical stability of the Fe-thiolate 

bond in rubredoxin is also likely due to the unique environment in rubredoxin. This 

hypothesis is experimentally tested in Chapter 6. 
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Figure 3.5 The rupture forces of FeS4 center correlate with its covalency. A) 

Force-extension curves of (GB1-Fe(III)-cpRD)n. The unfolding events of cpRD tend 

to occur after GB1 domains, suggesting that the rupture force of FeS4 center is higher 

than that of GB1. B) Force-extension curves of (GB1-Fe(II)-pfRD)n. The rupture 

force of Fe(II)-thiolate bonds is clearly lower than the unfolding force of GB1. C) 

Histogram of the rupture force of Fe(III)-thiolate bonds in cpRD. The average rupture 

force is 258 ± 122 pN (n=686). D) Histogram of the rupture force of Fe(II)-thiolate 

bonds in pfRD. The average rupture force is 152 ± 62pN (n=579). E) Rupture force 

correlates with the covalency of the Fe-thiolate bonds.  

Furthermore, our work also raised interesting questions on the mechanism of 

mechanical activation of Fe-thiolate bonds as well as the nature and reactivity of the 

broken Fe(III)-S bond
197

. Our preliminary results indicated that the broken Fe-S bond 

can reform within rubredoxin upon relaxation of the rubredoxin chain as evidenced by 

the ability of rubredoxin to recover its mechanical stability. However, the mechanism 

of mechanical activation remains unknown. During the mechanical activation, it is 

possible that the breaking of Fe-thiolate bonds may be a heterolytic process involving 

competition with a proton, just like in traditional thermodynamic activation processes 
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of Fe-thiolate bonds
198

. Similar heterolytic processes have been experimentally 

observed for the mechanical unfolding of disulfide bonds in the presence of reducing 

agents
21,106

 and predicted for the mechanical unfolding of polyethylene glycol
197

. It is 

also possible that the mechanical breaking of Fe-thiolate bonds is a homolytic process, 

as suggested for the breaking of C-Si covalent bonds
14,189

.  These two different 

scenarios may lead to different products (sulfhydryl versus free radical) and possibly 

different reactivity. This important question needs thorough mechanistic investigation 

by combining experiments with computational chemistry methods. Future work along 

this direction will be crucial to elucidate the detailed roles of covalent and ionic 

characters in the mechanical activation (bond rupture) process of metal-thiolate bonds 

as well as their reactivity after rupture. These studies will likely provide new insights 

into the nature of this important class of chemical bonds.  

3.5 Materials and methods 

3.5.1 Protein engineering 

The gene of protein chimera Cys-RD-GB1-Cys was constructed in expression 

vector pQE80L using well-established standard molecular biology techniques
42

. 

Cys-RD-GB1-Cys was over-expressed in E. coli strain DH5 and purified by 

Co
2+

-affinity chromatography using TALON resins (Clontech.). The protein was kept 

in Tris buffer in pH 7.4 at a concentration of ~ 2 mg/mL. Cys-cpRD-GB1-Cys was 

constructed in a similar fashion. Histidine mutants of rubredoxin were generated via 

standard site-directed mutagenesis methods using the RD gene as the template. 
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Pseudo-apo-RD (apoRD), which contains four mutations Cys5Lys, Cys8Thr, 

Cys38Ala and Cys41Thr, was generated via the megaprimer approach using the 

wt-RD as the template
193

. 

Since Zn-RD and Fe-RD are co-expressed in E. coli
162

, we used ion-exchange 

chromatography to produce pure Fe(III)-RD-GB1 proteins. First, the protein chimera 

RD-GB1 was concentrated and buffer exchanged into a 10 mM Tris buffer at pH 8.5 

using a 9K MWCO pierce concentrator (Thermo Scientific). The Fe and Zn form RD 

were separated using Mono-Q 5/50GL anion exchange column (GE Healthcare), and 

eluted using a linear gradient elution (0-300mM NaCl in 10mM and 1mM TCEP at 

pH 8.5) in AKTA FPLC system (GE Healthcare) at a flow rate of 2 mL/min. The 

Fe-RD-GB1 was eluted first at around 100 mM NaCl. The purity of Fe-form RD was 

confirmed by UV-Vis Absorption Spectroscopy based on its characteristic absorption 

at 494nm. Using the extinction coefficient of 9.22 mM
-1

 cm
-1

 at 494 nm, the 

concentration of Fe(III)-RD was calculated, and the overall protein concentration was 

obtained by measuring the absorption at 280 nm
162

. The purify of Fe(III)-RD was 

estimated to be >90% after 2 to 3 times ion-exchange chromatography purification. 

The Fe-Form of the rubredoxin mutants were purified using the same method. 

3.5.2 Engineering polyproteins for single molecule AFM experiments 

The polyprotein gene (I27-apoRD)4 and (I27-pfRD)4 were engineered using the 

well-established stepwise DNA-concatamerization method based on the identity of 

the sticky ends generated by BamHI and BglII restriction digestion
42

. The polyprotein 
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(I27-apoRD)4 and (I27-pfRD)4 were over-expressed in DH5 and purified by 

Co
2+

-affinity chromatography using TALON resins. 

Since Zn-RD and Fe-RD are co-expressed in E. coli
162

, the conventional method 

for polyprotein construction cannot be used to construct polyproteins of rubredoxin, 

as it will lead to the production of mixed metal-containing rubredoxin
162

. To 

overcome this hurdle, we developed a novel chemical coulping method based on 

maleimde-thiol coupling chemistry to construct polyprotein chimera 

(Fe(III)-RD-GB1Fe(III)RD-GB1)n, in which rubredoxin exists solely as Fe(III)-RD, 

as demonstrated in Chapter 2. In a typical reaction, 40 uL 10mM BM(PEO)3 (1, 11-bis 

(maleimido)triethylene glycol, Thermo Scientific) solution was added to 1ml 

Fe(III)-RD-GB1 solution (at a concentration of 2 mg/ml in Tris buffer under pH 7.4), 

which was purified via ion-exchange chromatography to remove Zn-RD, at a molar 

ratio of 1 to 1. The solution was incubated for crosslinking for two hours, and the 

protein solution was used directly in AFM experiments. 

3.5.3 Single molecule AFM experiments 

Single molecule AFM experiments were carried out on a custom-built AFM as 

described
73,187

. Each individual cantilever was calibrated in solution using the 

equipartition theorem before each experiment to obtain the spring constant (typically 

around 40 pN/nm). All experiments were done at room temperature in Tris buffer at 

pH 7.4 at a pulling speed of 400 nm/s unless otherwise indicated. 

For experiments on Fe(II)-RD, after the oxidized (Fe(III)-RD-GB1)n protein was 
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absorbed onto the glass cover slip, 10 L of 200 mM dithioreitol (DTT) was added to 

the solution. After 15 minutes of incubation, the protein was subject to AFM 

experiments. To ensure the reducing environment, the same amount of DTT solution 

was added every hour thereafter. 
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Chapter 4:Single molecule AFM reveals the iron release from 

rubredoxin through a stochastic mechanism  

4.1 Synopsis 

After demonstrating that the FeS4 center in rubredoxin can be mechanically 

ruptured, the mechanism of this mechanical activation was explored. There are four 

ferric-thiolate bonds in the FeS4 center. Thus, how these multiple bonds ruptured over 

time is a novel and important question.   

Multiple metal-ligand bonds in a metal site is a common feature in 

metalloproteins, where the loss of metal ions from metalloproteins can have 

significant biological consequences, such as protein unfolding and loss of function. 

By definition, metal release requires disruption of multiple metal-ligand bonds. Thus, 

understanding the bond activation mechanism of multiple ferric-thiolate bonds is of 

great importance. Detailed activation pathways have been difficult to elucidate using 

classical ensemble techniques. Using single molecule force spectroscopy techniques, 

we investigated the mechanical activation mechanism of the iron center in rubredoxin. 

Our results show that the release of the iron center in rubredoxin is stochastic and 

follows complex and multiple pathways, including cooperative rupture of multiple 

ferric-thiolate bonds as well as stepwise rupture of ferric-thiolate bonds that leads to 

the formation of intermediate species. Our results reveal the complexity in the 
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activation process even within the seemingly simple iron center in rubredoxin, and 

providing the first unambiguous experimental evidence for the detailed mechanical 

activation mechanism of a metal center in its native protein environment in aqueous 

solution.  

4.2 Introduction 

The mechanical activation of chemical bonds is increasingly recognized as an 

important means by which chemical reactions can be induced and as a complement to 

the classical thermochemical, electrochemical and photochemical activation 

processes
1,14

. The mechanical approach provides new perspectives on the activation of 

chemical bonds and may reveal mechanistic information that is otherwise difficult to 

obtain by other methods
106,197,199

. The development of single molecule force 

spectroscopy techniques has enabled the investigation of the mechanical activation of 

chemical bonds at the single molecule level. Pioneering studies have provided new 

insights into some important chemical reactions
14,58,200-202

. 

Metalloproteins are ubiquitous in nature and play essential roles in a wide range 

of biological processes. Through the formation of multiple metal-ligand coordination 

bonds, metal centers are incorporated into metalloproteins to serve as structural and 

active sites that greatly expand the stability and functionality of proteins
154,156

. The 

mechanical activation of metal-ligand bonds can lead to the disruption of metal-ligand 

bonds and the dissociation of metal ions from metalloproteins and may ultimately lead 

to the unfolding of metalloproteins. Understanding the mechanisms by which 
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metal-ligand bonds in metalloproteins are disrupted is not only of critical importance 

for the understanding of the functional properties of such proteins but may also offer 

new insights into the mechanisms by which metalloproteins fold
203,204

.  

Spectroscopic signatures of metal-ligand bonds show the activation and 

dissociation of metal-ligand bonds at the ensemble level
156,205-207

. However, such 

classical methods cannot directly reveal either the dissociation of an individual 

metal-ligand bond or the sequence of events leading to the dissociation of multiple 

metal-ligand bonds. At present, the mechanistic complexity of metal center activation 

remains largely uncharacterized. Activation and dissociation of many metal centers in 

metalloproteins have been shown to exhibit first-order kinetics, suggesting that the 

multiple metal-ligand bonds at these metal centers dissociate concurrently in a 

cooperative fashion.  

Here, we use single molecule force spectroscopy techniques to investigate the 

mechanical activation process for the dissociation of the Fe(SCys)4 center in 

rubredoxin. Our results reveal that mechanical release of iron from the active site of 

this protein is complex and involves several pathways, both cooperative and 

sequential, that occur in parallel. This discovery that disruption of even the simplest 

of metal ion binding sites occurs by a stochastic mechanism provides new insight into 

the functional properties of such sites and the forces that stabilize them.  
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4.3 Results 

4.3.1 Construction of a loop elongation variant of rubredoxin for detection 

of single-bond rupture events 

We still use our model system P. furiosus rubredoxin with a Fe(SCys)4 center as 

to study the mechanical activation mechanism of the metal center. As a simple 

electron transfer protein with only 53 residues, rubredoxin contains two classic CXXC 

loops (C5XXC8 and C38XXC41) that bind a ferric ion and form four ferric-thiolate 

bonds (Fig. 4.1A colored in blue)
159,162,167

. Previously, we showed that these highly 

covalent ferric-thiolate bonds in rubredoxin can be mechanically activated and 

ruptured by single molecule AFM.  

 

Figure 4.1 Investigation of the mechanical activation of the Fe(SCys)4 center 

ferric-thiolate bonds in rubredoxin by single molecule AFM. A) 3D structure of 

wild-type rubredoxin. The two iron chelating loops are colored in blue. Residues 8 to 

41 (in pink) are sequestered by the iron-center. The bottom panel shows a simplified 

schematic of the rubredoxin structure. B) Schematic of the mechanical activation of 

the Fe(SCys)4 center by AFM. The Fe(SCys)4 center is directly subject to the 

stretching force after residues 1-5 and 41-53 have been ruptured and extended. C) 

Typical mechanical activation events of the Fe(SCys)4 center in wt rubredoxin. The 
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force-extension curve is from the stretching of polyprotein chimera (wt-RD-I27)n. It 

appears that rupture of the Fe(SCys)4 center occurs in one step, as shown in the 

enlarged figure of the two rupture events at the bottom, resulting in a single force 

peak and a length increment of Lc ~13 nm.  

It showed that the mechanical unfolding of rubredoxin follows a two-step 

process
201,202

. Residues 1-5, and 41-56 outside the metal center are unraveled first by 

the stretching force, while the residues sequestered by the metal center (residues 5-41) 

are shielded from the stretching force. Further stretching leads to the mechanical 

activation of the Fe(SCys)4 center, rupture of the ferric-thiolate bonds, and complete 

unfolding of rubredoxin. Mechanical activation of the iron center appears to be a 

cooperative process, as the rupture of the metal center led to a one-step extension of 

the protein by ~13 nm, which agrees well with the extension of residues 5-41 (Fig. 

4.1C). However, the two chelating loops C5XXC8 and C38XXC41 are very short. If 

the mechanical activation of Fe(SCys)4 were to occur in a sequential fashion, the 

rupture of a single ferric-thiolate bond formed by Fe and C5 or C41 would lead to an 

length increment of 0.72 nm resulting from the extension of the two XX residues. 

Because of the soft polymer chain, this length gain is even shorter when the bond is 

ruptured under a relatively low force, and cannot be detected by current single 

molecule AFM instruments. As a result, the mechanical rupture event observed in the 

force-extension curve may be dominated by the subsequent rupture event of the 

additional ferric-thiolate bond, and a sequential mechanical activation process cannot 

be resolved.  

To overcome this technical challenge and gain detailed insight into the 

mechanical activation mechanism of the iron center in rubredoxin, we designed a loop 
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insertion variant of rubredoxin (RDin which a long loop is inserted into the 

C38XXC41 chelating loop. Insertion of a long loop into the CXXC chelating loop 

should permit any potential stepwise mechanical activation events to be captured 

unambiguously.  

To construct the loop elongation rubredoxin variant RDwhile maintaining the 

structure and functional properties of wild-type rubredoxin, we chose the second  

hairpin of GB1 as the inserted loop
209

. It is well known that the second  hairpin of 

GB1 is stable and can exist in isolation and that the N, C-termini of this structural 

element are close to each other (0.4 nm apart)
210,211

. In addition, the C38XXC41 loop 

is present in a largely unstructured region of the rubredoxin. Thus, the insertion of this 

 hairpin into C38XXC41 should not affect the structure of rubredoxin or the iron 

center. Furthermore, this hairpin is comprised of 19 residues and stepwise rupture of 

the Fe(SCys)4 center would lead to the extension of the hairpin with an increase in 

length of ~ 6.8 nm (19*0.36nm).  

To evaluate the consequences of the  hairpin insertion on the structure of the 

Fe(SCys)4 center and the overall structure of the protein, we undertook spectroscopic 

characterizations of the variant protein (RD (Fig. 4.2C-E). The electronic 

absorption spectrum of RD exhibits maxima at 390, 495, and 570 nm resulting from 

ligand-to-metal charge-transfer transitions that are identical to those of oxidized, 

wild-type rubredoxin
162,167

. The reduction potential of RDis similar to that of 

wild-type RD. These results strongly suggest that the coordination environment of the 

Fe(SCys)4 center is not affected by the insertion of the  hairpin and that the iron 



 

80 

 

center retains electron transfer properties similar to the wild-type protein
162,209

. In 

addition, the far-UV CD spectrum of RD is similar to that of wt rubredoxin, 

suggesting that the three-stranded antiparallel β-sheet structure remains largely intact. 

This conclusion is further supported by 
1
H

15
N-HSQC experiments. In sum, these 

results provide strong evidence that the structural and functional properties of 

rubredoxin are minimally perturbed by this loop insertion.  

 

Figure 4.2 The iron center and overall three-dimensional structure are minimally 

perturbed in the loop insertion variant RD. A) The UV-Vis spectrum of RD (color 

in blue) exhibits the characteristic features of the wild-type protein (in red) and the 

same A484/ A380 ratio. The inset shows a simplified schematic of RD B) CV of 

wild-type rubredoxin and the RD variant. The reduction potential of RD shows 

slight shift (15 mV) compared with that of wt-RD (-4 mV). C) Far-UV CD spectrum 

of wild-type rubredoxin and the RDvariantD) Overlap of the HSQC spectra of 

RD and WT-RD (Fe(III)). Signals without affect from the paramagnetic ferric ion 

are present in the figure. Signals in wt-RD spectrum were also observed in RD 

spectrum at the same or slightly shifted (< 0.5 ppm in 1H) positions, strongly 

suggesting that the backbone structure of RD is very similar to that of wt-RD.  

With this loop elongation variant, we are now able to distinguish whether the 
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bonds between the ferric ion and the new bi-cysteine binding motif rupture in a 

cooperative or stepwise fashion upon mechanical activation. If the two ferric-thiolate 

bonds Fe-Cys38 and Fe-Cys41 rupture cooperatively, the mechanical rupture of the 

Fe(SCys)4 center should result in a single unfolding step with a Lc of ~18.7 nm 

(6.8+11.9 nm), which corresponds to the extension of the inserted -hairpin together 

with the residues sequestered between residues C5 and C41. In the case of a stepwise 

mechanical activation mechanism, two rupture events should be observed. The first 

event (Lc = 6.8 nm) corresponds to the extension of the inserted -hairpin, and the 

second event (Lc = 12 nm) corresponds to the extension of residues 5-38. 

