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ABSTRACT 
 

Protein kinases are dynamic molecular switches that are responsible for the 
regulation of many cellular processes. Mutations, deletions, or gene fusions in protein 
kinase have been associated with the development of many diseases and has led to the 
emergence of the protein kinase family as an important therapeutic drug target. In the cell, 
kinase activity is turned on and off allosterically by intramolecular regulatory domains, 
flexible linkers, or other interacting proteins. Here, we use single molecule optical tweezers 
to investigate the mechanism of allosteric regulation of the cAMP-dependent protein kinase 
A (PKA). The regulatory subunit of PKA harbors two cAMP binding domains (CNB 
domains) that oscillate between inactive and active conformations dependent on cAMP 
binding. The cooperative binding of cAMP to the CNB domains activates an allosteric 
interaction network that enables PKA to progress from the inactive to active conformation 
unleashing the activity of the catalytic subunit. Despite its importance in the regulation of 
many biological processes, the molecular mechanism responsible for the observed 
cooperativity during the activation of PKA remains unclear. Here, we use optical tweezers 
to probe the folding cooperativity and energetics of domain communication between the 
cAMP binding domains in the apo state and bound to the catalytic subunit. Our study 
provides direct evidence of a switch in the folding energy landscape of the two CNB 
domains from energetically independent in the apo state to highly cooperative and 
energetically coupled in the presence of catalytic subunit. Moreover, we show that 
destabilizing mutational effects in one CNB domain efficiently propagate to the other and 
decreases the folding cooperativity between them. Altogether, our results provide 
a thermodynamic foundation for the conformational plasticity that protein kinases have in 
order to adapt and respond to signaling molecules. 
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INTRODUCTION 

 

Protein kinases are among the largest families of genes in eukaryotes and constitute about 

1.7% of all human genes.1 Kinases play an important role in the regulation of  eukaryotic signal 

transduction pathways such as cell growth, differentiation, cell death, and metabolism.1 These 

proteins activate or deactivate other proteins involved in downstream signaling pathways by the 

modification of substrate activity via protein phosphorylation.2 The literature has shown that 

mutations and misregulation of protein kinases has been shown to result in cancer and disease.3  In 

the cell, protein kinases typically exist as large macromolecular structures, where kinase activity 

is embedded within a conserved kinase core and is regulated by associated domains, linkers, and 

interaction proteins.4  A well-characterized member of the kinase family is protein kinase A 

(PKA), a ubiquitous cAMP-responsive eukaryotic kinase that modulates protein function through 

targeted phosphorylation.5,6 

Protein Kinase A (PKA) is a cyclic adenosine monophosphate (cAMP) dependent protein 

kinase that has served as a the prototype for the protein kinase superfamily.4 The cAMP dependent 

PKA signaling pathway is ubiquitous and conserved in all eukaryotes.5 PKA is a member  of the 

AGC subfamily which is a group of 60 Ser/Thr kinases that share similar structural and functional 

similarities. This group includes PKA, Protein Kinase G (PKG), Protein Kinase B (PKB), Protein 

Kinase C (PKC),  S6 Kinase (S6K), and Phosphoinositide-Dependent Protein Kinase 1 (PDK1). 

These kinases all contain a conserved catalytic core and a regulatory domain that can be encoded 

in the same polypeptide chain (e.g. PKG) or be a separate protein domain (e.g. PKA). 

In the cell, PKA exists as a heterotetramer composed of a dimeric regulatory subunit and 

two monomeric catalytic subunits. The catalytic subunit has a small and large lobe that form an 

active site cleft (Figure 1A). The regulatory subunit is composed of an N-terminal flexible linker 
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domain that contains the dimerization domain (D/D), an inhibitory sequence (IS), and two cyclic 

nucleotide binding domains (termed CNB-A and CNB-B) that are connected by an extended �-

helix, known as the aB/C helix (Figure 1A-B, shown in maroon).5,7 

The activation of the PKA heterodimer starts with cAMP binding to the CNB-B 

domain.5,7,8 This first binding event allosterically triggers the cooperative binding of a second 

cAMP molecule to the CNB-A domain, resulting in a large conformational change in the 

regulatory subunit (Figure 1B,  right). The structure of the PKA heterodimer shows that the 

catalytic subunit blocks the cAMP binding pocket of the CNB-A domain, while the pocket in the 

CNB-B domain remains solvent accessible. Although this structural data provides evidence for the 

role of the CNB-B domain as the gatekeeper for the cAMP-dependent activation of PKA,5,7 the 

molecular mechanism and thermodynamic driving forces responsible for the allosteric 

communication between CNB domains still remains unknown.9–11 To address this long-standing 

question, we use single molecule optical tweezers12–15 to selectively probe the folding 

cooperativity and extract the energetics of domain communication between the CNB domains in 

the apo state and bound to the catalytic subunit.  

The results from this study show that the CNB domains in the apo state behave as 

energetically independent structural elements. However, in the presence of catalytic subunit the 

CNB domains have strong cooperative interactions, are more stable, and are in equilibrium 

between two conformations. The cooperative behavior between CNB domains bound to the 

catalytic subunit was quantified thermodynamically, and revealed a switch in the folding energy 

landscape between the apo and bound conformations. The energy landscape in the bound 

conformation shows that the CNB-B domain serves as an energetic hub, controlling the magnitude 

of interaction between the CNB-A domain and the catalytic subunit. This result provides a 

thermodynamic foundation for the gatekeeper function of the CNB-B domain. Lastly, we 
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demonstrate how destabilizing mutational effects in the CNB-B domain are propagated to the 

CNB-A domain, causing significant decoupling between the two domains when bound to the 

catalytic subunit. Altogether, our study provides direct experimental evidence for a 

thermodynamic switching mechanism in the activation of a protein kinase complex. 
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CHAPTER  I 

LITERATURE REVIEW 

 

Protein Kinase A (PKA)  

The crystal structure of PKA has been well characterized in the literature.  PKA is a major 

regulator of eukaryotic cell signaling.  In the cell, the PKA is a heterotetramer of two regulatory 

(R) and two catalytic (C) subunits (R2C2) that bind to form an inactive holoenzyme. However, 

studies have shown that the heterodimer of a single regulatory and catalytic subunit exhibit similar 

properties to the R2C2 heterotetramer.5 The catalytic subunit is a globular bilobal protein that is 

comprised of a small and large lobe with an active site forming a cleft between the two lobes 

(Figure 1A).7,16 The highly dynamic small lobe serves as the binding site for ATP while the large 

lobe serves as the framework for the catalytic machinery and as a docking scaffold for binding to 

protein partners that act as substrates or inhibitors.5 While, the catalytic subunit has served as the 

prototype for the protein kinase superfamily, the regulatory subunit defines the mechanism for 

how cAMP translates an extracellular signal into an intracellular biological response.  

The regulatory subunit consists of three major structural elements, a flexible linker region 

and two tandem cyclic nucleotide binding (CNB) domains, termed domain A and B (Figure 1A-

B). The flexible linker region contains an inhibitor site (IS) that docks into the active site cleft of 

the catalytic subunit. Two molecules of cAMP bind to the phosphate binding cassette (PBC, shown 

in yellow in Figure 1A-B) of each domain and facilitates the dissociation and activation of the 

catalytic subunit and phosphorylation of substrates. In the absence of cAMP, the catalytic subunit 

is locked in an inactive conformation via extended surface interactions with the regulatory subunit 

to form the holoenzyme complex. In this review, a residue with the superscript R is an amino acid 



 5 

residue of the regulatory subunit and a residue with the superscript C is amino acid residue of the 

catalytic subunit.  

Biochemical, structural and biophysical studies have shown that a PKA heterodimer 

(Figure 1B, left), composed of a single catalytic and regulatory subunit, displays functional 

cooperativity, and therefore is a significant component of the inactive heterotetrametric 

complex5,6,9,17,18. The crystal structure of the inactive PKA heterodimer solved by Kim et al.5 shows 

that the regulatory subunit is bound to the catalytic subunit via surface interactions and through 

docking of the inhibitory sequence (shown in orange in Figure 1A-1B) into the active site of the 

catalytic subunit.  The surface interactions between the catalytic subunit and regulatory subunit 

are predominately mediated by the N3A motif of the CNB-A domain (shown in teal in Figure 1A-

B) and the aB/C helix (shown in maroon in Figure 1A-1B). In addition, the end of the aB/C helix 

provides most of the interaction surface between the CNB-B domain and the catalytic subunit. A 

detailed understanding of the interactions between the regulatory and catalytic subunit is provided 

from the crystal structure of the PKA complex.5 
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Figure 1. Structure and Domain Organization of PKA. (A) Domain organization of PKA. The catalytic subunit 
has an N- and a C-lobe that from an active-site cleft between them. The regulatory subunit has a modular domain 
organization. The D/D (shown in grey) and the flexible linker domain (residues 71-110, shown in orange) contain 
the IS that mimics the peptide substrate of the catalytic subunit. Two CNB domains, CNB-A (light purple) and 
CNB-B (dark purple), are connected by the aB/C helix (maroon). The N3A motif of the CNB-A domain is shown 
in teal. The cAMP-binding pocket of each CNB domain is shown in yellow. (B , Left) The PKA complex is shown 
in the inactive form in which the catalytic subunit (tan) is bound to the regulatory subunit (light and dark purple). 
(Right) the binding of two molecules of cAMP (pink) results in a conformational change across the aB/C helix 
in the regulatory subunit (cAMP-bound form) and enables the release of the active catalytic subunit (boxed in 
green).  
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Four major interactions occur between the R and C subunit interface. Site 1 is defined as 

the interaction between the active site cleft of the catalytic subunit and the inhibitor sequence in 

the flexible linker of the regulatory subunit. In	 the	 absence	of	 the	C-subunit,	 the	 flexible	 linker	

(residues	Arg91R-Val112R)	cannot	be	observed	in	the	crystal	structure.	However,	in	the	presence	of	the	

C-subunit,	the	flexible	linker	folds	across	the	extended	interface	of	the	holoenzyme	stabilizing	the	

complex.	The	flexible	linker	contains	a	docking	site	with	an	IS	sequence,	Arg94R-Arg95R-Gly96R-Ala97R,	

which	 mimics	 the	 peptide	 substrate	 of	 the	 C-subunit	 and	 enables	 the	 R-subunit	 to	 serve	 as	 a	

competitive	 inhibitor.19	 This docking site includes a hydrogen bonding interaction between 

Arg92R-Asp328C  and Arg93R-Glu203C. Site 2 interaction occurs between the aG helix and P+1 

loop of the catalytic subunit and the PBC and N3A motif of domain A. A hydrogen bonding 

interaction between Tyr247C and Tyr205R directly link the two subunits. In site 3, the activation 

loop of the catalytic subunit is fully enclosed in the R/C interface and sandwiched between the two 

domains. Trp260R of domain A packs against the N-terminal tip of the activation loop. Binding of 

the C-subunit causes Trp260R to move nearly 30 Å away from the PBC of domain A.5 The last site 

(site 4) is formed exclusively between domain B and the large lobe of the catalytic subunit.  The 

aH-aI loop on the large lobe of the C-subunit docks into the aB helix of the regulatory subunit. 

Additionally, Arg355R in the aB helix forms multiple interactions within the catalytic subunit.   

Large conformational changes occur in the regulatory subunit from the catalytic subunit 

bound conformation to the cAMP bound conformation. In the cAMP bound conformation, the 

aB/C helix exists in a kinked conformation that enables domain A and B to pack tightly in a 

compact globular structure (Figure 2A). The aB/C helix is anchored to domain B through 

hydrophobic interaction directly linked to Trp260R and has been shown to play an important role 

in domain communications between cAMP binding domains.20  This residue, along with Tyr371R, 

stabilize the interaction of cAMP with the PBC cassette of domain A and B by acting as a 
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hydrophobic capping residue. In the PKA complex the regulatory subunit exists in an extended 

dumbbell shape (Figure 2A). The center of domain B moves over 60 Å away from its position in 

the cAMP bound structure due to the extension of the aB/C helix. The interface that was once 

shared between the two domains is now replaced by the catalytic subunit in the PKA complex. 

These large domain motions arises from rotations at three pivot points at residues, Arg226R, 

Gly235R, and Try244R (Figure 2B).   