Consequently, both the cooperative and step-wise mechanisms for Fe-ligand bond 

rupture can be identified unambiguously from unique signatures in the 

force-extension curves.  

4.3.2 Direct observation of multiple pathways for iron release  

To monitor the mechanical activation pathways of the Fe(SCys)4 center in 

rubredoxin directly, we constructed a polyprotein chimera (RD-I27)n for single 

molecule force spectroscopy measurements. This chimera incorporates the 

well-characterized I27 domain from the giant muscle protein titin to provide an 

unambiguous fingerprint for identification of single molecule stretching events
130,212

. 

The mechanical unfolding of the I27 domain is characterized by Lc of 28 nm and an 

unfolding force of ~200 pN at a pulling speed of 400 nm/s.  

Representative force-extension curves for this polyprotein chimera (RD-I27)n 
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are shown in Fig. 4.3A. The unfolding events with Lc of 28 nm can be assigned 

readily to the unfolding of the I27 domains while the other unfolding events can be 

assigned to the unfolding of RD domains. The complete unfolding of RD leads 

to a contour length increment (Lc) of ~19 nm. In the force-extension curves, the 

unfolding events of RDdisplay multiple appearances: some unfolding events 

display a single unfolding step with a Lc of ~19 nm while others display two 

unfolding steps with the sum of Lc1 and Lc2 being 19 nm. In most of the two-step 

unfolding cases, the first step leads to a Lc of ~7 nm followed by a second step of a 

Lc of ~12 nm. In rare cases, the sequence of the two steps reverses so that the first 

peak exhibits a Lc of ~12 nm that is followed by an unfolding step of with Lc of 

~7 nm. The histogram of Lc values (Fig. 4.3B) clearly exhibits three dominant peaks 

with an average Lc1 of 7.2 ± 1.6 nm (n = 121), Lc2 of 12.3 ± 1.6 nm (n = 121), 

and Lc3 of 19.1 ± 2.0 nm (n = 547). The forth peak, with an average of 28.2 ± 1.0 

nm (n = 327), corresponds to the Lc of the unfolding of I27 domains.  

 

Figure 4.3 The mechanical unfolding experiments on rubredoxin loop variant RD 

demonstrate a complex rupture pattern of the Fe(SCys)4 center. A) Typical 
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force-extension curves observed during stretching the polyprotein (RD-I27)n. In 

addition to the unfolding force peaks from the I27 domain (Lc ~28nm), three distinct 

rupture force peaks resulting from unfolding of the RD are observed. The dominant 

component (~80%) is a single force peak (red star) with Lc of 19 nm (colored in red). 

The remaining events (~20%) involve two sequential force peaks with a Lc of 7 nm 

and 12 nm, respectively (colored in green and blue). B) The Lc histogram on the 

polyprotein (RD-I27)n clearly shows the four different types of peak: the average 

Lc values for these four components are 7.2 ± 1.6 nm (n = 121); 12.3 ± 1.6 nm (n = 

121); 19.1 ± 2.0 nm (n = 547) and 28.2 ± 1.0 nm (n = 327). 

The observation of multiple unfolding patterns for RD demonstrates clearly 

that the mechanical rupture of the Fe(SCys)4 center in rubredoxin occurs through 

multiple pathways, including both single step rupture as well as stepwise rupture. This 

finding establishes the complexity of the mechanical activation of the Fe(SCys)4 

center in rubredoxin and demonstrates the rich information about the mechanical 

activation mechanism of the metal center that cannot be discerned from ensemble 

studies.  

4.3.3 Cooperative rupture of the Fe(SCys)4 center is dominant 

From typical force-extension traces of the polyprotein chimera (RD-I27)n, we 

observed that a large population of RD2 (~81%) unfolds in a single step that results 

in unfolding events of Lc of ~19 nm (Fig. 4.4A&B). The average of the measured 

Lc (18.6 nm (n = 547)) is in excellent agreement with the expected contour length 

increment that should result from the extension of residues sequestered by the metal 

center (residues 5 to 38) as well as the inserted  hairpin (11.6 + 6.9 = 18.7 nm), 

suggesting that the two ferric-thiolate bonds from the C38XXC41 chelating loop must 

have been ruptured concurrently by the applied stretching force during the mechanical 
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activation (Fig. 4.4A). This result is strong evidence for a cooperative mechanical 

activation process for the Fe(SCys)4 center, despite the insertion of the 19 residue 

long  hairpin. The average force required to rupture the two ferric-thiolate bonds 

simultaneously is 194 ± 92 pN (n = 547). To confirm that the single step unfolding is 

not an artifact of limited time resolution, we carried out the single molecule AFM 

experiments at higher data sampling rate (Fig. 4.4B, bottom trace). It is clear that with 

a sampling frequency of 50 kHz, the unfolding step occurs in a single step, suggesting 

that the mechanical activation of the Fe(SCys)4 center occurs simultaneously within a 

time window of 20 s. This result highlights the cooperativity of the Fe(SCys)4 center 

in rubredoxin as observed previously in ensemble studies
171,206

. 

 
Figure 4.4 The cooperative mechanism for mechanical disruption of the rubredoxin 

Fe(SCys)4 center. A) A schematic of the cooperative activation pathway of the 

Fe(SCys)4 center in RD Upon stretching, two ferric-thiolate bonds (Fe-SCys38 and 

Fe-SCys41) ruptured concurrently, leading to a single force peak. B) Detailed view of 

the single step rupture event of the Fe(SCys)4 center at two sampling rates. The top 

trace, 1 kHz; bottom trace, 50 kHz. It is clear that the rupture event with Lc ~19 nm 

is a single step. C) The rupture force histogram for the cooperative rupture of the 

Fe(SCys)4 center. The average rupture force is 194 ± 92 pN (n = 547).  
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4.3.4 Sequential mechanism for iron release and measurement of individual 

ferric-thiolate bond strength 

In addition to the dominant cooperative mechanical activation, we also observed 

that ~20% of RD is ruptured in a stepwise fashion by the applied stretching force. 

As shown in Figure 4.5A&B, the mechanical rupture of RDdomains resulted in 

pairs of unfolding force peaks. The first peak (Lc ~7 nm (colored in green, 7.2 ± 1.6 

nm)) occurs at a slightly elevated force relative to the second peak (Lc ~12 nm 

(colored in blue, 12.3 ± 1.6 nm)) (Fig. 4.6A). The Lc of the first peak agrees well 

with that for the extension of the inserted loop initiated by the rupture of the Fe-Cys41 

bond (0.36*20-0.3 = 6.9 nm) while the value for the second peak agrees well with the 

value for the complete rupture of the partially disrupted Fe(SCys)3 center 

(34*0.36-0.6 = 11.6 nm). These results strongly suggest that the RD domains 

rupture in a stepwise, sequential fashion such that the Fe-Cys41 and Fe-Cys38 bonds 

rupture sequentially. 

 Moreover, from the pair of force peaks resulting from these sequential rupture 

events, we can attribute the rupture force value of each step to the mechanical strength 

of single ferric-thiolate bonds (Fe-Cys41 or Fe-Cys38). The average rupture force of 

the first peak (176 ± 62 pN, n = 99, Fig. 4.5C) corresponds to the mechanical strength 

of the Fe-Cys41 bond while the rupture force of the second peak (127 ± 48 pN, n = 99, 

Fig. 4.5D) corresponds to the strength of the Fe-Cys38 bond. From the 

force-extension curve as well as the force histogram, it is evident that the mechanical 

strength of the Fe-Cys41 bond is greater than that of Fe-Cys38 bond. It is consistent 
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with the bond lengths of the two distinct ferric-thiolate bonds insofar as the shorter 

bond (Fe-Cys41) is stronger than the longer bond (Fe-Cys38). It is interesting to note 

that in this stepwise mechanical activation pathway the mechanically stronger bond 

Fe-C41 ruptures first following the mechanical rupture of the weaker bond Fe-C38, 

suggesting that the Fe-C41 bond protects the mechanical integrity of the Fe-Cys38 

bond by means of a gating mechanism. A similar gating mechanism has been reported 

for both designed proteins and naturally occurring proteins, such as titin kinase in 

muscles
213,214

.  

 

Figure 4.5 The sequential mechanism for disruption of the rubredoxin Fe(SCys)4 

center. A) A schematic of a sequential activation pathway of the Fe(SCys)4 center in 

RD where the two ferric-thiolate bonds (Fe-Cys38 and Fe-Cys41) rupture sequentially. 

The Fe-Cys41 bond ruptures first, leading to an intermediate Fe(SCys)3 and the 

extension of the inserted  hairpin (color in green). Then the rupture of the Fe-Cys38 

bond leads to the complete unfolding of rubredoxin and extension of the sequestered 

residues (color in blue). B) A detailed view of the sequential activation of the 

Fe(SCys)4 center. C) The rupture force histogram of the ferric thiolate bond Fe-Cys41. 

The average force is 176 ± 63 pN (n = 99). D) The rupture force histogram of the 

ferric-thiolate bond Fe-Cys38. The average force is 127 ± 48 pN (n = 99).  

Remarkably, we also detected two-step rupture events in which the order of 
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Fe-Cys bond disruption was reversed so that the rupture event with a Lc of ~12 nm 

occurred first, followed by the rupture event with Lc of 7 nm. This sequence of 

rupture events suggests that the rupture of the Fe(SCys)4 center can also be initiated 

from the side of the C5XXC8 chelating loop, indicating that the mechanical rupture of 

the Fe(SCys)4 center in rubredoxin is stochastic in nature and can be initiated from 

either CXXC chelating loop.  

 

Figure 4.6 Strength and kinetics of the ferric-thiolate bond. A) The relationship 

between the bond strength of the Fe-Cys41 and Fe-Cys38 bonds in the same pair of 

the sequential rupture process. The dashed line is a straight line with a slope of 1. The 

solid line represents a linear regression of the data with a slope of 0.48. These results 

clearly demonstrate that the strength of Fe-Cys41 bond is greater than that the 

Fe-Cys38 bond. B) The cooperative rupture process (red), rupture of the Fe-Cys41 

bond (green) and rupture of the Fe-Cys38 bond (blue) are shown. Results obtained for 

the wild-type protein (black) are shown for comparison. The lines represent fits to the 

data obtained by Monte Carlo simulation.   

Having observed multiple mechanical activation pathways for disruption of the 

rubredoxin active site, we carried out pulling experiments as a function of pulling 

velocity to characterize bond rupture kinetics (Fig. 4.6B). As expected, the rupture 

forces were observed to increase with the increase of the pulling velocity. Using 

well-established Monte Carlo simulation protocols, we estimated the spontaneous 

dissociation rate and the distance between the bound state and the mechanical 
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transition state. For the cooperative rupture pathway, the rate constant for spontaneous 

dissociation at zero force is 0.17 s
-1 

and the distance between the bound state and the 

mechanical rupture transition state, xu, is 0.11 nm. These values are quite similar to 

those observed for wt-RD (0.15 s
-1 

and 0.11 nm)
201

. In contrast, the kinetics for single 

bond rupture events is significantly different. The xu is 0.13 nm for Fe-Cys41 and 

Fe-Cys38 with 0 of 0.21 s
-1

 and 1.4 s
-1

, respectively. The difference in the kinetics 

data of the two distinct mechanical activation pathways also demonstrates that these 

two rupture mechanisms are different in nature. 

4.3.5 Stochastic iron release mechanism also observed for RD1  

 

Figure 4.7 Mechanical rupture of Fe(CysS)4 center in RD1A) Typical 

force-extension of (RD1-I27) shows two different rupture scenarios of FeS4. B) 

Histogram of contour length increment from stretching (RD1-I27) polyprotein. C) 

The rupture force histogram for the cooperative rupture of the Fe(SCys)4 center. The 

average rupture force is 154 ± 72 pN (n = 93). D) Histogram of rupture force of 

Fe-Cys5 bond, the average force is 107 ± 60 (n=202). E) Histogram of rupture force 

of Fe-Cys8 bond, the average force is 129 ± 64 pN (n=202).   

To investigate the iron release mechanism on the other C5XXC8 loop, we 

constructed a rubredoxin variant (RD1) in which the longer loop is inserted between 
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Cys5 and Cys8. Similar AFM experiments were carried out on the (RD1I27)n 

polyprotein. The AFM results are highly similar as that of RD2. Stretching the 

polyprotein results in two types of rupture scenario of FeS4 center: single force peak 

with Lc of 18.5± 1.8 nm (n = 93) as the cooperative rupture of the metal center, and 

force peak with an intermediate step (Lc1=7.2 ± 1.8 nm; Lc2=12.1 ± 1.2; n=202) 

corresponding to a sequential rupture of the two individual ferric-thiolate bonds (Fig 

4.7). Consequently, a stochastic iron release mechanism is also observed for the first 

CXXC loop. However, the ratio of cooperative rupture even in RD1 is much less 

than that of RD2(~30% versus ~80%). Additionally, in the sequential rupture 

scenario, force peak with Lc of ~7 nm shows first, followed by force peak with Lc 

of ~12 nm is dominant compared with the opposite pathway (n=202 versus n=8). It 

indicates that the rupture of the FeS4 center starts from C5XXC8 in this variant which 

different than that of RD2b. It suggests that the inserted loop may destabilize the 

CXXC metal binding loop and bias the rupture pathway to the inserted loop. 

Nevertheless, both pathways are present in two variants. Similarly, the cooperative 

rupture force and individual ferric-thiolate bond strength are measure: 154 ± 72 pN, 

107 ± 60 pN (Fe-Cys5) and 129 ± 64 pN (Fe-Cys8), respectively.       

4.4 Discussion 

4.4.1 Stochastic nature of iron release from the Fe(SCys)4 center 

Metal centers with multiple metal-ligand bonds are a common feature in 

metalloprotein.
154,156,167

. The loss of metal ions in metalloproteins can have significant 
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biological consequences and understanding the activation mechanism of such metal 

centers in metalloproteins is thus of great importance
156,204,215,216

. The release of metal 

ions from metalloproteins involves the dissociation of multiple metal-ligand bonds 

and detailed activation pathways have been difficult to elucidate with classical 

ensemble techniques because such methods are typically unable to detect short-lived 

and/or less populated intermediate species in which just one or two metal-ligand 

bonds have been ruptured. The single molecule force spectroscopy techniques used 

here provide the first unambiguous experimental evidence that the mechanical 

activation of even a simple iron center such as that in the iron-sulfur protein 

rubredoxin is stochastic and follows multiple, complex pathways that include 

cooperative rupture of multiple ferric-thiolate bonds as well as stepwise rupture of 

ferric-thiolate bonds that leads to the formation of intermediate species.  

 

Figure 4.8 Stochastic mechanical disruption of the rubredoxin Fe(SCys)4 center 
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derived from single molecule force spectroscopy experiments. The rupture of the 

Fe(SCys)4 can be initiated at either CXXC loop. For the pathway initiated at the 

C38XXC41loop, 80% of rupture events occur in a single step in which the 

ferric-thiolate bonds behave cooperatively and rupture of Fe-Cys bonds is concurrent. 

In addition, 20% of Fe-Cys bond rupture events occur in a stepwise fashion in which 

the Fe-Cys41 bond ruptures first followed by the rupture of the Fe-Cys38 bond. For 

the pathway initiated through the C5XXC8 loop, it is very likely both cooperative and 

sequential rupture processes occur in a manner similar to that observed for the 

C38XXC41 loop.   

Based on these results, we propose the mechanical activation mechanism for 

disruption of the Fe(SCys)4 center in rubredoxin that is shown in Fig. 4.7. Mechanical 

activation can initiate from either side of the metal center and involves both 

cooperative and sequential rupture of the metal center. It mainly based on result from 

RD2due to the well-maintained structure. On comparison, the structure of RD1is 

distorted significantly. The NMR spectrum shows a large variation compared with 

that of WT-RD. Nevertheless, the stochastic iron release mechanism from rubredoxin 

is still valid. It is important to note that the pathway for mechanical activation of 

wt-rubredoxin disruption is likely to be more complex because it should involve a 

combination of rupture events from both CXXC chelation loops. For example, it is 

possible that the mechanical rupture of the wt rubredoxin starts from the breaking of 

the Fe-Cys5 bond followed by the cooperative rupture of the C38XXC41 chelation 

loop.  

4.4.2 Cooperative versus sequential bond rupture  

With the length increment as an unambiguous fingerprint, we identified the 

co-existence of the cooperative and sequential mechanical activation pathways for the 
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Fe(SCys)4 center in rubredoxin. The observation of cooperative bond activation of 

multiple ferric-thiolate bonds even in the presence of an inserted hairpin clearly 

highlights the cooperative character of the Fe(SCys)4 center disruption, a feature that 

has been proposed on the basis of ensemble measurements
171

.  