In addition to the major changes observed in the aB/C helix, a reorganization of the PBC 

and the conserved structural element known as the N3A motif (residues 123 – 150 of domain A 

and residues 245-257 of domain B) is also observed. In domain A, the PBC and the N3A motif 

move closer together to create a hydrophobic surface for the catalytic subunit to dock into and 

cover the PBC of domain A.  In contrast, the PBC of domain B is solvent exposed in the PKA 

complex. This supports previous biochemical data that proposed that the binding of cAMP to the 

PKA complex was a highly ordered pathway for activation, where cAMP must first bind to domain 

B before it can bind to domain A.18 In this proposed mechanism, domain B serves as a “gatekeeper” 

for cAMP access to domain A.  

 In step 1, cAMP must first bind to domain B because its PBC is more solvent accessible. 

The cAMP-binding site of domain A is blocked by the R/C interface so that key residues Trp260R 

and Arg241R are not able to stabilize cAMP binding. For step 2, the crystal structure predicts that 

the recruitment of the C-terminal tail to stabilize cAMP in the PBC of domain B will disrupt the 

Glu261R-Arg366R salt bridge.5 Mutational studies that disrupt this salt bridge requires 3-fold less 

cAMP to activate PKA, suggesting that the position of the C-terminal tail is destabilized in the 

absence of the salt bridge.5  This salt bridge also structurally couples the two hydrophobic capping 

residues, Trp260R and Tyr371R. In step 3, the regulatory subunit undergoes a large conformational 

change in response to breaking of the Glu261R-Arg366R salt bridge. Loss of this salt bridge 
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destabilizes the extended aB/C helix resulting in the kinked alpha helix. In the fourth step, binding 

of the second molecule of cAMP to domain A is stabilized by Trp260R. It is still unknown in the 

literature whether the catalytic subunit dissociates from the pseudosubstrate site in the regulatory 

subunit before or after trapping cAMP in domain A, or if these two steps are coordinated. In the 

final step, the catalytic subunit is released from the inhibitor site of the regulatory subunit leading 

to the activation of PKA.  

Small angle x-ray (SAXs) studies have shown that the flexible linker also serves as a tether 

for the C-subunit in the presence of cAMP.21 These studies show that full dissociation of the C-

subunit occurs only in the presence of both cAMP and a target substrate. Nuclear Magnetic 

Resonance (NMR) studies of PKA by Akimoto et al22 have shown that the flexible linker plays a 

state selective role in the allosteric regulation of the PKA holoenzyme. This study looked at the 

NMR shifts in the presence and the absence of the dynamic linker (residues 91R to 112R). A 

comparison of the hetero-nuclear single quantum coherence (HSQC) spectra of the apo and cAMP-

bound regulatory subunit with and without the linker segment showed the linker induces a 

population shift towards the cAMP bound form. Further mutational studies within the flexible 

linker at R113A and I116A resulted in a population shift towards the PKA complex. These 

mutations resulted in the inability of the flexible linker to stabilize the CNB-A domain in the cAMP 

bound form.  
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Figure 2.  The Regulatory Subunit Undergoes a Conformational Change Upon Binding the Catalytic 
Subunit. (A) The regulatory subunit bound to cAMP is shown on the left (PDB ID code 1RGS, in black) and 
bound to the catalytic subunit (in tan) on the right. (B) Left: the global extension of the regulatory subunit is 
described by rotations at three pivot points (Arg226, Gly235, and Tyr244) located on the aB/C helix. Right: 
structural alignment of domain A in the cAMP and catalytic subunit-bound conformations. This figure was 
adapted from Kim et al.5 
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Protein Allostery 

Protein kinases are regulated allosterically by the binding of cAMP to the regulatory 

subunit. Allostery occurs when the perturbation necessary to stabilize the active state occurs at a 

site other than the active site. This can result from of ligand binding, post-translational 

modifications (PTMs), and more.23 Allostery plays a role in the regulation of all cellular processes 

such as signal transduction in cellular networks24, enzyme activation25, metabolism26, regulation27, 

motor work28, and transcription control29. Allostery has been recognized as the “second secret of 

life” due to its important role in cellular circuits30,31. Not surprisingly, allosteric drug design has 

become an important alternative to drugs that specifically target the active site.23 Therefore, an 

understanding of how allostery works is necessary for understanding the process of life and how 

to treat diseases resulting from cellular processes.  

Allosteric models based on the thermodynamics, structure, and the free energy landscapes 

of allosteric proteins have been proposed to explain the mechanism of allostery.32 For decades the 

mechanism of allostery has been dominated by a structure-based viewpoint of allostery such as the 

allosteric model for haemoglobin.33 The most famous view of allostery was proposed by Monod, 

Wynman, and Changeux which is known as the MWC model.34 This model proposes that the 

protein composed of identical subunits is in equilibrium between two conformational states and 

the presence of a ligand can shift the equilibrium from one state to another. Hemoglobin has been 

the prototype for the MWC model to investigate allostery and cooperativity between 

macromolecules. Hemoglobin is a tetramer that can exist in a tight (deoxy, T) and relaxed (oxy, 

R) conformation.  When oxygen binds to one monomer of hemoglobin it shifts the conformation 

from the T to R state. This binding is cooperative and the binding on one oxygen molecule 

promotes the binding of oxygen to the other sites. This cooperativity is promoted by structural 

changes in the monomer subunits which increases their binding affinity for oxygen. However, this 
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theory fails to explain cases of allostery that do not result in large conformational changes in 

protein structure or lack any protein structure, e.g. intrinsically disordered (ID) proteins. This lead 

to the theory of the “ensemble nature of allostery” such as conformational selection and the free 

energy landscape theory.33 An extension of these models is based on the thermodynamic stability 

of protein domains and the cooperativity between them.35 

These models can be divided into three main categories. The first category is based on the 

principle of thermodynamic equilibrium. Although it provides a more quantitative approach to 

protein allostery, it does not provide an explanation for why similar ligands bind at the same 

allosteric site may result in opposite agonism.36 The second category includes more conceptual 

models such as the conformational selection versus induced fit. The conceptual thermodynamic 

view takes a look at the free energy landscape in which  conformational selection and population 

shifts can be linked to structural changes. However, there is no quantitative link between them. 