On the other hand, the discovery of the stepwise activation pathway sheds new 

light on the Fe(SCys)4 center in rubredoxin. Direct detection of partially or 

completely unfolded metalloprotein with metal ion still bound to the protein could in 

principle be identified by NMR spectroscopy
216-218

. However, metal centers with a 

few original metal-ligand bonds lost should occur as an intermediates during the 

disruption of metal centers in metalloproteins, has rarely been observed. The stepwise 

activation pathway demonstrated in the present study clearly indicates that the 

intermediate states such as Fe(SCys)3 are kinetically stable and can exist in aqueous 

solutions of rubredoxin. The formation of Fe(SCys)3 can result from cleavage of the 

Fe-Cys41 bond or the Fe-Cys5 bond. To the best of our knowledge, this is the first 

experimental evidence that an intermediate iron center can occur during the release of 

iron from a metalloprotein. This finding implies that the Fe(SCys)4 center in 

rubredoxin can be more dynamic than previously believed. The existence of a stable 

metal center intermediate also  supports the hypothesis that iron priming is an 

important step in the folding of rubredoxin and that incorporation of iron into 

rubredoxin involves the sequential formation of ferric-thiolate bonds
173,194

.   
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4.4.3 Why is iron release stochastic? 

Although rubredoxin is the simplest iron-sulfur protein, the mechanical 

activation of Fe(SCys)4 center disruption exhibits a complex mechanism. 

Understanding how a stretching force activates the Fe(SCys)4 center in rubredoxin 

provides fundamental insight that will be essential to understanding the mechanism of 

iron release from more complex iron-sulfur proteins. The Fe(SCys)4 center in 

rubredoxin is a five-atom, four-bond system in which the ferric ion is at the center of a 

pseudo-tetrahedron and is bonded to four sulfur atoms provided by the four chelating 

cysteinyl residues. Following the unraveling and extension of residues 1-5 and 41-56, 

the Fe(SCys)4 center of rubredoxin is subject to the mechanical stretching force 

directly through residues C5 and C41. To activate the Fe(SCys)4 center mechanically, 

at least two ferric-thiolate bonds from the same side of the CXXC chelation loop must 

be ruptured. 

Compared with classic chemical or thermal activation processes that impose a 

global perturbation on the metal center, the mechanical activation process stretches 

the metal center along a well-defined reaction coordinate that is set by the applied 

force. Upon stretching, the two outer ferric-thiolate bonds (Cys5 and Cys41) are likely 

to be subject to greater force at the beginning of the process than are the two inner 

bonds formed by Cys8 and Cys38. Thus, the greater mechanistic resolution provided 

by single molecule atomic force spectroscopy has allowed us to observe stepwise 

mechanisms of iron release from the active site of rubredoxin that could not be 
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detected by conventional methods. Nevertheless, the dominant pathway for iron 

release is the cooperative, simultaneous rupture of two thiolate bonds, an observation 

that highlights the cooperative nature of the iron center in rubredoxin. We interpret 

this finding as indicating that the stretching force propagates to the entire metal center 

through the bonding network as predicted for the propagation of the applied force 

through an entire protein upon stretching
219,220

. We propose that propagation of the 

stretching force through the active site in this manner is responsible for the 

cooperative, pairwise disruption of ferric-thiolate bonds. The structural origin of this 

cooperativity between the ferric-thiolate bonds in rubredoxin remains to be elucidated. 

Combined use of molecular dynamics simulations with quantum mechanical 

calculation of the iron center provides one plausible means of addressing this 

issue
60,197

.  

In addition to discovering and partially characterizing the mechanistic pathways 

for iron release from rubredoxin, this study provides a quantitative characterization of 

the mechanical strength of individual ferric-thiolate bonds in rubredoxin and 

demonstrates that these nominally identical metal-ligand bonds are energetically 

inequivalent. Although X-ray crystallographic structure determination has established 

that the Fe-C41 bond is shorter than the Fe-C38 bond
211

, the physical properties of 

these minimally different chemical bonds have been challenging to discern. To the 

best of our knowledge, no comparison of the mechanical strength of nearly identical 

chemical bonds involved in metal ion binding at the active site of a metalloprotein or 

in a biomimetic metal cluster has been reported.
1,14

. Our characterization of loop 
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insertionvariant of rubredoxin has determined that the bond strengths of Fe-Cys41 and 

Fe-Cys38 in this protein are ~170 pN and ~130 pN, respectively, a result that agrees 

well with our previous indirect measurements of rubredoxin variants in which the 

coordinating cysteinyl residues were replaced with histidinyl residues
192,201

. Moreover, 

this difference in bond strength agrees well with the bond lengths of the ferric-thiolate 

bonds noted above, supporting the long established correlation of longer bond length 

with lower bond strength. We expect that this strategy can be applied to other 

metalloproteins to resolve small energetic differences of chemically identical 

metal-ligand bonds of inequivalent length.  

4.5 Materials and methods 

4.5.1 Protein engineering 

The genes encoding the rubredoxin variant with a -hairpin fragment inserted in 

the C38XXC41 metal ion binding loop were constructed as follows. First, an 

oligodeoxyribonucleotide encoding the second -hairpin of GB1 (15 aa 

EWTYDDATKTFIVTE plus two 2 amino acid LG at each end that result from the 

restriction site) with additional AvaI restriction site at the N and C termini was 

generated by standard PCR (Polymerase Chain Reaction) methods with the GB1 gene 

as the template. The resulting gene was digested with the enzyme AvaI to produce the 

insert for subsequent ligation into the rubredoxin expression vector pQE80L, which 

carries an N-terminal His6-purification tag. Standard site-directed mutagenesis 

methods were used to introduce an AvaI restriction site (CTC GGG) in rubredoxin to 
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replace the codons CCC ATC that encode residues Pro39 and Ile40 (the residues 

between Cys38 and Cys41) and the product was digested. The oligoDNA encoding 

the -hairpin fragment was then ligated into the rubredoxin gene between the Cys38 

and Cys41 through the AvaI site. This construct introduces 19 residues (15 plus 4 

from the two AvaI sites) in the bi-cysteine loop to produce the rubredoxin loop 

extension variant with the sequence: 

AKWVCKICGYIYDEDAGDPDNGISPGTKFEELPDDWVCLGEWTYDDATK

TFIVTELGCGAPKSEFEKLED (italics represent the inserted peptide loop). 

The gene encoding RD1 is constructed in the same fashion with the sequence as 

follow: 

AKWVCLGEWTYDDATKTFIVTELGCGYIYDEDAGDPDNGISPGTKFEELP

DDWVCPICGAPKSEFEKLED 

For the expression of rubredoxin with an I27 domain as a fingerprint region for 

single molecule AFM studies, the gene encoding Cys-wt-RD-I27-Cys was used as the 

template for construction of the loop insertion variant using methods similar to those 

described above. In addition, the template possesses an N and C-terminal cysteinyl 

residue to facilitate the further construction of polyproteins by means of 

maleimide-thiol chemistry
192,201

. The DNA sequences were confirmed by direct DNA 

sequencing at the NAPS of University of British Columbia.  

All proteins used in this work were over-expressed in Escherichia coli strain 

DH5 (Qiagen, Valencia, California, USA) and purified by Co
2+

-affinity 

chromatography using TALON His-Tag purification resins (Clontech, Mountain View, 
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California, USA). The protein solution was exchanged into Tris buffer (pH 8.5, 10 

mM) by centrifugal ultrafiltration (Amicon 3K MWCO filter, Millipore, Billerica, 

MA, USA). Zn-substituted rubredoxin produced during expression of both RD2 and 

the RD2-I27 chimera was removed by ion-exchange chromatography using Mono Q 

5/50 GL column (GE Healthcare Bioscience, Pittsburgh, PA, USA). Polyproteins 

(RD-I27)n, were prepared by a maleimide-thiol coupling reaction in which the 

monomer chimera protein was reacted with BM(PEO)3 (1, 8-bis 

(maleimido)triethylene glycol, Molecular Biosciences, Boulder, CO, USA) as 

described previously
192

.  

4.5.2 Single molecule AFM 

Single molecule AFM experiments were performed with a custom-built AFM as 

reported
20

. Prior to each experiment, the spring constant (~40 pN/nm) of each MLCT 

Si3N4 cantilever (Bruker, Camrillo, CA) was calibrated in solution using the 

equipartition theorem. In a typical experiment, the polyprotein (RD-I27)n (2 L, 2 

mg/mL) was deposited onto a clean glass coverslip covered by Tris buffer (~50 L, 

pH 7.4, 100 mM). The protein was allowed to absorb onto the coverslip for ~5 

minutes before the AFM experiment. The experiments were carried out at a pulling 

speed of 400nm/s unless otherwise indicated.  

The mechanical rupture of single ferric-thiolate bonds and the cooperative 

rupture of the bonds formed by the coordinated ferric ion and the C41XXC38 

bi-cysteine ligand pair can both be modeled as a two-state dissociation process as a 
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function of the force-dependent rate constants:  

(F) =0exp(Fxu/kBT)                                         (4.1)  

The (F) is the rate constant for dissociation under a stretching force F, 0 is the 

rate constant for spontaneous dissociation in the absence of force, xu is the distance 

between the bound and transition states, T is the absolute temperature and kB is the 

Boltzmann constant. The rate constant for dissociation at zero force, 0, and xu were 

estimated by Monte Carlo simulations as described previously
43

. 

4.5.3 Nucleic magnetic resonance experiments 

15
N/

1
H heteronuclear single-quantum coherence (HSQC) spectra were recorded 

on a Bruker Avance-500 FT NMR spectrometer operating at a 1H frequency of 500 

MHz using a standard pulse sequence. Spectra were zero-filled to give a final matrix 

of 2048 x 256 data points and apodized with a 90° shifted sine-bell window function 

in both dimensions. 
1
H and 

15
N chemical shifts were calibrated against the 

1
H shift of 

sodium 2,2-dimethyl-2-silapentane-5-sulfonate. 
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Chapter 5: Mechanical anisotropy of the FeS4 center in 

rubredoxin 

5.1 Synopsis 

Mechanical anisotropy is an important feature of mechanical force acting on 

three dimensional objects. Because force is a vector, the effect of mechanical 

perturbation on a 3D structure can vary if the force is applied in different directions. 

Here, we investigate these effects on a very simple FeS4 center in rubredoxin, finding 

that this tiny structure is still anisotropic under force at the single molecule level. 

Considering the small scale of proteins, selection and assurance of the direction 

of applied force is most challenging. The FeS4 center in rubredoxin is a simple 

structure consisting of only four ferric-thiolate bonds. The mechanical force applied 

on the metal center will be ultimately transmitted through these four ferric-thiolate 

bonds. Consequently, these four bonds are naturally selected as the direction of 

applied force. In the experiments, all possible combinations involving force applied to 

the two ferric-thiolate bonds were selected as the stretching sites and their 

corresponding stability were measured. The results demonstrated that even this 

molecular structure still possesses mechanical anisotropy. In addition, the 

characteristic rubredoxin unfolding results validate the direction of the applied force 

due to the unique contour length increment associated with how the FeS4 center 
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ruptured.  

Besides the mechanical anisotropy of the metal center, we also observed a 

stochastic rupture mechanism of the FeS4 center in the wild type rubredoxin when the 

protein is stretched from the Fe-Cys5 and Fe-Cys38 direction. The result agrees well 

with that of the previous chapter in this work, which utilized a loop mutant. 

Additionally, this work also demonstrates that the pulling direction can affect the 

rupture mechanism.  

5.2 Introduction         

Mechanical force is ubiquitous in nature and participates in every aspect of 

life
34,221

. An important feature of force is that each applied force is associated with a 

defined direction or vector. Consequently, the effect of mechanical perturbation on a 

three-dimensional object can be varied if the force is applied in different directions. 

This so-called mechanical anisotropy has been found for many macroscopic objects, 

which arises from their anisotropic structure
222

. Recently, it has been found the 

stability of a single protein molecule under force can be varied using single molecule 

force spectroscopy
85,99-101,103,223

. However, a single protein molecule is a 

macromolecule containing hundreds of chemical bonds and a wide range of 

interactions. Thus, it is quite interesting and largely unknown as to the scale at which 

the mechanical anisotropy property can be observed.   

Here, we investigate the mechanical anisotropy property on an extremely small 

object: a natural FeS4 metal center which consists of only five atoms and four 
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ferric-thiolate bonds in the small metalloprotein rubredoxin
162,163

. The force applied 

on the FeS4 center with a well-defined direction is achieved by stretching the single 

rubredoxin molecule from different sites. Because the metal center is covalently 

linked within the protein structure, the force will propagate through the peptide chain 

and ultimately be applied on the metal center in a define direction from certain 

ferric-thiolate bonds. Moreover, protein unfolding beginning from different sites 

shows unique unfolding force peak patterns with different contour length increments. 

Because how the metal center ruptures is directly related to the pathway of rubredoxin 

unfolding, the direction of force applied on the FeS4 center is guaranteed. 

Consequently, the stability of FeS4 center under mechanical force from various 

directions can be unambiguously measured and a mechanical anisotropy is found on 

such a small metal center. In addition, different rupture mechanisms are observed 

when the metal center is stretched in various directions.    

We continue to use P. furiosus rubredoxin as the model system here. It is a very 

simple three-dimensional object with four ferric-thiolate bonds (Fig. 5.1A, 

abbreviated as Fe-Cys5; Fe-Cys8; Fe-Cys38 and Fe-Cys41bond). The FeS4 center 

divides rubredoxin into two parts: Residues 1-5 and 42-53 are outside the center, 

while residues 5-41 are trapped inside the center (Fig. 5.1B). Combined with single 

molecule AFM and protein engineering, we stretched the protein from different sites 

to identify the mechanical anisotropy of the metal center. 
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5.3 Results    

5.3.1 Design principle to probe mechanical anisotropy of FeS4 center  

The first step to explore the mechanical anisotropy is to choose the direction in 

which the force should be applied on the FeS4 center. When the rubredoxin is 

stretched, the force will be propagated through the peptide chain and then be applied 

to the four ferric-thiolate bonds. Thus, the mechanical behavior of these bonds under 

force ultimately determines the stability of the metal center. Consequently, the 

selection of different combinations of two ferric-thiolate bonds as stretching 

directions can fully explore the anisotropic mechanical response of the FeS4 center. 

Based on the structure of FeS4 center in the protein, four different combinations are 

chosen: Fe-Cys5 and Fe-Cys8 bonds, Fe-Cys8 and Fe-Cys41 bonds, Fe-Cys8 and 

Fe-Cys38 bonds and Fe-Cys5 and Fe-Cys38 bonds. 

 

Figure 5.1 Schematic of the rubredoxin structure. A) The 3D structure of rubredoxin 

showing a FeS4 center in which a ferric ion is coordinated by four sulfur atoms from 

cysteine residues. The bottom is a simple schematic showing the metal site in the 

protein with four ferric-thiolate bond. B) The side-view of rubredoxin. The bottom is 

a simple schematic showing the overall structure of rubredoxin. 
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 To fulfill this goal, we design four different bi-cysteine rubredoxin variants. 

Single rubredoxin molecules are then chemically linked through the two engineered 

cysteines using a maleimide-thiol coupling method
98,192

. It forms a polyprotein 

molecule (RDvariant)n containing identical repeats of rubredoxin which is a typical 

strategy for AFM studies (Fig. 5.2A). As a result, the two introduced cysteine residues 

serve as anchoring sites from which the protein will be stretched. Beginning from 

these two sites, the force will propagate along the peptide chain and ultimately be 

functioned onto the metal center. It is noted that the ferric-thiolate bond closest to the 

cysteine in the protein sequence will be stretched initially and thus determines the 

direction of applied force on the FeS4 center. By carefully selecting two cysteines as 

stretching sites for protein unfolding, desired direction of force applied on the metal 

center through certain ferric-thiolate bonds is achieved. Four rubredoxin variants are 

designed as follows: RD1,49; RD15,49; RD15,35 and RD1,35 (the number indicates 

which residue is substituted by cysteine) and the corresponded poly-rubredoxin (RD 

variant)n were constructed for AFM studies using maleimide-thiol coupling reaction, 

respectively
192

. All these rubredoxin variants are red color which show identical 

UV-Vis spectrum as that of WT-RD indicating the intact of FeS4 center in these 

variants. 

5.3.2 Mechanical anisotropy of the FeS4 center at single bond level 

We first stretched the FeS4 center from direction of Fe-Cys5 and Fe-Cys41 bonds 

using RD1,49 variant. Stretching the polyprotein (RD1,49)n results in the 
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characteristic sawtooth like force-extension curves from unfolding of rubredoxin. 

Fitting the elasticity of the force trace by WLC (worm-like chain) model reveals force 

peaks with two different contour length increments (Lc): ~4.5 nm and ~13.0 nm.  

 
Figure 5.2 Mechanical stability of FeS4 stretching from Fe-Cys5 and Fe-Cys41. A) 

Schematic of the mechanical unfolding experiment on RD1,49 by AFM. B) The 

two-step unfolding scenario of rubredoxin stretched from residue 1 and 49. C) Typical 

force extension curve of mechanical unfolding of RD1,49 showing two different types 

of force peaks. The force peaks with at the beginning are from the unfolding of 

residues before the FeS4 center (in blue) leading to a Lc~ 4.5 nm. Then, rupture of 

the FeS4 center and the extension of the previously buried residues (in red) give rise to 

force peaks with Lc ~13 nm. D) The histogram of the ruptured force for the FeS4 

center with an average value: 227±79 pN (n=1063). E) Schematic shows the FeS4 

center is stretched from direction of Fe-Cys5 and Fe-Cys41 bonds in RD1,49 

(highlighted by black arrow and the cysteines are circled) and possible force 

distribution in the ferric thiolate bonds (in red arrow).       