The third category is a more structural view of allostery that states that structural linkage is a 

necessary condition for an allosteric action. However, the structural view of allostery has been 

questioned as a result of the thermodynamic views of allostery which imply that structural 

information is not required.37  

These three categories can be combined to form a “unified view” of allostery that utilizes 

a simple two-state allosteric model, that shows allosteric activation acts via a bi-stable switch.32 In 

this theory, the conformational free energy landscape is made up of only the active and inactive 

conformations that are separated by a free energy barrier. Before activation, the inactive state 

dominates the populations as indicated by the basin depth and the balance level. Within a narrow 

concentration of ligand (e.g. EGF), the allosteric event causes a shift in the population to favor the 

active state of the protein.   

We can use this model to understand the allosteric activation of PKA in terms of 
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conformational free energy landscape (Figure 3). In the absence of the ligand (cAMP) (Figure 

3A), the inactive conformation is the most stable and predominate conformation. However, the 

addition of the two molecules of cAMP results in the stabilization of the active conformation or a 

population shift towards the active conformation. We can dissect this energy landscape further by 

looking at the energetics of the inactive PKA complex. The energetic of the PKA complex are 

composed of the energetics of each protein subunits (regulatory and catalytic subunit) as well as 

the energetic interactions between the subunits and domains (interaction between the regulatory 

and catalytic subunits and domain A and B of the regulatory subunit). The summation of all of 

these energies is equal to the energetics of the PKA complex. In addition, these interactions will 

play a role in the stability and allosteric activation of the PKA complex.  

One way we can gain access to the energetics of the PKA complex is by looking at the 

unfolding energy landscape of the PKA complex. In this energy landscape, the regulatory subunit 

can exist in the folded and unfolded conformation by the application of a selective force to denature 

only the regulatory subunit (Figure 3B). The unfolding of the regulatory subunit will allow us to 

probe the interaction between all three domains and provide insight into the folding cooperativity 

between domains. These folding stabilities and cooperativities can be related to the biological 

function of the protein. For example, folding cooperativities could provide insight into the 

allosteric regulation of the protein. An experimental method that allows us to gain access to these 

folded energetics and cooperatives is single molecule optical tweezers.  
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The Global Stability of a Protein is Not Equally Distributed Throughout the Protein. 

Traditionally, a “two-state” hypothesis has dominated the viewpoint of the unfolding behavior of 

proteins.35 In this model, the thermodynamic stability of a protein is dictated by the equilibrium 

between the folded (F) and unfolded (UF) state and is based on the assumption that the partially 

folded/unfolded structures have negligible contributions to the equilibrium between these two 

states.35 This model is based on the conclusion that the global stability of a protein is equally 

distributed throughout the protein and global unfolding events are used to quantify the stability of 

the folded protein. Advances in NMR hydrogen-deuterium exchange experiments have enabled 

the characterization of the thermodynamic stability of individual amino acid residues in forty 

different proteins.35 The stability of individual amino acids across a protein structure can be 

quantified by the protection factor (PF) (ΔG = -RTlnPF) of individual amides of amino acid 

residues. The PF is based on the degree of solvent exposure of the amide. If the unfolding process 

is dominated by a simple two-state unfolding process, then all buried amino acid residues would 

exhibit the same PF and the same ΔG. This was not observed in the hydrogen-deuterium studies 

Figure 3. The Free Energy Landscape of PKA Activation and Unfolding. (A) The conformational energy 
landscape for PKA from the inactive (blue) to the active (orange) state. In the absence of cAMP, the inactive state 
is the more stable and predominate conformation. The addition of two molecules of cAMP results in a shift of the 
landscape towards the active conformation.  (B) The application of a selective force to unfold the regulatory subunit 
shifts the unfolding energy landscape of the PKA complex from the folded (blue) and unfolded (orange) state.  
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of the forty different proteins under native conditions. A range 5.0 kcal/mol was observed for the 

high to low ΔG values.35 The smaller ΔG are attributed to local unfolding events in the protein 

structure and provide evidence that an equilibrium exists between the native state (F) and the 

collection of states created by local unfolding reactions in the protein structure.35 

 

Protein Folding Stability versus Structural Stability of Ligand Binding Sites. The 

characterization of these local unfolding events has led to a statistical ensemble viewpoint of the 

native state of a protein. The native state of a protein is now composed of a collection of local 

unfolding events involving one or more amino acid residues throughout the protein structure. 

These local unfolding events result in an uneven distribution of the Gibbs energy throughout the 

protein with regions of high and low stability. The stability of the resulting structures is defined as 

the ratio between the fraction of time spent in the native state versus the fraction of time spent in 

the non-native conformation. For example, in allosteric proteins regulated by the binding of a 

ligand, the ligand-binding site is predicted to be a low stability region, which can be stabilized by 

the binding of a ligand or other protein-protein interactions. These low stability binding sites are 

high binding affinity sites for ligands and serve as initiation points for signal transmission to distal 

protein sites.35  

In PKA, the binding of cAMP to the PBC in CNB-B domain results in a long range 

cooperative effect in the R subunit by a conformational switch across the αB/C helix to enable 

binding to the PBC in the CNB-A domain (Figure 2). The dynamic nature of the CNB-B domain 

can be attributed to the low stability of the PBC domain as a result of local unfolding events. 

Crystal structures have shown that CNB-B is a highly dynamic structure and acts as a “gate-

keeper” for CNB-A domain.38 On the other hand, the PBC-A is an extremely low stability region 

and must be stabilized by the interaction of the C-subunit in the H-form or the PBC-B domain in 



 16 

the B-form. This is confirmed by the PKA holoenzyme crystal structure in which one of the major 

interactions of the C-subunit is in the PBC of the CNB-A domain.5 Although recent experimental 

studies9,39 provide evidence for the connection between allosteric effects (e.g. ligand binding 

cooperativity) and protein structural dynamics (e.g. folding dynamics and stability of functional 

coupled domains), they still do not answer questions such as: how does the stability of the PBC 

domain change in the presence and absence of the C-subunit? Will binding of the C to R subunit 

affect the energy of coupling between CNB domains and if so, how would the energy of coupling 

play a role for cAMP binding cooperativity? How do the dynamics of the R-subunit change as a 

function of time in the presence and absence of the C-subunit?  