As shown in Figure 5.2B, the result agrees perfectly with a two-step unfolding 

scenario of RD1,49. The residues 1-4 and 41-49 outside the metal center are unfolded 

first and their extension leads to force peaks with a Lc of 4.4±1.0 nm (13aa*0.36 

colored in blue). The FeS4 center is then ruptured leading to the other force peaks with 

a Lc of 13.0±0.8 nm (residues 5-41, 37*0.36, colored in red) in the metal center. 

Thus, the force value 227±79 pN (n=1063) from force peak with Lc ~13 nm can be 
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unambiguously assigned to the rupture force of the FeS4 center stretching initially 

from Fe-Cys5 and Fe-41bond.   

 

Figure 5.3 Mechanical stability of FeS4 stretching from Fe-Cys8 and Fe-Cys41.A) 

Schematic shows the stretching scenario of RD15,49. The residues colored in red are 

further extended after the rupture of metal center. B) Simple structure of FeS4 shows 

Fe-Cys8 and Fe-Cys41 bonds are stretched initially in RD15,49. C) Typical force 

extension curve of mechanical unfolding of RD15,49 shows a two-step unfolding 

scenario with force peak of Lc1~ 4.5 nm and Lc2 ~6.5 nm. D) Histogram of the 

rupture force with an average value of 152±60 pN (n = 708).  

We then study the rupture of FeS4 center with force applied initially through 

Fe-Cys8 and Fe-Cys41 bonds using polyprotein (RD15,49)n (Fig. 3A&B). Similarly 

as the two-step unfolding scenario of RD1,49, the AFM results show a first step with 

a force peak Lc of 4.5±0.8 nm ((8+9)*0.36-1.6 = 4.5 nm). Then, the FeS4 center 

ruptures through Fe-Cys8 and Fe-Cys41 showing a force peak with Lc of 6.4±0.7 

nm (Fig. 5D inset). Because only ~19 residues (residues 22-41, 19*0.36=6.8 nm) is 

further extended after the rupture of the metal center, the Lc is much less compared 

with that of RD1,49. It clearly demonstrates that the FeS4 center in RD15,49 is 

stretched under a different direction. The corresponding rupture force is 152±60 pN 
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(n = 708), which is smaller than the value of RD1,49. It indicates that the stability of 

the FeS4 varied considerable when stretched from different directions and proofs the 

mechanical anisotropy of FeS4 center in rubredoxin. Compared with stretching the 

metal center in RD1,49, the only difference for RD15,49 is that the Fe-Cys8 bond is 

stretched as one direction instead of the Fe-Cys5 bond. Thus, the resultant mechanical 

anisotropy should be attributed to the different single ferric-thiolate bond. 

 

Figure 5.4 Mechanical stability of FeS4 stretching from Fe-Cys8 and Fe-Cys38. A) 

Schematic shows the stretching scenario of RD15,35. B) Simple structure of FeS4 

shows Fe-Cys8 and Fe-Cys38 bonds are stretched initially in RD15,35. C) Typical 

force extension curve of mechanical unfolding of RD15,35 shows force peak with 

Lc of ~3 nm from the rupture of FeS4 center (fitted by red line). D) Histogram of the 

force shows the average rupture force of the metal center is 146±49 pN (n = 985). 

The inset is the histogram of the Lc with average value of 2.7±0.4 nm.  

We then carried out similar experiment on (RD15,35)n where the force applied 

first through Fe-Cys38 and Fe-Cys8 bonds. As a result, a different unfolding scenario 

is observed accordingly where only single force peak from metal center rupture event 

is present (Fig.4 A&B).The Lc of the force peak is only 2.7±0.4 nm which is from 

extension of residues from 22 to 32 after the rupture of metal center. The stability of 

FeS4 measured at this force direction is 146±49 (n = 985). 
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Figure 5.5 Mechanical stability of FeS4 stretching from Fe-Cys5 and Fe-Cys41. A) 

Schematic shows the stretching scenario of RD1,35. B) Simple structure of FeS4 

shows Fe-Cys5 and Fe-Cys38 bonds are stretched initially in RD1,35. C) Typical 

force extension curve of mechanical unfolding of RD1,35 shows force peak with Lc 

~11 nm from the rupture of FeS4 center. D) The histogram of rupture force of metal 

center with an average value of 242±40 pN (n=1340).  

Finally, stretching the metal center from Fe-Cys5 and Fe-Cys38 bonds is 

achieved using RD1,35 (Fig. 5.5A&B). Similar as RD15,35, there is only one type of 

force peak in the force extension curve from the rupture of metal center (Fig. 5.5C). 

The force peak shows a contour length increment of 11.1±1.2 nm (residues 5-32 and 

38-41, 32*0.36). The force measured is 242±40 pN (n=1340) which is the highest 

among all four directions. Consequently, the measured stability of FeS4 center under 

mechanical force applied from four different directions are all varied. It demonstrates 

the mechanical anisotropy of such a small structure. 

5.3.3 The stochastic rupture mechanism of FeS4 center stretched from Cys5 

and Cys38 bond 

The rupture of FeS4 metal center from different directions shows a single force 

peak as a one step process. It indicates the multiple ferric-thiolate bonds are 
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cooperative in which all the four bonds appear to rupture simultaneously.  

 

Figure 5.6 Stochastic rupture scenario found when stretched from Cys5 and Cys38. A) 

Force-extension curve reveals a two-step rupture event of metal center B) Simple 

structure of FeS4 shows Fe-Cys8 and Fe-Cys38 bonds are stretched after the break of 

Fe-Cys5 and Fe-Cys38 which leads to the extension of six residues (colored in green). 

C) Histogram of the Lc reveals three different types of peaks:Lc1=11.1±1.2 nm 

(red), Lc2=1.9±0.3 nm (green) and Lc3=9.0±0.3 nm (blue). D-E) Histogram of 

the rupture forces from peaks with Lc2 (D) and Lc3 (E). The average force is 235

±35 pN (n=177) and 239±38pN (n=173), respectively.  

Interestingly, a close analysis of the force peaks in RD1,35 reveals small 

population of additional two-step rupture events (~10%). An intermediate force peak 

with Lc of ~2 nm is shown which can be assigned to an extension from ~6 amino 

acids. It is followed by another force peak with a Lc of ~9 nm. It suggests that the 

two Fe-Cys5 and Fe-Cys38 bonds break simultaneously while the other two Fe-Cys8 

and Fe-C41 bonds are still present (Fig. 5.5B). Consequently, six residues (C5K6I7 

and C38P39I40) from two CXXC binding motif can be extended at the same time 

which matches exactly with the experimental results. In addition, the further rupture 

of the metal center will lead to an extension of ~ 9 nm as observed. Moreover, the 
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sum of the Lc of the two peak is ~11nm which agrees with the result of the dominate 

one-step rupture scenario. The histogram of Lc shows clearly three different types of 

force peaks: Lc1=11.1±1.2 nm, Lc2=1.9±0.3 nm andLc3=9.0±0.3 nm. The 

corresponding force value for the last two peaks are 235±35 pN (n=177) and 239±

38pN (n=173), respectively. Thus, it indicates that a small population of metal center 

rupture in a two-step scenario. Consequently, a stochastic rupture mechanism in 

which the ferric-thiolate bonds can break both in cooperative and stepwise fashion is 

identified. It demonstrates that the direction of the applied force can also mediate the 

rupture mechanism of the metal center.  

5.4 Discussion 

5.4.1 Mechanical anisotropy is identified for the FeS4 center.  

By stretching the FeS4 center from four different directions using single 

molecule AFM, we find that the mechanical stability of the metal center is depended 

on the direction of applied force. It demonstrates the mechanical anisotropy property 

of the simple FeS4 center at single molecule level. Furthermore, one possible 

explanation is the difference among single ferric-thiolate bond which serves as the 

stretching direction. The measured rupture force of the metal center stretched from 

different directions is in the range from ~150 pN to ~250 pN. Compared with 

macromolecule such as proteins, the very simple FeS4 center studied here still shows 

considerable mechanical anisotropy effect. Another possibility may arise from the 

asymmetric structure of the metal center. Consequently, the effective loading force on 
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the metal center may be different under different stretching sites. . 

Moreover, from the aspect of metalloprotein, metal center is a critical part of 

metalloprotein. Besides its unique functional role, it can plays critical structural role 

as in the metalloprotein folding and stability, such as the iron in the iron-sulfur protein 

and zinc in zinc-finger protein. Thus, knowledge of the stability of metal center is of 

great importance. In addition, most metal center with multiple metal-ligand bonds is a 

three dimension structure inside metalloprotein. As a result, the investigation of the 

response of metal center to mechanical force from different directions is necessary to 

fully understand the structural role of metal center in metalloproteins. The AFM 

results here demonstrate a complete measurement of the mechanical stability of FeS4 

center in rubredoxin for the first time.  

5.4.2 Applying well-controlled force to FeS4 center from defined directions  

In this experiment, it is critical to apply the mechanical force to the tiny structure 

of FeS4 center under a defined direction. There are two important issues here: 

selecting the direction of applied force and indeed applying the force along this 

direction. Thanks to the simple structure of FeS4 center, there are only four 

ferric-thiolate bonds in the structure which ultimately determine its stability. Thus, the 

four bonds naturally serve as the stretching direction. On comparison, it is a difficult 

task for a protein molecule. In principle, every residue in the protein molecule can be 

chosen as the stretching site. As a result, it is almost impossible to fully explore the 

mechanical anisotropy of this system. To simplify the selection, several models have 
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been proposed to define only a few arbitrary axes which need to be tested based on 

the topology of the protein. Here, the simple structure of FeS4 center makes the choice 

of stretching axis much easier, and a complete investigation is achieved by stretching 

every possible combination of two ferric-thiolate bonds. 

The most challenging part of this study is to ensure the force applied on the 

metal center is in a defined direction. It is achieved by unique protein unfolding result 

which is directly related to from which direction the FeS4 center is ruptured. The force 

peaks from protein unfolding and rupture of FeS4 center show characteristic contour 

length increment serving as a fingerprint to identify the force direction. In the AFM 

experiments of each four rubredoxin variants, the unfolding patterns upon the rupture 

of FeS4 center are different. RD1,49 and RD15,49 show two force peaks upon 

unfolding while RD15,35 and RD1,35 show only one force peak. Additionally, the 

measured corresponding contour length increment is 13 nm, 6.5 nm, 3 nm and 11 nm, 

respectively. These values match perfectly with calculation from rupture of FeS4 

center from desired directions. Consequently, it is unambiguous that the force is 

applied to the metal center under defined directions.   

5.4.3 A stochastic multiple ferric-thiolate bond rupture mechanism is found 

Stretching the FeS4 center in rubredoxin from different directions not only show 

different stabilities but also change the rupture mechanism in the terms of how these 

multiple metal-ligand bonds break. In most conditions, the rupture of the FeS4 center 

occurs in a single step as a cooperative process. However, when stretched from 
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Fe-Cys5 bond and Fe-Cys38 bonds in RD1,35, two different force peak patterns from 

the rupture of the FeS4 center are observed. Besides the dominant one step rupture 

event which is same as other conditions, there is a two-step rupture scenario. The 

intermediate force peak with 2 nm indicates a cooperative rupture mechanism in 

which the Fe-Cys5 and Fe-Cys38 bonds break concurrently. As a result, two different 

rupture mechanisms of the metal center in the unfolding of RD1,35 are observed. This 

stochastic rupture mechanism on the original FeS4 center in rubredoxin agrees well 

with our previous finding on the center in a loop inserted rubredoxin mutant. Thus, 

the bond rupture mechanism is also dependent on the direction of applied force.   

5.5 Method and materials 

5.5.1 Protein engineering 

The genes encoding RD1,49, RD15,49, RD15,35 and RD1,35 are engineered 

using a standard site-directed mutagenesis methods based on a WT-rubredoxin gene. 

Two selected original sites is substituted by cysteine condon in two sequential steps. 

The DNA sequences were confirmed directly by DNA sequencing. All the proteins 

were over-expressed in DH5strain of E. coli and purified by Co
2+

-affinity 

chromatography using TALON His-Tag purification resins (Clontech). Using a 3K 

MWCO Amicon ultra centrifugal filter, the protein solution was exchanged into Tris 

buffer (pH 8.5, 10 mM) (Millipore). Then the Fe-form rubredoxin variants were 

separated using an ion exchange chromatography. Finally, the polyproteins were 

obtained by a thiol-maleimide coupling reaction between the cysteines of rubredoxin 

and BM(PEO)3
192

.   



 

113 

 

  5.5.2 Single molecule AFM experiments 

A custom-built AFM is used for performing all the single-molecule AFM 

experiment
46

. The spring constant (typically around 40 pN/nm) of each Si3N4 

cantilever (Veeco Corp.) was obtained in solution using the equipartition theorem 

before each experiment.  

In an experiment, ~2 L polyprotein solution at a concentration of ~2 mg/mL 

was added onto a clean glass coverslip. Covered by ~50 L Tris buffer at pH ~7.5, the 

protein was allowed to absorb for ~5 minutes before starting the measurement. During 

the experiment, the cantilever was brought into contact with the substrate at a contact 

force of ~1 nN to pick up proteins with a pulling speed of 400 nm/s.  
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Chapter 6: The mechanical stability of FeS4 center can be 

modulated by the protein structure
3
  

6.1 Synopsis  

Compared with previous AFM studies of chemical bonds, one of the most 

important features of metal-ligand bonds in metalloproteins is that these bonds are 

embedded within the protein structure, making the interplay between protein structure 

and the mechanical strength of metal-ligand bonds a novel and interesting research 

question. In this chapter, rubredoxin is utilized as an example to study how the 

mechanical stability of the FeS4 center in rubredoxin is regulated by the surrounding 

protein structure.   

It has long been recognized that hydrogen bonds formed by protein backbone 

amides with cysteinyl S

 atoms play important roles in modulating the functional and 

structural properties of iron-sulfur centers in proteins. Using single molecule AFM, 

cyclic voltammetry and protein engineering techniques, the influence of N-H···S

 

                                                 

 

3
 A version of this chapter has been published as “ [Zheng P.], Takayama SJ. Mauk AG and 

Li H. (2012) Hydrogen bond strength modulates the mechanical strength of ferric-thiolate bonds 

in rubredoxin, Journal of the American Chemistry Society, 134(9), 4124-4131.” 
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hydrogen bonds in the secondary coordination sphere on mechanical stability of 

Fe(III)-thiolate bonds of rubredoxin was previously investigated. Our results show 

that the mechanical stability of Fe(III)-thiolate bonds in rubredoxin correlate with the 

strength of N-H···S

 hydrogen bonds as reflected by the midpoint reduction potential. 

This provides direct evidence that N-H···S


 hydrogen bonds play important roles in 

modulating the mechanical and kinetic properties of the Fe(III)-thiolate bonds in 

iron-sulfur proteins, corroborating the important roles of the protein environment in 

tuning the properties of metal-thiolate bonds. 

6.2 Introduction 

Iron-sulfur proteins are ubiquitous in nature and play critical roles in a wide 

range of biological processes
154,156,159,190

. Facilitated by the highly covalent Fe-S 

bonds and the unique chemical properties of FeS clusters, iron-sulfur proteins are 

among the most important electron transfer proteins in nature and exhibit a broad 

range of reduction potential (-700 mV to +400 mV). Apart from the intrinsic 

characteristics of FeS clusters, it has long been recognized that the protein 

environment modulates the properties of Fe-S bonds to achieve the desired function 

and stability
159,191

. In particular, protein backbone amides form hydrogen bonds with 

cysteinyl S

 atoms. These N-H···S


 hydrogen bonds in the secondary coordination 

sphere are proposed to play important roles in modulating the functional and 

structural properties of the iron-sulfur centers
224-226

. For example, both 

crystallography and NMR studies on point mutants of the simplest iron-sulfur protein 
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rubredoxin revealed that the reduction potential of rubredoxin is correlated with the 

strength of N-H···S


 hydrogen bonds
227-229

. These N-H···S


 hydrogen bonds were 

also proposed to be responsible for the decreased covalency of Fe(III)-thiolate bonds 

of rubredoxins relative to their inorganic analogues, as the formation of hydrogen 

bonds influences electron delocalization between sulfur and iron
169,225,230

. However, 

direct experimental evidence concerning the quantitative contributions of these 

backbone hydrogen bonds to the stability of rubredoxins and the strength of 

Fe(III)-thiolate bonds remains limited.  

Over the last two decades, the development of single molecule atomic force 

microscopy (AFM) has enabled measurement of the mechanical and kinetic properties 

of chemical bonds (both covalent and non-covalent) at the single molecule level along 

a well-defined reaction coordinate set by the vector of the applied stretching force
1,14

 

33,106,231
. In Chapter 3, we reported that the stability of a metal-thiolate bond in a 

protein could be measured for the ferric-thiolate bond at the active site of rubredoxin 

by single molecule AFM
201

. We found that, despite their highly covalent nature, 

Fe(III)-thiolate bonds exhibit surprisingly low mechanical stability (200 pN at a 

pulling speed of 400 nm/s). Furthermore, the rupture force of ferric-thiolate bonds is 

much greater than that of Fe(II)-thiolate bonds, and the unfolding force of 

Fe(III)-thiolate bonds in C. pasteurianum rubredoxin (cpRd) is higher than that in P. 

furiosus rubredoxin (pfRd). The order of the mechanical stability of Fe-S bonds 

correlates with bond covalency.  