 

Single Molecule Force Experiments Enable the Observation of Local Unfolding Events and 

Non-native Folded Conformations. More importantly, direct experimental evidence of the 

energy of coupling between allosteric domains is still lacking. NMR and SAXS techniques provide 

experimental evidence for the ensemble averaged allosteric interactions (ΔGTOTAL). Single 

Molecule (SM) Force Experiments enable the dissection of the specific interaction between 

individual domains and the energy of interaction between them (ΔgINT). The attachment of DNA 

handles to specific regions of the protein will enable the selective denaturation of each domain. 

This will give us access to the individual ΔG of each domain and the interaction energy between 

those domains. For example, in the case of PKA, the binding of two cAMP molecules to the PKA 

holoenzyme (H-form) induces a conformational change in the R-subunit and the dissociation of 

the C-subunit. A reaction scheme is shown in Figure 4.  

In the absence of cAMP, the regulatory subunit can exist in the apo R and H-form state in 

the absence or presence of the catalytic subunit. The sequential binding of cAMP can occur on 

either state result in the B-form in the absence of catalytic subunit. A conformational change must 
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occur between the H-form bound to cAMP that results in the B-form conformation.  Traditional 

biochemistry methods enable measurement of the binding of individual domains in the absence 

and presence of the C-subunit as well as the global unfolding energy of the R subunit, but do not 

allow access to the energy of interaction between domains (ΔgINT) or the cooperativity between 

domains (ϕ). The selective denaturation of domains by SM force experiments will enable the 

measurement of these interaction energies and the observation of non-native folded conformations. 
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Figure 4. The Reaction Scheme for the Regulatory Subunit in the Presence of the Catalytic subunit and cAMP. 
Two pathways can emerge from the apo R state and the H-form state. cAMP can bind sequentially to each domain 
from the apo R and the H-form state to both lead to the B-from state. The KC values correspond to changes in 
conformations that occur in the absence and presence of the catalytic subunit. The KA values correspond to the 
binding of cAMP in the absence and presence of the catalytic subunit. The table shows the energies that are accessible 
by traditional biochemistry methods. 
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Optical Tweezers  

Single molecule experiments enable the measurement of the energetics of individual 

domains and the cooperativity between them by selective denaturation experiments. An important 

advantage of single molecule techniques is that they do not suffer from problems associated with 

population averaging inherent in ensemble measurements.40 The selective denaturation of domains 

by single molecule force experiments enable the measurement of protein interaction energies and 

the observation of non-native folded conformations. The unfolding of a single molecule is 

achieved with optical tweezer experiments. Light carries both linear and angular moment and can 

exert forces and torques on matter.41 Optical tweezers utilizes this fundamental property by 

trapping objects in a potential well formed by light.42,43 An optical trap is formed with two tightly 

focused lasers, which are created by passing light through objective lenses with a high numerical 

aperture (NA). The NA of the trapping objective should be at least 1.2 to achieve the steep focus 

needed to create an optical trap.40 A oil or water immersion objective is required with the use of a 

high NA. Water immersion lenses are preferred because they do not suffer from spherical 

aberrations that oil immersion lenses do and permit trapping deep in solution. High NA objectives 

are typically optimized for use with visible light, and their transmission can vary greatly in the 

near-infrared wavelengths.44 

When a bead is trapped the scattering of incident photons produce a force on the bead due 

to a change in momentum (Figure 5, left). The optical force can be broken into two components: 

a scattering force and a gradient force. The scattering force pushes the bead in the direction of light 

propagation and is balanced by a second laser acting in the opposite direction.  The gradient force 

pushes the bead in the direction perpendicular to light propagation. The bead is effectively trapped 

as a result of a sharp gradient in light intensity at the focus of the laser. When gradient optical 

forces exceed those from scattering, an object is attracted to the point of highest intensity formed 
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by focused light and can be stably trapped at this position in all three dimensions.42,43 A high 

gradient force will produce a more stable optical trap and causes the bead to behave as a Hookean 

spring whose characteristic stiffness is proportional to the light intensity. Optical traps can generate 

forces of several picoNewtons (pN), or 1 x 10-12 Newtons, per milliwatt (mW) of laser light.41  

The magnitude of optical forces is typically insufficient to stably trap biological 

macromolecules themselves, but is adequate for the manipulation of microscope dielectric 

objects,43 such as polystyrene bead which can be used to link to the molecule of interest. The 

molecule of interest can be tethered between the surface of a sample chamber and a PS bead or 

two polystyrene (PS) beads that can be trapped on a micropipette or an optical trap. The tether can 

be a molecular motor, such as a kinesin or myosin45–47, a molecule that undergoes a conformational 

transition under tension, such as an RNA hairpin or protein13,48,49, or a substrate to a motor, such 

as a DNA molecule packaged by a viral portal motor50,51. A tether can be formed by attaching 

DNA handles functionalized with biotin (bio) and digoxigenin (dig) via disulfide bond formation 

to the cysteine mutant variant of the protein of interest. These modifications to the DNA handles 

and PS beads ensure that a single protein tether is created between the two PS beads.  

In the optical tweezers experimental assay, the beads serve as molecular handles to monitor 

biological systems. Back-focal-plane (BFP) interferometry is the standard method to detect the 

position of the bead in the optical trap. BFP interferometry is a detection method that uses the 

inference between light scattered by the trapped bead and unscattered light to measure the three-

dimensional position of the bead relative to its equilibrium position40,52–55. The inference is 

measured by imaging the BFP of the condenser onto the quadrant photodiode or position-sensitive 

detector. With this method it is possible to detect bead motions of less than 1 Å on the timescale 

of a millisecond or better, limited by only by the background electronic noise of the detector.41  
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During optical tweezers experiments, when an external force (Fext) is exerted on the trapped 

bead, this results in a displacement of the bead from the trap center (Δx). The gradient force acts 

like a restoring force on the bead and is proportional to the stiffness of the trap (k) and the 

displacement from the center of the trap (Figure 5, right). The changes in displacement are 

measured by projecting the intensity and deflection of light onto a position sensitive detector 

(PSD). A PSD is a silicon sensor that can detect the offset and brightness of the light as a result of 

external forces exerted on the trapped bead. Due to the Hookean spring characteristics of the 

trapped particle, the forces exerted on the bead can be measured by determination of the trap 

stiffness and the bead displacement from the center of the trap. 