To evaluate the contributions of hydrogen bonds to the properties of Fe-S bonds 
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and the correlation between covalency and mechanical stability in greater depth, we 

have now combined protein engineering, cyclic voltammetry (CV) and single 

molecule AFM technique to test directly whether the strength of hydrogen bonds 

formed by backbone amides and cysteinyl S

 atoms can modulate the 

mechanical/kinetic stability of metal-thiolate bonds in the model protein pfRd directly.  

6.3 Results 

6.3.1 Design of proline and glycine pfRD variants  

In the second coordination sphere of pfRd, multiple residues (Ile7, Cys8, Tyr10, 

Ile40, Cys41 and Ala43) have been identified to form N-H···S

 hydrogen bonds 

(Figure 6.1) that involve backbone amides and the Fe-S center
163,232,233

. To investigate 

the effect of hydrogen bond strength on the mechanical properties of Fe(III)-thiolate 

bonds, we chose residue Ile7 and Ala43 as the sites to introduce point mutations for 

specific perturbation of the N…H-S

 hydrogen bond strength (Figure 6.1B-C).  

 

Figure 6.1 Schematics of the hydrogen bond network formed by backbone amides and 

cysteinyl S

 atoms in pfRd. A) 3D structure of pfRd. The three-stranded antiparallel 

-sheet structure and the -turn including Lys6 and Ile7 are highlighted in yellow and 

pink, respectively. Cys5 and Cys38 are interior residues and Cys8 and Cy41 are exterior 

residues. B) Cartoon representation of residues in the secondary coordination sphere 

that are involved in the formation of hydrogen bond with FeS4 center as identified 
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from X-ray diffraction studies
232,234

. The four cysteinyl S

atoms are denoted by S, and 

the other letters are single-letter amino acid designation. C) Close-up view of the 

structure of pfRd in the vicinity of the N-H···S

bond between Ile7 and Cys5 and 

between Ala43 and Cys41. N-H···S

 bonds are indicated by dashed lines.  

To achieve the greatest possible range of hydrogen bond strength by mutation, 

proline and glycine substitutions were introduced at both sites (Ile7Pro and Ile7Gly, 

Ala43Pro and Ala43Gly). Proline is an imino acid and lacks a backbone amide 

hydrogen to serve as a hydrogen bond donor in the formation of an N…H-S

 

hydrogen bond. Introduction of a proline residue has been used previously to assess 

the role of backbone hydrogen bonds in protein structure and function, including the 

blue-copper protein cupredoxin
235-237

. Replacing Ile7 with proline prevents residue 7 

from forming an N…H-S

 hydrogen bond with residue Cys5, while replacing Ala43 

with proline eliminates the N…H-S

 hydrogen bond between Ala43 and Cys41. On 

the other hand, glycine was shown to form the strongest hydrogen bond N-H···S

 in 

cpRd, as indicated by NMR and electrochemical analysis
1,191

. Consequently, these 

two pairs of variants allow assessment of the extremes in strength of the N-H···S

 

hydrogen bond that can be formed by residue 7 with Cys5 and by residue 43 with 

Cys41.  

6.3.2 The FeS4 centers and the secondary structures of rubredoxin variants 

remain intact 

To confirm that the FeS4 center is intact in the engineered rubredoxin variants, 

we measured the electronic absorption spectra of the ferric form of all four variants 

(Ile7Pro, Ile7Gly, Ala43Pro and Ala43Gly). As shown in Figure 6.2A, the electronic 
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spectra of the variants are indistinguishable from that of wt-pfRd: all three spectra 

superimpose with each other and show identical characteristic absorption signals with 

maxima centered at 390 nm, 495 nm and 570 nm, which are attributed to the ligand to 

metal charge-transfer transitions of oxidized rubredoxins. In addition, the A495/A280 

ratio, which indicates the purity of the Fe-form rubredoxin, is ~0.36 for all three 

proteins. These results suggest that neither substitution caused significant structural 

changes to the FeS4 center.  

 

Figure 6.2 Absorption spectra of rubredoxin variants at positions 7 and 43 compared 

with wt-pfRd. A) UV/Vis absorption spectra of Ile7Pro and Ile7Gly variants show 

indistinguishable feature as wt-pfRd. The blue dash line is for Ile7Gly, the red is for 

Ile7Pro and the black solid line is for wt-pfRd. All three spectra superimpose with 

each other. B) Far-UV CD spectra of Ile7Pro and Ile7Gly. C) UV/Vis CD spectrum of 

Ile7Pro and Ile7Gly. Color coding of the curves is the same for A-C). D) UV/Vis 

absorption spectra of Ala43Pro and Ala43Gly variants. The blue dash line is for 

Ala43Gly, the red is for Ala43Pro and the black solid line is for wt-pfRd. All three 

spectra superimpose with each other. E) far-UV CD spectra of Ala43Pro and 

Ala43Gly F) UV/Vis CD spectra of Ala43Pro and Ala43Gly. Color coding of the 

curves is the same for D-F).  

Moreover, we also obtained far UV and UV/Vis CD spectra to evaluate further 

the secondary structures of the variants as well as the environments of their aromatic 

amino acids and Fe(III) site. The far-UV CD spectra of the four variants are similar to 
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that of wt-pfRd, suggesting that the three-stranded antiparallel -sheet structure 

remains largely intact (Fig. 6.2A). The change of the band at 200 nm for Ile7Pro is 

consistent with the anticipated influence of the proline substitution on the -turn 

structure. The CD spectra of the four variants in the visible range are also similar to 

that of wt-pfRd and exhibit highly similar patterns with maxima at 320 nm (－), 350 

nm (－), 400 nm (+), 440 nm (+), 505 nm (－), 560 nm (+) and 630 nm (－). This 

feature is also very similar to that observed for rubredoxins from other species
238

. The 

intensities of several transitions differ notably among the variants (wt-pfRd, Ile7Pro, 

Ile7Gly, Ala43Pro and Ala43Gly), an observation that may also result from 

fine-tuning of the FeS4 center by mutation-induced alteration of hydrogen bond 

strength. 

6.3.3 CV confirms the relative order of the hydrogen bond strength 

To confirm the relative order of hydrogen bond strengths of the pairs of 

rubredoxin variants at residues 7 and 43 (proline variant versus glycine variant) 

relative to wt-pfRd, we undertook CV measurements to determine the reduction 

potentials of all variants as well as the wild-type protein because the reduction 

potential is correlated with the strength of the N-H···S

hydrogen bond

1,191
. A weaker 

H bond to the sulfur atom leads to a lower reduction potential. As shown in Figure 

6.3A, the CVs of Ile7Pro shifted to a significantly lower reduction potential than 

observed for wt-pfRd (-91 mV vs SHE (standard hydrogen electrode) for Ile7Pro vs -4 

mV for wt), while the Ile7Gly variant exhibited a much higher reduction potential (42 
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mV vs SHE). Substitutions at residue 43 resulted in similar shifts in reduction 

potential: Ala43Pro(-40 mV) < wt(-4 mV) < Ala43Gly(13 mV) (Figure 6.3B).  

 

Figure 6.3 Reduction potential of pfRd variants measured by CV. A) Compared with 

wt-pfRd, the Ile7Pro shows a significantly lower reduction potential while Ile7Gly 

shows a higher reduction potential. This result suggests that the strength of the 

N…H-S

 hydrogen bond increases following the order Ile7Pro<wt<Ile7Gly. B) CV 

measurement on the Ala43Pro and Alal43Gly shows a similar trend in reduction 

potential shift. 

These results provide strong support for the conclusion that the glycine 

substitution strengthens the N-H···S

hydrogen bond significantly while the hydrogen 

bond is significantly weakened by proline substitution. This conclusion is consistent 

with the anticipated effect of a proline substitution to prevent the formation of an 

N-H···S

 hydrogen bond.  

6.3.4 The effect of the hydrogen bond on mechanical stability of the 

ferric-thiolate bonds  

Having established the hydrogen bond strengths of these pfRd variants, we used 

single molecule AFM to measure the mechanical stability of the ferric-thiolate bond in 

both pfRd variants. To identify single molecule stretching events unambiguously, we 
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employed the well-established fingerprint polyprotein chimera approach and 

constructed polyprotein chimeras (Rdvariant-GB1)n, in which the well-characterized 

GB1 domain serves as a fingerprint for identifying single molecule stretching events 

as well as an internal force caliper for the rupture force measurements of the 

ferric-thiolate bonds of rubredoxin
73,84,201,239

. We obtained electronic absorption and 

CD spectra (both far UV and UV/Vis) of the Rdmutant-GB1 protein chimeras and 

confirmed that as indicated by these criteria, the presence of GB1 in RD-GB1 chimera 

does not perturb the structure or electronic properties of the FeS4 center relative to 

those of native rubredoxin.  

We then used a maleimide-thiol coupling reaction to construct polyprotein 

chimeras (Rdvariant-GB1)n by reacting each Rdvariant-GB1 chimera which carries a 

cysteine residue at its N- and C-termini, with BM(PEO)3
192,201

. The degree of 

polymerization n ranges from 2 to 5, as determined from SDS-PAGE. This result is 

similar to previous results for polyproteins constructed using the disulfide 

approach
98,99,240

 or thiol-maleimide chemistry
192

. Although the dominant forms are 

dimers and trimers, polyproteins of higher degree of polymerization are clearly 

observed by SDS-PAGE. Because the heterogeneity of the length of the polyprotein 

has little effect on the measured unfolding force of proteins
42,99

, the resulting 

polyproteins were used directly in the AFM pulling experiments without further 

purification. Moreover, the thiol-maleimide coupling reaction does not affect the 

properties of the FeS4 centers of the RD domains coupled within the polyproteins.  

As shown in Fig. 6.4A, stretching the polyprotein chimera ((Ile7Pro-GB1)n 
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resulted in characteristic sawtooth-like force-extension curves in which each force 

peak corresponds to the unfolding of each domain. Fitting the force-extension curves 

to the Worm-Like Chain model of polymer elasticity
31

 revealed that the unfolding 

force peaks exhibit two distinct types of contour length increment (Lc): 18 nm and 

13 nm (Fig. 6.4A). The mechanical unfolding of the fingerprint GB1 domains, which 

has been studied in detail
192,201

, is characterized by Lc of 18 nm
187,196

. Thus, 

unfolding events with Lc of 18 nm can be readily attributed to the unfolding of GB1 

domains
73,84,201

. Because Ile7Pro alternates with GB1 domains in the polyprotein 

chimera, unfolding events of Lc of 13 nm can accordingly be assigned to the 

unfolding of Ile7Pro without any ambiguity. The contour length increment of Ile7Pro 

(13 nm) is identical to that of wt-pfRd and is consistent with the anticipated length 

increase resulting from rupture of the FeS4 center. In Chapter 3
201,241

, we showed that 

the unfolding of apo-rubredoxin itself does not contribute to the measured unfolding 

force of holo-Rd as the apo-Rd unfolds at forces <20 pN
196,236

. Therefore, the major 

event during the mechanical unfolding of the Ile7Pro variant can be readily assigned 

to the mechanical rupture of the FeS4 center in this protein domain, and the unfolding 

force of Ile7Pro variant can be attributed to the rupture force of the FeS4 center in the 

Ile7Pro domain. It is of note that two mechanisms of rupturing FeS4 center in 

rubredoxin are possible. However, due to the limited resolution of the AFM, current 

data are insufficient to select between the two possible mechanisms.  
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Figure 6.4 Measurement of mechanical stability of metal center in Ile7Pro and 

Ile7Glyn. A-B) Typical force-extension curves of (Ile7Pro-GB1)n (A) and 

(Ile7Gly-GB1)n (B). The unfolding events of Ile7Pro and Ile7Gly are of Lc of 13 

nm. (C-D) Histograms of the mechanical rupture forces of Fe(III)-thiolate bonds in 

Ile7Pro (C) and Ile7Gly (D). The average rupture force of Fe-thiolate bonds is 255 ± 4 

pN for Ile7Pro (n = 564) and 182 ± 3 pN for Ile7Gly (n = 829), respectively. For 

comparison, the rupture force histogram of Fe(III)-thiolate bonds in wt-pfRd is also 

shown (black dashed line). The inset is the Lc histogram of the mechanical 

unfolding of the corresponding polyprotein chimera.  

As shown in Fig. 6.4C, the rupture force of FeS4 in Ile7Pro exhibited a broad 

distribution that reflects the intrinsically short distance between the bound state and 

rupture transition state
33,201

. However, the average rupture force of the Ile7Pro variant 

is shifted towards a higher value (255  4 pN for Ile7Pro (n = 564) versus 214  3 pN 

for wt (n = 1534), the data are represented as mean  standard error of the mean, 

where n represents the number of independent observations), suggesting that 

eliminating the N-H···S

hydrogen bond increases the mechanical stability of 

Fe(III)-thiolate bonds.  

Similar analysis of the Ile7Gly variant revealed that the Fe(III)-thiolate bond of 

this variant ruptures at a lower force of 182  3 pN (n = 829), suggesting that 
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increased N…H-S

 bond strength leads to a decrease in the mechanical stability of 

Fe(III)-thiolate bonds. These results are consistent with the conclusion that the 

strength of the N-H···S

hydrogen bond indeed modulates the mechanical strength of 

the ferric-thiolate bonds of pfRd.  

 

Figure 6.5 Mechanical unfolding of polyprotein chimeras (Ala43Pro-GB1)n and 

(Ala43Gly-GB1)n. Typical force-extension curves of (A) (Ala43Pro-GB1)n and (B) 

(Ala43Gly-GB1)n.(C-D) Histogram of the mechanical rupture forces of 

Fe(III)-thiolate bonds in (C) Ile43Pro and(D) Ile43Gly. The average rupture force of 

Fe-thiolate bonds is 248 ± 6 pN for Ala43Pro (n = 425) and 182 ± 4 pN for Ala43Gly 

(n = 482), respectively. It is clear that a much greater rupture force is required for the 

Ala43Pro variant than for the Ala43Gly variant. The inset is the histogram of the Lc 

of the mechanical unfolding of the corresponding polyprotein chimera.  

To evaluate the generality of this effect, we undertook similar single molecule 

AFM analyses of pfRd variants with substitutions for residue 43. Single molecule 

AFM experiments of the polyprotein chimeras (Ala43Pro-GB1)n and 

(Ala43Gly-GB1)n exhibited the expected increase in the mechanical unfolding force 

for Ala43Pro (248 ± 6 pN, n = 425) as well as the expected decrease for Ala43Gly 

(182 ± 4 pN, n = 482) (Fig. 6.5). These results for both pairs of variants reveal the 



 

126 

 

correlation between the reduction potential and the mechanical rupture force for 

ferric-thiolate bonds in pfRd (Fig. 6.6), suggesting that this modulating effect is a 

general feature for rubredoxins.  

 

Figure 6.6 Dependence of the mechanical rupture force of the ferric-thiolate bond in 

pfRd and its variants on reduction potential: () position 43 variants; () position 7 

variants. The solid lines are linear fits to the data. 

We also carried out the mechanical rupture experiments at various pulling speeds 

(Figure 6.7). The dependence of the rupture force on the pulling speed exhibited by all 

variants remains, within experimental error, similar to that of wt-pfRd, suggesting that 

the distance between the bound state and the mechanical rupture transition state xu 

remains unchanged (0.14 nm) in both variants and that the difference in mechanical 

stabilities of ferric-thiolate bonds of the pfRd variants studied here is largely 

attributable to the change of the lifetime of ferric-thiolate bonds at zero force. Monte 

Carlo simulations revealed that the average spontaneous dissociation rate constant of 

the Fe(III)-thiolate bond at zero force is 0.06 s
-1

 for Ile7Pro and Ala43Pro, 0.15 s
-1

 for 

wt and 0.25 s
-1

 for Ile7Gly and Ala43Gly, respectively. 

 



 

127 

 

 

Figure 6.7 Different pulling speeds result on rubredoxin variants. The rupture forces 

of the Ile7Pro and Ile7Gly variants exhibited similar speed dependence to that of 

wt-pfRd, suggesting that the distance between the bound state and mechanical rupture 

transition state xu remains largely unchanged by the substitutions. 

6.4 Discussion 

6.4.1 Hydrogen bonds modulate the stability of ferric-thiolate bonds 

Combining protein engineering, cyclic voltammetry and single molecule AFM 

technique, we have demonstrated that the mechanical stability of the ferric-thiolate 

bond is correlated with the reduction potentials of pfRd variants. Because the 

reduction potential correlates with the strength of the hydrogen bonds, our results 

provide direct experimental evidence that the strength of the N-H···S

hydrogen bonds 

involving the protein backbone amide and cysteinyl S

 atoms can play important roles 

in modulating the mechanical and kinetic properties of the ferric-thiolate bonds of 

iron-sulfur proteins. These results demonstrate another important role that the protein 

environment plays in tuning the properties of metal-thiolate bonds. To the best of our 

knowledge, the correlation of hydrogen bond strength with mechanical properties of 

ferric-thiolate bonds in metalloproteins has not been reported previously. It is now 
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clear that the electron delocalization between sulfur and iron atoms, which can be 

modulated by N-H···S

hydrogen bonds, directly determines the mechanical stability 

of Fe(III)-thiolate bonds. This conclusion is consistent with our observation that 

mechanical stability of Fe(III)-thiolate bonds is correlated with bond covalency
201

.  