 

 

 

 

Figure 5. Forces in an Optical Trap. (Left) When light with an initial momentum (Pin) enters a bead, the refractive 
properties of the bead causes a change in momentum (ΔP). This results in an equal and opposite force to counter the 
ΔP. (Right) Due to the Hookean spring characteristics of the restoring force, this force can be calculated from the trap 
stiffness (k) and the displacement from the center of the trap (Δx).  
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Position and Force Calibration for Optical Tweezers. Position and force calibration calibrations 

for optical tweezers experiments are accomplished by treating the bead as a linear spring. Position 

is calibrated by moving the bead through a known distance while recording the position signal. 

The trapping laser is scanned faster than a bead stuck on the surface of the trapping chamber can 

respond. If an independent detection laser is used, calibration can be performed by moving the 

bead through the detection laser by scanning the trap position. Due to bead size variation it is best 

to calibrate each bead before acquiring data.56  The Brownian motions are related to the spring 

stiffness and the force can be determined from Hooke’s law (F = -ax). Due to their small size, 

these beads are subject to thermal fluctuations that impose limits on displacement, force, and time 

resolution.40 The bead is attached to a linear spring with stiffness a, which is the intrinsic stiffness 

of the bead (i.e. the optically trapped bead). Spatial resolution is determined by the thermal noise 

of the bead which is given by40:  

 !" = $%&'
(

     (1) 

where dx is the magnitude of the position noise, kB is the Boltzmann constant, T is the absolute 

temperature, and kBT is the thermal energy. From Hooke’s law (F = ax), the corresponding force 

resolution is40:  

 !) = *+,-.   (2) 

The magnitude of the noise can be reduced by filtering the position data. The effect of filtering can 

be determined by considering the power spectrum of the thermal motion, which is a Lorentzian40:  

 /(1) = %&'
345(647684)

, (3) 

where S(f) is the power per unit frequency, expressed as displacement2Hz-1, f is the frequency, b 

is the hydrodynamic drag on the bead (for a sphere of radius in a medium of viscosity, h, b = 
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6pha), and the roll-off frequency f0 = a(2pb)-1 is the characteristic roll-off frequency of the 

motion.  

A plot of the frequency (Hz) versus noise power (nm2/Hz) will give you power spectra 

[equation (3)] and show the influence of probe size, stiffness, and measurement bandwidth on 

spatial resolution. The area under the power spectrum is the position variance (dx)2, which is the 

square of the position noise amplitude. The effect of filtering the position signal can be 

approximated by calculating the area under the power spectrum over the frequency range from 0 

Hz to the filter cut-off frequency, Df. If  Df is much less than f0 of the power spectrum, the position 

noise amplitude is approximately40:  

 !" = 	$;b%&'D6
(4

 (4) 

Spatial resolution can be improved by increasing the stiffness, reducing the bandwidth (Df) or 

decreasing the drag, which is proportional to the size of the bead and viscosity of the medium. For 

a 1-µm bead with a roll off frequency of 2 kHz, a decrease in the drag coefficient (b) and increase 

in the stiffness causes a decrease in the frequency amplitude and an increase in the roll-off 

frequency. The roll-off frequency is obtained by fitting the power spectrum and the drag can be 

calculated for simple shapes.40 However, increasing the trap stiffness will have the greatest effect 

because the area under the curve (spatial resolution) is given by the square root of the area under 

the curve [equation (1)]. Although a decrease in the amplitude will be observed for a decrease in 

the drag coefficient, the extended roll-off frequency will result in an equivalent amount of noise. 

However, limiting the measurement bandwidth to 100 Hz results in large difference in noise for 

all experimental conditions.  
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Filtering the signal also improves the force resolution40: 

 !) = 	*4=,-.Δ1 (5) 

Which can be improved by decreasing the drag or the bandwidth. However, a decrease in the 

bandwidth results in a decrease in the temporal resolution of the measurement. Temporal 

resolution is inversely proportional to the bandwidth if the signal is filtered or to f0 of the 

Lorentzian if it is not.40 Temporal resolution can be improved by increasing the stiffness or 

decreasing the drag. Maximum resolution of the displacement, force, and time can be achieved by 

minimizing the hydrodynamic drag on the bead which is achieved by reducing the size of the bead 

or viscosity of the medium.  

 

Effect of Force on Reversible Unfolding Experiments. When molecules are stretched, the 

progress of the reaction can be monitored by the end-to-end distance of the molecule along the 

reaction coordinate diagram. This stretching occurs reversibly when the unfolding and refolding 

transitions overlap. The effect of an applied force can provide insight into the free energy surface 

of the reaction. From thermodynamics, the energy change of a molecule being stretched can be 

separated into components related to heat exchanged and the work done on or performed by the 

system. This energy (E) change can be reversible heat (q) and work (w) if the system remains in a 

quasi-static equilibrium57:  

 ?@ = ?ABCD + ?FBCD = (.?/) + (−H?I +	∫) ∙ ?") (6) 

where T is the temperature, S is the entropy, P is the pressure, V is the volume, F is the force, and 

x is the end-to-end change of the stretched molecule. Equation (6) can be related to the  

Gibbs free energy (G = E – TS + PV) because the temperature and pressure are usually the 

independent variables in an experiment57: 

 ?L = 	−/?. + I?H + )?" (7) 
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At constant temperature and pressure, the work required to extend the system an amount Dx is57:  

  M =	∫ )?"N87∆N
N8

 (8) 

If the extension is carried out slowly enough such that the system remains in a quasi-static 

equilibrium, then the work in equation (8) is reversible and is equal to the free energy change of 

the system, DGstretch(Dx).57 Since both F and Dx are positive, then the work done to stretch the 

molecule is positive meaning that the surroundings have done work on the system and the free 

energy of the molecule has increased.   

 For a two-state system in which the reaction coordinate shows the transition from the 

folded to the unfolded state, each state occupies a local free energy minima at position xF and xU, 

separated by a distance Dx along the reaction coordinate diagram. At zero force, the free energy 

difference between the folded and unfolded state is:  

  ∆L() = 0) = ∆LQ + ,-.RS
[UV]
[V]

 (9) 

where DG0 is the standard state free energy, and [U] and [F] represent the probabilities of 

populating each state in single molecule experiments. The application of force “tilts” the free 

energy surface along the reaction coordinate by an amount that is linearly dependent on the 

distance [equation (7)], such that57 

  ∆L()) = 	∆LQ − )("- − "X) + ,-.RS
[U]
[V]

 (10) 

At equilibrium, DG = 0 and57  

  ∆LQ − )∆" = −,-.	RS
[UV]YZ(V)
[V]YZ(V)

= −,-.	RS[C\()) (11) 

This equation shows that the equilibrium constant Keq(F) has an exponential dependence on the 

applied force. The application of an assisting force (F>0) will increase the population of the 

unfolded state or an opposing force (F<0) will decrease the population of the unfolded state. 
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Additionally, a slope of the plot of lnKeq(F) versus force can be used to determine the Dx between 

the folded and unfolded state.  

 The application of force has an effect of the position of the folded and unfolded state, xF 

and xU. In the presence of force, the equilibrium shifts toward the unfolded state and increases the 

average end-to-end distance xU of the unfolded molecule (xU(F) > xU(F=0)) to an extended 

polypeptide chain. A smaller free energy minima shift is observed for the folded protein (xF) in the 

presence of force.57  Equation (11) must be corrected to account for the small free energy change 

due to this shift of the position of xF and xU:57 

  ∆LQ − )∆" + ∆L]^BC^_`X→- ()) = −,-.	RS[C\()) (12) 

Where Dx = xU(F=0) – xF(F=0) and ∆L]^BC^_`X→- ()) is given by57  

  ∆L]^BC^_`X→- ()) = ∆L]^BC^_`,-()) − ∆L]^BC^_`,X()) 

  = ∫ )-?"-
N&(V)
N&(VbQ)

− ∫ )-?"X
Nc(V)
Nc(VbQ)

 (13) 

 The two terms in equation (13) are the free energy differences due to the shift in the 

minimum of the unfolded state (the free energy of stretching the molecule from xB(0) to xB(F)) 

and of the folded state (stretching from xA(0) to xA(F)).57 At F1/2, the equilibrium constant Keq = 1 

([PopulationFolded] = [PopuluationUnfolded]) and the molecule has an equal probability of existing in 

the folded and unfolded state spend half of its half in each state. We can use equation (12) to 

provide a measurement of the standard state free energy57:  

  )d/f ∙ 	∆" = 	∆LQ + ∆L]^BC^_`X→- ()) (14) 

This equation includes the contribution of the free energy of stretching, DGstretch. Equation (14) 

can be used to determine the entropy and enthalpy by taking the derivatives with respect to 

temperature and inverse temperature to obtain57:  

   g(Vh 4⁄ ∙∆N)
g'

= −∆/Q − ∆/]^BC^_`X→- ()) and 
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   g(Vh 4⁄ ∙∆N/')
g(d '⁄ )

= −∆jQ − ∆j]^BC^_`
X→- ()) (15) 

When the protein of interest is in-between two DNA molecules, the amount of force required to 

stretch this molecule is described by the worm-like chain model of polymer elasticity58,59.  

  

Effect of Force on Irreversible Unfolding Experiments. As discussed in the previous section, 

when mechanical unfolding occurs at equilibrium, it is possible to directly determine the free 

energy, equilibrium constant and kinetics of the reaction and their dependence on force. When the 

extension and relaxation curves do not overlap, folding/unfolding transitions do not occur 

reversibly. From the second law of thermodynamics, the average work done to mechanically 

unfold the molecule is greater than the free energy of unfolding57:  

 Wirrev > DG (16) 

Mechanical unfolding under these conditions is not 100% efficient because not all the mechanical 

work put into unfolding the molecule is converted to a change in the free energy of the molecule.57 

Hysteresis is observed between the extension and relaxation curves because the molecule is being 

extended or relaxed at a rate faster than its rate of equilibrium. Useful information can still be 

obtained from the unfolding force distributions obtained from nonequilibrium conditions. The 

observed unfolding force distribution is peaked, and the most probable unfolding force F*u 

increases with loading rate (r) which is dF/dt (pN/sec)57:  

 )k∗ =
%&'

∆Nm→n
‡ ln	(

B∆Nr→s
‡

%m→n
8 %&'

) (17) 

This maximum arises from two competing trends: the probability that a domain remains folded 

decreases with time, or the probability of unfolding increases with force60. The slope of a plot of 

FU* versus ln(r) is equal to ∆"V→U
‡  and the intercept gives the unfolding rate at zero force ,V→UQ . 

Because most pulling experiments stretch the molecule at a constant speed, the loading rate will 
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vary as the molecule is being stretched. Therefore, values of ∆"V→U
‡  and ,V→UQ  are typically 

determined by Monte Carlo simulations. Rates of unfolding obtained from single molecule 

experiments will differ from those obtained from bulk experiments because of the effect of force 

on the free energy surface. In the presence of force, the unfolding reaction may follow an entirely 

different trajectory then when it is free in solution due to the decrease in the barrier to unfolding 

in the free energy landscape61–63.  

 

Effect of Force on Kinetics. The effect of force on the kinetics of the reaction can be explained 

by Kramer’s theory64 which gives the rates of transitions between the folded and unfolded state 

as57: 

  ,V→U = tmt‡

f3u/v
w∆x8‡ %&'⁄ , ,U→V =

tnt‡

f3u/v
w∆x8‡ %&'⁄  (18) 

There is an exponential relationship between the rates and the activation free energies. The pre-

exponential factor is related to the diffusion of the molecule to the transition state from the folded 

and unfolded state. This diffusion is dependent on the characteristic frequency wF (wU) of the 

harmonic potential well of the folded or unfolded state. The rate of how the molecule “attempts” 

to overcome the barrier, w‡, is dependent on the characteristic frequency and sets the rate of 

passage over the transition state once it has been reached.57 The damping rate is the ratio of the 

friction coefficient experienced by the molecule over its mass, g/m. When an external force assists 

the forward transition from the folded to the unfolded state, then the transition state free energy of 

the folded state is lowered by an amount FDx‡FàU, where Dx‡FàU = x‡-xF.57 Conversely, the free 

energy difference between the unfolded state and the transition state is increased by FDx‡UàF = 