It is well known that hydrogen bonds from the secondary coordination sphere 

that are widely observed in many different metalloproteins, play important roles in 

regulating the biological functions of metalloproteins
156,224,230

. Our current results 

demonstrate the utility of single molecule AFM in investigating the effect of such 

hydrogen bonds on active site stabilities of rubredoxin. We anticipate that this method 

can be applied to other metalloproteins to quantify the roles of these hydrogen bonds 

in modulating the stability of metal centers.  

Furthermore, our experiments also provide potentially interesting model systems 

for spectroscopic studies of metal-thiolate bonds. It has long been proposed that the 

relatively low covalency of Fe(III)-thiolate bonds in rubredoxin is attributable to  

hydrogen bonding interactions formed with the sulfur atoms
169,170

, The variants we 

report here exhibit a broad range of reduction potential, mechanical stability, and 

N-H···S

hydrogen bond strength that should serve as useful models for further use in 

K-edge X-ray absorption spectroscopy experiments to test this hypothesis in greater 

depth. 

6.4.2 The influence of hydrogen bonds is site dependent 

Although mutations at two different positions, Ile7 and Ala43, affect the 
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mechanical stability of the ferric-thiolate bond in rubredoxin, we note that the 

modulation of mechanical strength is more sensitive to the change of reduction 

potential at residue 43 than that at residue 7 (Fig. 6.6). The experimental slopes 

observed for this dependence were 1.24 pN/mV for the Ala43 series and 0.55 pN/mV 

for the Ile7 series. This observation suggests a site-dependent relationship between the 

hydrogen bond strength and mechanical stability of ferric-thiolate bond in rubredoxin. 

It is interesting to note that NMR studies of cpRd also revealed a similar 

site-dependent relationship between hydrogen bond strength and reduction potential 

for variants at residue 44 (equivalent to the residue 43 series in pfRd (cpRd possesses 

an additional Met residue at the N-terminus)) and variants at residue 8 (equivalent to 

residue 7 in pfRd).  

Residues Ile7 and Ala43 in pfRd (or residues 8 and 44 in cpRd) exhibit 

considerably different structural characteristics
227,229

. Ile7 is located within the 

bi-cysteine coordination loop C5XXC8, which forms a rigid turn structure around the 

iron atom. In contrast, Ala43 is outside the C38XXC41 coordination loop and is 

subject to lesser steric strain upon mutation. Thus, it is possible that the site-specific 

effects on the mechanical stability of ferric-thiolate bond observed here arise from 

these structural differences.  

Another possible basis for the functional inequivalence of these two sites is 

distinct difference in location of the two cysteine residues that are hydrogen bonded to 

residues 7 and 43 (Figure 6.1) in that Cys5 is located at an interior position and Cys41 

has a more exterior location. These two cysteines may play different roles during the 
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mechanical rupture of FeS4 center upon rubredoxin unfolding. Our previous results 

for variants of pfRd in which Cys residues were replaced with His showed that the 

shorter Fe-thiolate bonds (Fe-Cys8 and Fe-Cys41) exhibit greater mechanical stability 

than do the longer Fe-thiolate bonds (Fe-Cys5 and Fe-Cys38)
201

. In addition, the 

hydrogen bond distance between Ile7 and Cys5 (3.60 Å) is greater than the hydrogen 

bond distance between Ala43 and Cys41 (3.53 Å). Thus, it is likely that the 

mechanical stability of the FeS4 center is more sensitive to changes at residue 43, as 

residue 43 is hydrogen bonded to Cys41.  

It is important to note that the effect of active site substitutions on the N…H-S

 

hydrogen bond strength is complex. Detailed NMR studies of cpRd showed that 

substitutions of this type can have localized or aggregate effect on hydrogen bond 

strength
229

. For example, replacements for Val8 in cpRd resulted in an aggregate 

effect on the strength of multiple hydrogen bonds that are not only localized to Cys6. 

In contrast, the effect of substitutions for Val44 can be largely attributed to Cys42 

alone. Thus, it is also plausible that multiple factors are responsible for the observed 

site-dependent relationship between the hydrogen bond strength and mechanical 

stability of ferric-thiolate bond. 

6.5 Materials and methods 

6.5.1 Protein engineering 

The genes encoding the Ile7Pro, Ile7Gly, Ala43Pro and Ala43Gly pf-rubredoxin 

variants were generated by standard site-directed mutagenesis methods using the 
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wild-type pf-rubredoxin gene as the template. Similarly, the genes encoding chimera 

Cys-Ile7Pro-GB1-Cys, Cys-Ile7Gly-GB1-Cys, Cys-Ala43Pro-GB1-Cys and 

Cys-Ala43Gly-GB1-Cys were constructed using Cys-wt-pfRd-GB1-Cys gene as the 

template. All these constructs contain an N and C-terminal cysteine residue to 

facilitate the construction of polyproteins using maleimide-thiol chemistry. The gene 

was then cloned in the expression vector pQE80L between the BamHI and KpnI sites, 

and the sequence was confirmed by direct DNA sequencing. Proteins were 

over-expressed and purified using the same method as in the previous chapter. 

 The degree of polymerization (n) was determined using SDS-PAGE. The 

linkages between consecutive RD-GB1 heterodimers (head-to-tail, head-to-head and 

tail-to-tail) in the resulting polyproteins are random. Because the stretching force is a 

vector, protein domains in the polyprotein will be subject to the same stretching force 

regardless of their linkages, and thus the AFM measurements are not affected by the 

orientation of the linkage between consecutive Rd-GB1
98,99,192

.  

6.5.2 Cyclic voltammetry 

CV experiments were carried out with an Autolab PGSTAT12 

potentiostat-galvanostat (Eco Chemie, The Netherlands) with an edge-plane pyrolytic 

carbon working electrode (PGE). The PGE was polished with alumina slurry and then 

sonicated in deionized water for 30 second before use. Typically, protein solution (2 

L, 2 mM) was spread onto the surface of the PGE with a micro-syringe and then 

covered with a semi-permeable membrane. A saturated calomel (SCE) electrode 
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(Radiometer, France) and platinum wire were used as the reference and counter 

electrodes, respectively. All experiments were carried out in sodium phosphate buffer 

(pH 7.0, 200 mM).    

6.5.3 UV/Vis absorption spectroscopy experiments 

The electronic absorption spectra of wild-type and variant RDs and of the 

Rd-GB1 chimeric proteins were recorded in Tris buffer (10 mM, pH 8.5) with a 

NanoDrop Model ND-1000 spectrophotometer at room temperature. The protein 

concentration was ~0.5 mM as determined from the absorbance of the solution at 495 

nm ( = 9.22 mM
−1

 cm
−1

)
162

.  

6.5.4 Circular dichroism spectroscopy experiments 

CD spectra were recorded with a Jasco Model J810 spectropolarimeter using a 

quartz cuvette with a path length of 0.2 cm. For these measurements, protein samples 

with concentration of ~1 mM were used. For the far-UV CD measurements, the same 

protein samples were diluted with distilled water to ~10 M for measurements.  

6.5.5 Single molecule AFM experiments 

Single molecule AFM experiments were performed on a custom-built AFM as 

reported
46

. The spring constant of each Si3N4 cantilever (Bruker Corp.) was calibrated 

in solution using the equipartition theorem prior to each experiment (typically ~40 

pN/nm). All experiments were performed in Tris buffer (pH 7.4) at room temperature.  

In a typical experiment, the polyprotein sample (2 L, 2mg/mL) was added onto 
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a clean glass coverslip covered by Tris buffer (~50 L, pH 7.4, 100 mM). The protein 

was allowed to absorb onto the coverslip for ~5 minutes before the AFM experiment. 

The polyprotein was picked up randomly along the contour of the polyprotein by 

means of non-specific adhesion with the AFM tip, leading to different number of 

unfolding force peaks in each force-extension curve. The use of polyproteins and GB1 

fingerprint domains in this manner afforded unambiguous identification of single 

molecule stretching events.  

The mechanical rupture process of the ferric-thiolate bonds can be modeled as a 

two-state dissociation process with force-dependent rate constants:  

0(F)=0exp(Fxu/kBT) 

where 0(F) is the rate constant for dissociation at a stretching force F, 0 is the 

spontaneous dissociation rate constant at zero force, xu is the distance between the 

bound and transition states, kB is Boltzmann constant and T is the absolute 

temperature. We estimated the dissociation rate constant 0 at zero force and xu by 

means of Monte Carlo simulations as reported previously
43,79

. 
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Chapter 7: Thiocyanate substitution reaction on the 

ferric-thiolate bond in rubredoxin  

7.1 Synopsis  

In this chapter, the study of rubredoxin focuses on the chemical reactivity of 

metal-ligand bonds in metal center of metalloproteins. Metal-ligand bonds are 

chemically active among different types of chemical bonds which are subject to 

various chemical reactions. For example, ligand substitution reaction is a typical 

reaction in which new ligands compete with old ligands for metal ions. It is well 

known that ferric-thiolate bonds in synthetic analog of Fe-S cluster of iron-sulfur 

proteins can be substituted by a series of RS
-
 ligands. 

However, it is difficult to directly probe the chemical reactivity between 

exogenous ligand and the metal-ligand bonds in metalloproteins. Because these bonds 

are sometimes buried deeply inside the protein structure, they are physically separated 

from the ligand in solution. Consequently, direct observation of chemical reaction 

between them is rare.    

Here, we use single molecule AFM technique to solve this challenge. Previously, 

it was demonstrated that rubredoxin unfolds in a two-step scenario: the protein 

structure outside the FeS4 center is unfolded firstly and these residues are extended, 

leading to the exposure of the previously buried FeS4 center to the solution. If ligand 
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for ferric ion is present in the solution under this condition, a reaction between the 

ligand and the ferric-thiolate bonds in FeS4 center can occur. Finally, the breaking of 

old ferric-thiolate bonds can be accelerated by applied force and monitored by the 

characteristic contour length increment upon rubredoxin unfolding.    

7.2 Introduction     

Iron-sulfur protein is ubiquitous in nature where Fe-S cluster is present as a 

critical metal site
156,159

. The incorporation of inorganic ferric/ferrous ion greatly 

expands the functionality and stability of proteins
154,186

. Thanks to the highly covalent 

nature of chemical bond between iron and sulfur atoms, these proteins play critical 

roles in a wide range of life processes, such as electron transfer, catalysis and gene 

regulation
159,167

. Thus, the investigation of chemical reactivity of iron sulfur 

centers/clusters in proteins is of great interest toward understanding of their unique 

stability and functions. Although the protein matrix protects the chemically active iron 

ion from aqueous environment, it impedes direct characterization of the metal center 

reactivity. Pioneering synthesis of inorganic analogs of the Fe-S cluster have revealed 

valuable information concerning their structure and reactivity
242

. For example, Dr. 

Holm and colleagues reported the first kinetic study of a ligand substitution reaction 

on a synthetic Fe4S4 cluster which is an analog of the active site from ferredoxin
243,244

. 

However, investigating chemical reactivity of metal centers in natural proteins is still 

a challenge under physiological conditions.  

One example is the simple iron sulfur protein rubredoxin. It is a small protein of 
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53 residues which has a FeS4 center as the active site
161,162

. The only ferric ion within 

the protein structure is coordinated by four sulfur atoms of cysteines forming four 

ferric-thiolate bonds. As shown in Fig. 7.1A, the ferric ion is buried inside protein 

structure and shielded from exogenous reactants in the solution. For example, addition 

of thiocyanate (SCN
-
) which is a classic ferric ligand into the protein solution 

produces no reaction.  

Mechanochemistry is an emerging research field which studies the influence of 

mechanical force on chemical reaction
1,47

. Similar to the classic thermal or photo 

induced reaction, the external mechanical force can also activate the chemical bond 

and facilitate the chemical reactions. The development of single molecule force 

spectroscopy techniques enable the exploration of bond rupture process and chemical 

reaction kinetics in a single protein molecule
14,106,200,202

. Furthermore, it is also widely 

used to study protein unfolding/folding process in which protein structure can be 

mechanically unfolded
42,76,86,245

. Consequently, it is an ideal tool to fulfill the 

requirement of studying chemical reactivity of metal center in metalloproteins. By 

applying external force to stretch metalloproteins, the protein structure which encloses 

the metal center will be unfolded, the metal center is exposed, and chemical reactions 

occurring between the exposed metal center and reactant in the solution can be 

monitored. 

In previous chapters, we demonstrated the proof of concept for this type of study 

using rubredoxin.
201,202

. The AFM results show that the residues (1-5 and 41-53) 

which are outside the metal center can be unfolded and then extended as a first step 
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during protein unfolding. As a result, the FeS4 center will be exposed and ruptured 

mechanically through the breaking of ferric-thiolate bonds. During the bond rupture 

process, it is highly possible that the exposed metal center is available for chemical 

reactions with reactant in the solution Thus it serves as an excellent model system to 

probe the chemical reactivity of metal center in metalloproteins.  

This chapter details the mechanical rupture experiment on the ferric-thiolate 

bonds from rubredoxin in the present of ligand competing agent thiocyanate (SCN
-
). 

We found that the SCN
-
 indeed accelerates the bond rupture process through a ligand 

substitution reaction with the ferric-thiolate bonds in the partially unfolded rubredoxin. 

Furthermore, the kinetics of the substitution reaction is revealed to be first order with 

respect to the SCN
-
. This study opens up a new avenue towards studying the chemical 

reactivity of metal centers in metalloproteins using single molecule force 

spectroscopy techniques.  

 

Figure 7.1 Schematic of folded and unfolded rubredoxin structure. A) Structure of the 

rubredoxin depicted in both ribbon and surface model reveals the FeS4 center is 

buried by the protein structure. B) The cartoon shows that the FeS4 center can be 

attacked by the SCN
-
 when the metal center is exposed by force.   
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7.3 Results 

To investigate chemical reactivity of the FeS4 center in rubredoxin, we construct 

a (RD-GB1)n polyprotein chimera for single molecule AFM experiment. It 

incorporates the well-studied GB1 domain as a fingerprint to help identify single 

molecule stretching event
73,84

. In addition, as a non-metalloprotein whose unfolding 

process (force) is not affected by the SCN
-
, the GB1 domain serves as a control 

protein and force caliper in the experiment.  

 

Figure 7.2 Mechanical unfolding of rubredoxin exposes the FeS4 center to aqueous 

environment and allows the attacking of SCN
-
 to the ferric-thiolate bonds. A) Typical 

force-extension curves of stretching polyprotein (RD-GB1)n in Tris buffer (a) or 500 

mM KSCN solution (b) show that the rupture of FeS4 center leads to force peak with 

Lc of ~13 nm (highlight in red star) and unfolding of fingerprint GB1 domain lead 

to force peaks with Lc of ~18 nm. B) The histogram of contour length increment of 

(RD-GB1)n in 500 mM SCN shows two different distributions. C) The unfolding 

force histogram of non-metalloprotein GB1 domain shows similar value with/without 

SCN
-
. D) The histogram of unfolding force in Tris buffer (black line) and 500 mM 

KSCN solution (red bar). It clearly shows the rupture force under the second 

condition is shifted toward a lower value (158  58 pN (n = 342)). 
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Stretching (RD-GB1)n polyprotein in the presence of 500 mM KSCN solution 

results in typical saw-tooth like force-extension peaks (Fig. 7.2A curve b) with two 

types of contour length increments (Lc) which is similar as the result of previous 

experiments without KSCN (Fig. 7.2A curve a)
31,201

. The Lc1 of ~ 18 nm is from the 

unfolding of GB1 domain and the Lc2 of ~ 13 nm is from the breaking of FeS4 

center during the unfolding of rubredoxin
84,201

. The Lc histogram also shows these 

two distributions (Fig. 7.2B). In addition, the average unfolding force of GB1 domain 

is similar between two conditions (194  48 pN (n = 284, with SCN
-
) and 198  54 

pN (n =202, without SCN
-
)). The AFM result indeed shows the addition of SCN

-
 does 

not affect the unfolding process of GB1.  

On contrast, the rupture process of FeS4 center is affected significantly by the 

addition of SCN
-
. The measured rupture force of ferric-thiolate bonds under KSCN 

solution is considerable lower (average value: 158  58 pN (n = 342)) than the one 

without SCN
-
 (211  86 pN). Rupture forces with lower value are clearly more 

frequent on the histogram (Fig. 7.2C). Furthermore, the distribution of the rupture 

force which describes about the reaction transition state is quite different (58 pN vs 86 

pN). It indicates that the bond rupture mechanism changes when SCN
-
 is added during 

the ferric-thiolate bond rupture process
2
. Thus, the AFM result exhibits that the 

thiocyanate indeed participate the rupture process of the ferric-thiolate bond when the 

FeS4 center is exposed to solution under mechanical force. In addition, it also 

facilitates the dissociation of the original thiolate ligand.  
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Figure 7.3 Mechanical unfolding of rubredoxin at various KSCN concentrations. A) 

Typical force-extension curve of polyprotein (RD-GB1)n under b) 5 mM; c)100 mM d) 

500 mM e) 800 mM KSCN solution. B-E) the histogram of the rupture force of the 

FeS4 center are shown and the force is 175  68 pN, n =191; 162  59 pN, n = 345; 

158  58 pN, n = 342 and 144  55 pN, n = 130; respectively.  

Because many ligand substitution reactions on the synthetic analogs of Fe-S 

cluster show that the reaction rate depends linearly on the concentration of the 

competing ligand
242,243

. To identify the effect of thiocyanate is from a SCN
-
 

substitution reaction on the original ferric-thiolate bonds, we perform the AFM 

experiment as a function of KSCN concentration. The force extension curves of 

stretching the polyprotein (RD-GB1)n at various concentrations of KSCN solution are 

shown (Fig. 7.3A, 5 mM, 100 mM, 500 mM and 800 mM from top to bottom). As the 

concentration of SCN
-
 increases, the rupture force of ferric-thiolate bonds deceases 

accordingly. The average rupture forces are: 175  68 pN (n = 191), 162  59 pN (n = 

345), 158  58 pN (n=342) and 144  55pN (n=130), respectively. Consequently, the 
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SCN
-
 effect is dependent on concentration and the result strongly supports a SCN

-
 

substitution reaction on ferric-thiolate bonds during the mechanical unfolding of 

rubredoxin.  

 

Figure 7.4 Mechanical unfolding of rubredoxin at different pulling velocity in the 

presence of 500 mM KSCN. A) typical force-extension curve of (RD-GB1)n under 

various pulling velocity from up to bottom: 100 nm/s, 400 nm/s, 1000 nm/s and 4000 

nm/s B) The corresponding histogram of rupture force showing the average force is: 

114  46 pN n = 98, 158  55 pN n =342, 185  60 pN n = 184 and 251  77 pN 

n=146, respectively.   

To study kinetics of the SCN
-
 substitution reaction on the ferric-thiolate bonds, 

we carried out AFM experiment as a function of pulling velocity. Chemical reaction is 

accelerated exponentially under mechanical force whose degree is dependent on the 

exact force value and pulling velocity
33

. For example, when stretched under 500 mM 

KSCN solution (Fig. 7.4A), the measured rupture force is higher when the pulling 

velocity is increased. Moreover, we can extract two important kinetic parameters at 
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this condition using Monte Carlo simulation
43

: the spontaneous ferric-thiolate bond 

dissociation rate (k0 = 0.37 s
-1

) and the distance (x = 0.15 nm) between native 

bonded state to the mechanical transition state.  

 

Figure 7.5 Kinetics of ferric-thiolate bond dissociation in the presence of thiocyanate. 

A) The plot of pulling velocity dependent experiment at different concentrations of 

KSCN: 800 mM (red), 500 mM (green), 100 mM (blue) and 5 mM (black). The solid 

line is the Monte Carlo fitting with a bond dissociation rate of 0.87, 0.37, 0.28 and 

0.11 s
-1

, respectively. Their distance between the bound state to the mechanical 

transition state are similar ~0.15 nm. The result in Tris buffer (red) is shown for 

comparison: k = 0.15 s and r = 0.11 nm. B) The relationship between the 

ferric-thiolate bond dissociation rate and the concentration of SCN
-
 is shown. 

Furthermore, we repeated these different pulling velocity experiments at various 

SCN
- 

concentrations and obtained the relation between the ferric-thiolate bond 

dissociation rate and KSCN concentration (Fig. 7.5). The x for all conditions are 

similar ~ 0.15 nm, but the k0 are largely different, with the value of 0.87, 0.37, 0.28 

and 0.11 s
-1 

under 800 mM, 500 mM, 100 mM, and 5 mM KSCN solution, 

respectively. The relationship between them is plotted in Fig. 7.5B which shows a 

linear dependency and can be empirically fitted using equation: r = k*[SCN
-
]+0.11  

Where r is the ferric-thiolate bond dissociation rate in the presence of SCN
-
, k is 
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a rate constant equals to 0.83 M
-1

s
-1

.  

7.4 Discussion 

7.4.1 SCN
-
 substitutes the ferric-thiolate bonds during mechanical unfolding 

of rubredoxin 

Here, we demonstrate a direct thiocyanate substitution reaction on the 

ferric-thiolate bonds in rubredoxin by single molecule AFM technique. The AFM 

result shows that the presence of SCN
-
 reduces the mechanical stability of 

ferric-thiolate bonds and increases the bond dissociation rate. For example, the 

rupture force decreases significantly from 214 pN to 144 pN when 800 mM KSCN is 

added into the solution. Moreover, the bond dissociation rate increases to 0.87 s
-1

 

from 0.15 s
-1

, which is about 6 times higher. The presence of thiocyanate dramatically 

increased the leaving rate of the original thiolate ligand. Thus it clearly indicates the 

participation of SCN
-
 during the dissociation of ferric-thiolate bonds.     

Furthermore, we found that this effect was linearly dependent on the SCN
-
 

concentration which agreed with a typical second order ligand substitution reaction on 

ferric ion. Many ligand substitution reactions on the synthetic analogs of Fe-S cluster 

in iron-sulfur protein show a second order reaction which is both first order on the 

metal cluster and the competing ligand. For example, several ligand substitution 

reactions on the alkylthiolate tertramer dianion Fe4S4(SR)4 which is the analog of 

active site of ferredoxin show that the reaction rate is linearly dependent on the 

concentration of the competing agent R’SH
243,244,246,247

. In our experiment, we 
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obtained the kinetic of the SCN
-
 substitution reaction on the ferric-thiolate bonds in a 

naturally occurring iron-sulfur protein. The substitution reaction is first order on the 

thiocyanate when pH is kept at 7.4 which agrees with the result on the inorganic 

analog of FeS cluster. For example, our substitution rate constant (0.87 s
-1

) is similar 

as (2.10 s
-1

)
 
the rate of reaction: [Fe4S4(S-t-Bu)4]

2- 
+ R’SH = [Fe4S4(S-t-Bu)3(SR’)]

2- 
+ 

t-BuSH. R = p- C6H4NH2. Thus, we provide the first evidence that a chemical reaction 

can be monitored directly in the wild-type iron sulfur protein under physiological 

condition at single molecule level.  

7.4.2 AFM is a promising tool to study reactivity of metal center in 

metalloproteins 

AFM is a simple and powerful tool to manipulate single molecule and measure 

tiny force in many research fields
1,20,60,76,141

. For example, by applying an external 

force to a single protein molecule, it can mechanically unfold a protein. In addition, it 

can also explore chemical bond rupture process. Here, we partially unfold rubredoxin 

which exposes the FeS4 center to the surrounding solution by AFM. Consequently, it 

allows the attacking of thiocyanate in the solution to the ferric-thiolate bonds and the 

measurement of a SCN
-
 substitution reaction is achieved.  

In this fashion, it solves two critical challenges of measurement of chemical 

reaction for metal center in metalloproteins. The first is to decouple the protein 

structure which separates the metal center from the competing agents. Some 

experiments on metal center which is not completely buried in metalloprotein 
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structure show that the addition of denaturant can significant increase the reaction 

rate
248

. It is believed that the denaturant distorts the protein structure and exposes 

more parts of the metal center to the solution. The second is to conduct the 

measurement in a limited time. Because many metal centers is kinetically labile in 

aqueous solution. Using single molecule AFM, the applied force increase the bond 

dissociation rate exponentially and allow the substitution reaction completed less than 

a second. Consequently, AFM can be a suitable tool to probe the reactivity of metal 

center in metalloproteins. 

7.4.3 The nature of mechanical rupture of ferric-thiolate bonds 

In this thesis, we demonstrate the mechanical rupture of ferric-thiolate bonds in 

rubredoxin. However, the mechanism of this mechanical bond activation (dissociation) 

process is largely unknown. Depending on how the electron split between the two 

atom after bond breaking, it can be heterolytic or hemolytic rupture process with 

different product (iron ion or iron radical)
60,197

. The AFM result here shows that the 

ferric-thiolate bond dissociation process can be accelerated by the addition of 

thiocyanate. As a second order ligand substitution reaction between the SCN
-
 and the 

ferric-thiolate bonds, a heterolytic rupture process is more likely to happen. It results 

in ferric ion which is ready to be attacked by thiocyanate. Similar heterolytic bond 

rupture result is obtained by computer simulation of PEG in solution
197

.  

In addition, we also found that the distance (x) between bound state to the 

mechanical transition state during the rupture of ferric-thiolate bond was different 
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with/without thiocyanate. x is parameter describing the mechanical transition state 

and is characteristic of particular reaction
2,33

. For example, the thiol-initiated and 

phosphine-initiated disulfide bond reduction which involves different reduction 

mechanism show two different x values
21

. Our result indicates that there is indeed a 

different bond rupture mechanism when the SCN
-
 is present.  

7.4.4 The interplay between force and chemical reaction 

The interplay between force and chemical reaction has been found for centuries. 

Similar as thermal energy, mechanical force can also induce chemical reaction. It is 

predicted that applying force on a chemical reaction leads to an exponential increase 

of the reaction rate based on Bell-Evans model
2,105

. However, different from the 

thermal energy, mechanical force is a vector with specific direction. As a result, the 

alignment of the direction of mechanical force and the reaction coordinate is a 

challenge in the bulk studies. The development of single molecule AFM enables the 

measurement of chemical reaction by mechanical force. Recently, a few chemical 

reactions have been probed by AFM. Here, our result on a substitution reaction on a 

metal-ligand bond strongly supports this idea. 

7.5 Materials and methods 

7.5.1 Protein engineering 

The gene encoding protein chimera RD-GB1 was constructed as previously 

reported
192,201

. The protein was expressed using pQE80L vector in Escherichia coli 
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strain DH5 and purified by Co
2+

-affinity chromatography using TALON His-Tag 

purification resins (Clontech) followed by an ion exchange chromatography using 

Mono Q 5/50 anion exchange column (GE healthcare). The resultant ferric-form 

rubredoxin chimera was reacted with a BM(PEO)3 (1, 8-bis (maleimido)triethylene 

glycol, Molecular Biosciences) through a thiol-maleimide coupling reaction forming 

the polyprotein (RD-GB1)n
192

.   

7.5.2 Single molecule AFM experiments 

Single molecule AFM experiments were carried out on a custom-built AFM as 

reported
20

. Prior to each experiment, each Si3N4 cantilever (Bruker Corp.) was 

calibrated in solution using the equipartition theorem (with typical value ~40 pN/nm). 

All experiments were performed in Tris buffer (pH 7.4) at room temperature.  

In a typical AFM stretching experiment, the polyprotein sample (2 L, 2 mg/mL) 

was added onto a clean glass coverslip covered by Tris buffer (~50 L, pH 7.4, 100 

mM). The protein was allowed to absorb onto the coverslip for ~5 minutes before the 

experiment. 5 mM, 100 mM, 500 mM and 800 mM of KSCN were obtained by 

adding appropriate quantity of the 1M KSCN stock solution into the Tris buffer. 
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Chapter 8: Conclusion 

 8.1 Thesis summary 

Mechanical force is ubiquitous in nature and plays critical roles for many 

biologically critical processes
34

. The importance of mechanical force has been 

increasingly recognized over the past two decades, and involves multiple fields of 

studies, such as biology, physics and chemistry
22,25,44,115,200

. This thesis demonstrates 

mechanical rupture processes of metal-ligand bonds in a single metalloprotein as 

elucidated using single molecule AFM
192,201,202,249

. It is found that ferric-thiolate 

bonds in a FeS4 center of rubredoxin can be ruptured under mechanical force. This is 

the first unambiguous example demonstrating that a metal center in a biological 

system can be mechanically ruptured.  

The investigation of metal-ligand bonds in metalloproteins using single molecule 

force spectroscopy demonstrates several unique features when compared with 

previous AFM studies of simple inorganic chemical bonds.  

Firstly, the rupture of metal-ligand bonds in metalloprotein is typically a step 

during protein unfolding which shows a clear contour length increment. Consequently, 

the single or multiple bond rupture event can be identified without ambiguity. Using 

rubredoxin as a model system for single molecule AFM studies, we show that this 

protein unfolds in two steps: the protein structure outside the metal center in 
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rubredoxin is unfolded at first, and the FeS4 center is then mechanically ruptured, 

leading to the extension of previously enclosed residues with a Lc of ~13 nm. This 

contour length increment is characteristic of the FeS4 center rupture event, matching 

perfectly with the extension of the 36 residues enclosed by the metal center in the 

protein.  

Secondly, multiple metal-ligand bonds in the metal sites are a common feature of 

metalloproteins. Thus, the investigation of a metal center involving multiple bonds 

raises many new questions regarding the rupture sequence/pathway. In rubredoxin, the 

FeS4 center contains four ferric-thiolate bonds where the rupture of at least two bonds 

results in a break of the metal center. Using a loop insertion rubredoxin variant to 

increase the distance between the two ferric-thiolate bonds, we clearly distinguish 

between the two different rupture pathways. A complex stochastic rupture mechanism 

is identified in which both cooperative and sequential rupture scenarios happen. From 

the view of protein unfolding, these AFM results provide valuable information about 

the release process of iron from metal center, which is of important biological 

consequences for metalloproteins.   

Thirdly, mechanical anisotropy of the FeS4 is revealed. Similar as single protein 

molecule, we found the rupture force is dependent on the direction of applied force. 

Compared with protein, the FeS4 is an extremely small object consists of only five 

atoms. The stretching direction can be naturally chosen as the four ferric-thiolate 

bonds. In addition, the challenge of applying force on this small object with 

well-controlled direction is overcome by stretching the four designed sites. 
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Consequently, the property of mechanical anisotropy is found valid for such as small 

system.     

In addition, the influence of protein structure on embedded metal-ligand bonds is 

a unique feature of metalloproteins. The effect of amide hydrogen bond to the 

ferric-thiolate bond strength in rubredoxin is chosen as a model system. Using proline 

and glycine mutation to rationally decrease and increase the strength of hydrogen 

bond to the sulfur atom, the corresponding mechanical stability of the FeS4 center in 

rubredoxin is varied significantly.   

Finally, the metal-ligand bonds which are chemically active serve as a good 

system to study their chemical reactivity. Using a classic ferric ligand thiocyanate, we 

demonstrate a ligand substitution reaction on the ferric-thiolate bonds during the 

mechanical unfolding of rubredoxin. The reaction is found to be first order on 

thiocyanate which agrees with the result of typical second order ligand substitution 

reaction on iron cluster.    

In summary, using rubredoxin as a model system, the mechanical rupture of 

metal-ligand bonds in metalloprotein is reported for the first time. Many aspects of 

ferric-thiolate bonds in rubredoxin are systematically studied, such as the direct 

measurement of bond strength, the rupture mechanism of the multiple bonds, the 

interplay between the bond strength and protein structure and the chemical reactivity 

of metal center. These findings increase our knowledge of metal-ligand bonds in 

metalloproteins, as well as providing a general methodology towards investigating 

metal-ligand bonds in different metalloproteins.  
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8.2 Future directions  

In fact, metalloproteins are ubiquitous in nature which constitute more than one 

third of all proteins. Rubredoxin is the simplest iron sulfur protein, and there are 

hundreds of iron sulfur proteins with a more complex iron center/cluster. Further 

investigating this class of metalloproteins could provide more evidences for the result 

discovered here, and provide further information regarding the nature and 

characteristics of metal-ligand bonds.  

Many other transition metals are also present in metalloproteins besides iron, 

such as copper and zinc. Moreover, many residues in proteins can bind to metal. As a 

result, metalloproteins provide a huge amount of subjects to probe different types of 

metal-ligand bonds for AFM studies. One future direction is to study other types of 

metalloproteins besides those involving iron. Particularly, many metal-ligand bonds in 

the metal center of metalloproteins play critical structural roles in protein stability and 

folding. For example, the zinc-thiolate bonds present in the zinc-finger proteins are 

required for its folding. Consequently, direct measurements of the mechanical stability 

of these bonds are of great biological interest.  

In chapter 7, a simple SCN
-
 ligand substitution reaction on the ferric-thiolate 

bonds in rubredoxin is discussed. This experiment demonstrates the potential of using 

metalloproteins as a system to study the chemical reactivity of metal centers by AFM. 

As described above, the huge numbers of metalloproteins, and the wide range of 

metal-ligand bonds they represent, offer a great opportunity to study many different 
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types of chemical reactions that could occur within biological systems. For example, 

protonation chemistry of Fe-S cluster is critical for function of several enzymes. It is 

proposed the conversion of N2 to NH3 in the nitrogen fixation process by certain 

enzymes is operated in a protic environment. Consequently, the investigation of 

mechanical rupture process of metal centers in acidic environment is important to 

understand chemical reactions as they occur in biologically relevant reactions.  

In summary, we believe metalloproteins serve as excellent subjects for AFM 

studies and we hope more interesting discoveries would be revealed in the near future.     
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Appendix A: Protein engineering  

A1. Protein sequence and corresponding cDNA 

A1.1 Wild-type pfRD (without endogenous KpnI site)  

Protein: A K W V C K I C G Y I Y D E D A G D P D N G I S P G T K F E E L P 

D D W V C P I C G A P K S E F E K L E D 

cDNA:GCTAAATGGGTTTGCAAAATCTGCGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTTGTCCGATCTGCGGTGCTCCGAAATCCGAATTCGA

AAAACTGGAAGAC 

 

A1.2 Cys-pfRD-GB1-Cys 

Protein: C A K W V C K I C G Y I Y D E D A G D P D N G I S P G T K F E E L 

P D D W V C P I C G A P K S E F E K L E D R S M D T Y K L I L N G K T L K G E 

T T T E A V D A A T A E K V F K Q Y A N D N G V D G E W T Y D D A T K T F T 

V T E C 

cDNA:TGCGCTAAATGGGTTTGCAAAATCTGCGGTTACATCTACGACGA

AGACGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAG

AACTGCCGGACGACTGGGTTTGTCCGATCTGCGGTGCTCCGAAATCCGAAT
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TCGAAAAACTGGAAGACAGATCCGACACCTACAAACTGATCCTGAACGGT

AAAACCCTGAAAGGTGAAACCACCACCGAAGCTGTAGACGCTGCTACTGC

AGAAAAAGTTTTCAAACAGTACGCTAACGACAACGGTGTCGACGGTGAAT

GGACCTACGACGACGCTACCAAAACCTTCACGGTTACCGAATGC 

 

A1.3 Apo-pfRD 

Protein: A K W V K K I T G Y I Y D E D A G D P D N G I S P G T K F E E L P 

D D W V A P I T G A P K S E F E K L E D 

cDNA:GCTAAATGGGTTAAGAAAATCACCGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTGCGCCGATCACCGGTGCTCCGAAATCCGAATTCG

AAAAACTGGAAGAC 

 

A1.4 C5,8H pfRD 

Protein: A K W V H K I H G Y I Y D E D A G D P D N G I S P G T K F E E L P 

D D W V C P I C G A P K S E F E K L E D 

cDNA:GCTAAATGGGTTCACAAAATCCACGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTTGTCCGATCTGCGGTGCTCCGAAATCCGAATTCGA

AAAACTGGAAGAC 
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A1.5 C38H pfRD  

Protein: A K W V C K I C G Y I Y D E D A G D P D N G I S P G T K F E E L P 

D D W V H P I C G A P K S E F E K L E D 

cDNA:GCTAAATGGGTTTGCAAAATCTGCGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTCACCCGATCTGCGGTGCTCCGAAATCCGAATTCGA

AAAACTGGAAGAC 

 

A1.6 C41H pfRD  

Protein:A K W V C K I C G Y I Y D E D A G D P D N G I S P G T K F E E L P 

D D W V C P I H G A P K S E F E K L E D 

cDNA:GCTAAATGGGTTTGCAAAATCTGCGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTTGTCCGATCCACGGTGCTCCGAAATCCGAATTCGA

AAAACTGGAAGAC 

 

A1.7 C38,41H pfRD  

Protein:A K W V C K I C G Y I Y D E D A G D P D N G I S P G T K F E E L P 

D D W V H P I H G A P K S E F E K L E D 
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cDNA:GCTAAATGGGTTTGCAAAATCTGCGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTCACCCGATCCACGGTGCTCCGAAATCCGAATTCGA

AAAACTGGAAGAC 

 

A1.8 cpRD 

Protein:M K K Y T C T V C G Y I Y N P E D G D P D N G V N P G T D F K D 

I P D D W V C P L C G V G K D Q F E E V E E 

cDNA:ATGAAGAAATACACCTGCACCGTTTGCGGTTACATCTACAACCC

GGAAGACGGTGATCCGGACAACGGTGTTAACCCGGGCACCGACTTTAAAG

ATATCCCGGACGACCTGGGTTTGCCCGCTGTGCGGTGTTGGTAAAGACCAA

TTCGAAGAAGTTGAAGAA 

 

A1.9 RD1 

Protein: A K W V C L G E W T Y D D A T K T F I V T E L G C G Y I Y D E D 

A G D P D N G I S P G T K F E E L P D D W V C P I C G A P K S E F E K L E D 

cDNA:GCTAAATGGGTTTGCCTCGGGGAATGGACCTACGACGACGCTAC

CAAAACCTTCACGGTTACCGAACTCGGGTGCGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTTGTCCGATCTGCGGTGCTCCGAAATCCGAATTCGA
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AAAACTGGAAGAC 

 

A1.10 RD2 

Protein: A K W V C K I C G Y I Y D E D A G D P D N G I S P G T K F E E L P 

D D W V C L G E W T Y D D A T K T F I V T E L G C G A P K S E F E K L E D 

cDNA:GCTAAATGGGTTTGCAAAATGTGCGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTTGTCTCGGGGAATGGACCTACGACGACGCTACCA

AAACCTTCACGGTTACCGAACTCGGGTGCGGTGCTCCGAAATCCGAATTCG

AAAAACTGGAAGAC 

 

A1.11 RD1,49 

Protein: C A K W V C K I C G Y I Y D E D A G D P D N G I S P G T K F E E L 

P D D W V C P I C G A P K S E F C K L E D 

cDNA:TGCGCTAAATGGGTTTGCAAAATCTGCGGTTACATCTACGACGA

AGACGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAG

AACTGCCGGACGACTGGGTTTGTCCGATCTGCGGTGCTCCGAAATCCGAAT

TCTGCAAACTGGAAGAC 
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A1.12 RD1,35 

Protein: C A K W V C K I C G Y I Y D E D A G D P D N G I S P G T K F E E L 

P D C W V C P I C G A P K S E F E K L E D 

cDNA:TGCGCTAAATGGGTTTGCAAAATCTGCGGTTACATCTACGACGA

AGACGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAG

AACTGCCGGACTGCTGGGTTTGTCCGATCTGCGGTGCTCCGAAATCCGAAT

TCGAAAAACTGGAAGAC 

 

A1.13 RD15,35 

Protein: A K W V C K I C G Y I Y D E C A G D P D N G I S P G T K F E E L P 

D C W V C P I C G A P K S E F E K L E D 

cDNA:GCTAAATGGGTTTGCAAAATCTGCGGTTACATCTACGACGAATG

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACTGCTGGGTTTGTCCGATCTGCGGTGCTCCGAAATCCGAATTCGA

AAAACTGGAAGAC 

 

A1.14 RD15,49 

Protein: A K W V C K I C G Y I Y D E C A G D P D N G I S P G T K F E E L P 

D D W V C P I C G A P K S E F C K L E D 

cDNA:GCTAAATGGGTTTGCAAAATCTGCGGTTACATCTACGACGAATG
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CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTTGTCCGATCTGCGGTGCTCCGAAATCCGAATTCTG

CAAACTGGAAGAC 

 

A1.15 RD6,40 

Protein: A K W V C C I C G Y I Y D E D A G D P D N G I S P G T K F E E L P 

D D W V C P C C G A P K S E F E K L E D 

cDNA:GCTAAATGGGTTTGCTGCATCTGCGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTTGTCCGTGCTGCGGTGCTCCGAAATCCGAATTCGA

AAAACTGGAAGAC 

 

 

A1.16 I7P pfRD  

Protein: A K W V C K P C G Y I Y D E D A G D P D N G I S P G T K F E E L P 

D D W V C P I C G A P K S E F E K L E D 

cDNA:GCTAAATGGGTTTGCAAACCGTGCGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTTGTCCGATCTGCGGTGCTCCGAAATCCGAATTCGA

AAAACTGGAAGAC 
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A1.17 I7G pfRD  

Protein: A K W V C K G C G Y I Y D E D A G D P D N G I S P G T K F E E L P 

D D W V C P I C G A P K S E F E K L E D 

cDNA:GCTAAATGGGTTTGCAAAGGTTGCGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTTGTCCGATCTGCGGTGCTCCGAAATCCGAATTCGA

AAAACTGGAAGAC 

 

A1.18 A43P pfRD  

Protein: A K W V C K I C G Y I Y D E D A G D P D N G I S P G T K F E E L P 

D D W V C P I C G P P K S E F E K L E D 

cDNA:GCTAAATGGGTTTGCAAAATGTGCGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTTGTCCGATCTGCGGTCCGCCGAAATCCGAATTCGA

AAAACTGGAAGAC 

 

A1.19 A43G pfRD  

Protein: A K W V C K I C G Y I Y D E D A G D P D N G I S P G T K F E E L P 

D D W V C P I C G P G K S E F E K L E D 
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cDNA:GCTAAATGGGTTTGCAAAATGTGCGGTTACATCTACGACGAAGA

CGCTGGTGACCCGGACAACGGTATCTCCCCGGGTACCAAATTCGAAGAACT

GCCGGACGACTGGGTTTGTCCGATCTGCGGTGGTCCGAAATCCGAATTCGA

AAAACTGGAAGAC 

 

A2 Engineering of chimera protein 

A2.1 Construction of gene encoding chimera protein 

To provide an unambiguous fingerprint for identification of single molecule 

stretching event, a well-characterized protein domain is usually fused into the target 

protein as a protein chimera for AFM studies. Here, we use multiple cloning 

techniques to construct the plasmid encoding protein chimera.  

 

Figure A1 Construction of rubredoxin-GB1 protein chimera. The vector containing 

rubredoxin gene and insert containing the GB1 gene are obtained digestion. The two 

fragments are ligated together resulting in the plasmid pUC19-RD-GB1 including the 

desired genes. 

 

Using PCR techniques, selected restriction sites are engineered into the gene of 

interest. The BamHI (G’GATCC), KpnI (G’GTACC) and BlgII (A’GATCT) are the 
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three mostly used sites. It is noted that the digested BamHI and BlgII site share the 

same overhang (GATC) and thus can be ligated together. Furthermore, the new 

sequence (GGATCT) is not a restriction site and cannot be digested by any of the 

three enzymes. 

 The typical construction of a RD-GB1 protein chimera is shown in Figure A1. 

The pUC19 plasmid (2686 bps, New England Biolabs, Ipswich, MA ) containing the 

gene of rubredoxin is digested with restriction enzyme KpnI and BlgII and severs as a 

vector. The plasmid containing the gene of GB1 is then digested with enzyme BamHI 

and KpnI as the insert. Consequently, the insert is ligated into the vector forming the 

gene encoding protein chimera RD-GB1. Finally, the gene is transferred into the 

expression vector pQE80L (4751 bps, Qiagen, Valencia, CA) which contains a His-tag 

for protein purification. All these digested fragments (the insert ~200 bps, the vector 

~3000 bps and the ligated gene encoding protein chimera ~ 400 bps) are identified 

and purified by an agarose gel electrophoresis.  

A2.2 Protein expression  

E. coli expression system is used for protein expression. The plasmid containing 

the gene of interest is transformed into E. coli DH5 strain. It is then grown in 10 mL 

of 2.5% LB with 10 mg/mL ampicillin overnight at 37 ˚C and 225 rpm. Then the 10 

mL culture is transferred into a larger quantity of ~500 mL of LB and grown at the 

same condition. When the OD of the culture is ~ 0.8 (usually takes ~3 hours), IPTG is 

added into the solution with a final concentration of ~ 1 mM to induce protein 
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expression. Incubated for ~4 hours, the cells are harvested by centrifuge at 5,000 g for 

15 min and kept in storage at -80 ˚C.  

The cell lysis is achieved by one freeze-thaw cycle at first. Then, a lysozyme 

digestion protocol is followed by adding lysozyme solution at a final concentration of 

~ 1mg/mL. The solution is incubated for ~0.5 hour on ice and gradually becomes 

viscous due to the release of genomic DNA and RNA. The DNase I and RNase A are 

added to the solution at a final concentration ~ 0.005 mg/mL. It is incubated on ice 

and shaken until the solution become watery again. After centrifuging at 12,000 g for 

1 hour, the supernatant is collected and purified by Co
2+

-affinity chromatography 

using TALON resins. The protein is kept in Tris buffer in pH 7.4 at a concentration of 

~ 2 mg/mL.  

A2.3 Purification of pure Fe-form rubredoxin 

Because Zn-RD and Fe-RD are co-expressed in E. coli, it is necessary to separate 

these two forms before the construction of poly-rubredoxin. The purification process 

of a pure Fe-form RD-GB1 is described as follows as an example: First, the protein 

chimera RD-GB1 is buffer exchanged into a 10 mM Tris at pH 8.5 and concentrated 

by centrifugal ultrafiltration (Amicon 3K MWCO filter, Millipore). The Fe and Zn 

form RDs are separated using Mono-Q 5/50GL anion exchange column. After loaded 

on the column, the protein mixture is eluted using a linear gradient elution (0-300 mM 

NaCl in 10 mM at pH 8.5) in AKTA FPLC system (GE Healthcare) at a flow rate of 2 

mL/min. The Fe form RD-GB1 is eluted first at around 100 mM NaCl followed by Zn 
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form RD-GB1 around 150 mM (Fig. A2.A).  

 

Figure A2 Purification of Fe-form rubredoxin. A) The elution profile of GB1-pfRD 

from anion-exchange chromatography using a Mono Q 5/50 column. Co2+-NTA 

purified protein was subjected to the column and eluted with a gradient of NaCl (dash 

line: 20% corresponds to 200 mM NaCl) in 50 mM Tris buffer (pH 8.5) at a flow rate 

of 2 mL/min. The solid line indicates the relative absorbance at 280 nm. B) 

UV-visible absorption spectra of purified protein pfRD-GB1. 

The purity of Fe-form RD is confirmed by UV-Vis absorption spectroscopy (Fig. 

A2.B). Only Fe form rubredoxin shows characteristic absorption at visible light range 

with maxima at wavelength 494 nm as a red color solution. On comparison, the Zn 

form rubredoxin is a colorless solution. Thus, using the extinction coefficient of 9.22 

mM
-1

 cm
-1

 at 494 nm unique for Fe form rubredoxin, the concentration of Fe-RD is 

determined. In addition, the sum of protein concentration can be obtained by 

measuring the absorption at 280 nm which is same from two types of rubredoxins. 

Consequently, purify of Fe-RD is estimated to be >90% after 2 to 3 times 

ion-exchange chromatography purification.  

A3 UV-Vis spectrum of rubredoxin variants  
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Figure A3 UV-Vis spectrum of cysteine to histidine rubredoxin variants.  

The purified rubredoxin and variants are characterized by UV-Vis adsorption 

spectroscopy. The wild-type rubredoxin shows a characteristic UV-Vis spectrum with 

adsorption maxima at 280, 390 and 494 nm with a reddish color. The visible light 

absorption of rubredoxin arises from the ligand to metal charge transfer due to the 

ferric-thiolate bonds. Thus, measurement of the UV-Vis spectrum of rubredoxin is a 

simple approach to determine whether the mutation significantly distorts the structure 

of the FeS4 center in rubredoxin variants. For example, the cysteine to histidine 

mutation in the FeS4 center dramatically changes the property of the metal center (Fig. 

A4). If single cysteine residue is mutated to histidine in rubredoxin, the color of 

protein changes from red to orange. When two cysteine residues are mutated to 

histidine, it shows a blue color (Chapter 2).        
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Figure A4 UV-Vis spectrum of rubredoxin cysteine variants for stretching the metal 

center from different directions. The name is labeled on the corresponding graphs.   

On comparison, the cysteine-substituted rubredoxin variants engineered for 

mechanical anisotropy studies of rubredoxin show similar UV-Vis spectrum as that of 

WT-RD (Fig. A4). It demonstrates that the introduced cysteine residues does not 

affect the original FeS4 center and function simply as handles in AFM studies 

(Chapter 6).    

A4 Chemical coupling method for poly-rubredoxin 

 

 

Figure A5 The construction of pure Fe-form RD-containing polyprotein based on 
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maleimide-thiol coupling chemistry. A) The sulfhydryl group of cysteine can readily 

react with maleimido group of BM(PEO)3 to form a thioether bond. B) Thus, 

bi-functional cys-RD-GB1-cys can react with bi-functional maleimide compound 

BM(PEO)3 to produce heteropolyprotein (Fe-RD-GB1)n, where n denotes the degree 

of polymerization. 

To obtain poly-rubredoxin (RD-GB1)n molecule, a chemical coupling reaction 

between maleimide and thiol groups is utilized (Fig A3). The two functional group 

forms a covalent thioether bond. As a result, the protein which carries two thiol 

groups at each ends is linked together by a bis-maleimide compound forming the 

desired polyprotein. Typically ~ 1 mL freshly purified Cys-RD-GB1-Cys protein 

solution with a concentration of 2 mg/mL is reacted with 40 L of 10 mM 

concentrated stock solution of BM(PEO)3 (1, 8-bis (maleimido)triethylene glycol, 

Molecular Biosciences) in Tris buffer at pH 7.4. After incubation at room temperature 

for ~2 hours, the resultant polyprotein solution can be used in AFM experiments 

directly. 

Compared with classic polyprotein construction method at the DNA-level, this 

method does not have a precise control of the molecular weight of the polyprotein.  

Determined by SDS-PAGE, the polymerization degree of the resultant polyproteins is 

around 2-5. In addition, the orientations of each individual domain in the polyprotein 

chain here have three different arrangements: head-to-tail, head-to-head and 

tail-to-tail. However, these drawbacks do not affect the measurement of the 

mechanical properties of the protein of interest. Because applied force is vector and 

the measured mechanical stability should be the same regard least the arrangement in 

the linkage
99,192

.  