F(Dx‡FàU - Dx‡FàU) = F(xU-x‡).57 The forward and reverse rates are modified exponentially by the 

external force57: 
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  ,V→U())~wz(∆x
8‡zV∆N‡)/%&', ,U→V())~wz(∆x

8‡z∆x87V(∆Nz∆N‡))/%&' (19) 

 The reversible unfolding of a single molecule in real time can be followed by holding the 

molecule at a constant force at a value where you can observe the molecule “hopping” between 

the folded and unfolded states. If no intermediates are observed, the reaction can be treated as a 

cooperative, two state process in which the distribution of dwell times in the folded and unfolded 

state are related to the unfolding and refolding rate coefficients. As shown in Equation (19), the 

force dependence of the rate coefficient for unfolding gives the distance from the folded to the 

transition state Dx‡FàU along the reaction coordinate57:  

  ,V→U()) = ,V→UQ w"{ V∆Nm→n
‡

%&'
 (20) 

where ,V→UQ  is the unfolding rate constant along this pathway at zero force. The equilibrium 

constant for the folded to unfolded reaction and its force dependence can also be determined from 

the ratio of dwell times of the molecule in the unfolded and folded states at any given force57: 

 [C\()) = |U())/|V()) (21) 

  

Application of Optical Tweezers to Observe Folding Cooperativity. Optical tweezers has been 

applied to study the unfolding pathway, cooperativity, and energetics of macromolecular 

complexes. A study by Shank et al.65 showed the application of optical tweezers to selectively 

unfold a particular region of T4 lysozyme and characterize its effect on the rest of the molecule. 

The study was able to relate the effect of protein topology on the folding cooperativity and 

communication between domains. T4 lysozyme (T4L) is composed to two globular domains that 

are discontinuous in sequence: the carboxy-terminal domain (residues 60-164) also contains the 

amino-terminal helix A (residues 1-12).65 Bulk studies have shown T4L folds as a cooperative 

two-state protein66, but other spectroscopic techniques have shown some degree of structural and 
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energetic independence between these domains67–71. The unfolding of the entire protein 

(attachment point 16 and 159) showed the protein unfolded at high forces (30-50 pN) and the 

unfolding/refolding cycle was not an equilibrium process.  

 The coupling between domains was studied by unfolding the protein at position 16 and 61 

which enabled the selective denaturation of only the N-domain. Interestingly, although a smaller 

portion of the protein was unfolded, the forces were similar and sometimes even higher than those 

needed to unfold the full-length construct. The free energy required to unfold the protein domain 

can be extracted using Crooks’ fluctuation theorem (CFT)72 from the unfolding and refolding force 

probability histograms. CFT is a statistical tool that enables the extraction of the unfolding free 

energy (DG) from an ensemble of single molecule trajectories that are obtained from 

nonequilibrium conditions73,74. Application of CFT to 170 unfolding and 110 folding events for 

the 16,61 WT T4L yielded a value for DG = 12.3 + 0.6 kcal mol-1 which compares to the DG = 

14.1 + 0.8 kcal mol-1 obtained from bulk experiments.65 The similarity between the two values 

indicates that there is a high degree of coupling between both domains and that selective unfolding 

enables the extraction of coupling energetics between protein domains.  

 The authors also determined which structural element mediated this domain coupling by 

using a circular permutant, CP13 T4L. This construct takes the residues 1-12 which occurs at the 

N-terminal domain and puts it at the end of the C-terminal domain after residue 164 (N-13-164-1-

12-C). The WT T4L unfolded in a single cooperative unfolding pathway, while the CP13 T4L had 

a more complex unfolding pathway. Three classes of unfolding trajectories was observed for the 

full length construct: a single rip that corresponded to the full length of the molecule, two rips of 

unequal size that corresponded to N-domain followed by the C-domain, and a single rip that 

corresponded to only the C-domain indicating that only the C-domain had been refolded in the 

previous cycle.  
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 This result shows that the cooperativity between domains was decoupled due to the transfer 

of the A-helix to the end of the C-terminus. The re-entrant A-helix seems to be responsible for the 

high degree of cooperativity observed between domains and indicates that the topological 

organization of the polypeptide chain contributes to inter-domain coupling and the observed 

unfolding pathway. In fact, when only the N-terminal domain of the CP13 T4L construct is 

unfolded only a DG of 3.6 + 0.2 kcal mol-1 was observed providing quantitative evidence that the 

two domains are decoupled. This decrease in cooperativity that results from selective 

destabilization has been shown to increase the population of partially unfolded forms and promote 

misfolding.75,76 Interestingly, circular permutants are often tolerated for folding and function77 and 

suggest that a discontinuous topology may be used to prevent molecules from entering regions that 

may lead to kinetic trapping and frustration.65 

 The folding transitions of a single calmodulin molecule was studied with a high resolution 

optical tweezers instrument.78 Calmodulin is a calcium-sensing protein that is a key regulator in 

calcium dependent signaling cascades. In the calcium bound form, calmodulin consists of two 

globular domains (EF hands 1, 2, 3 and 4) that each bind two calcium ions and are connected by 

an a-helical linker. Although bulk kinetic studies have shown these are two isolated domains fold 

independently in a two-state process,79 a kinetic folding network connecting the domain-domain 

interactions has not been characterized in the literature. Unfolding experiments of calmodulin in 

the presence of 10 mM Ca2+ showed two major unfolding peaks at 10 to 15 pN. However, rapid 

oscillations were observed during each unfolding rip indicating that a more complex unfolding 

behavior was present.  

 Experiments where the protein was held at a constant force for up to 45 mins revealed six 

different populated states present in the unfolding pathway. Molecular deletion constructs were 

used to assign the observed unfolding intermediate states. An ensemble of unfolded states is 
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observed in which the calmodulin polypeptide chain can proceed along three different and equally 

populated pathways. One state is the F23 pathway (EF hand 2 and 3 are folded) which is a dead 

end pathway where the state must decay back to the unfolded state before productive folding can 

occur. The second and third pathways occur via the F12 and F34 state, were EF hands 1 and 2 or EF 

hands 3 and 4 are folded and EF hands 3 and 4 or EF hands 1 and 2 are unfolded. Although these 

states have similar lengths, they have different kinetics and transition towards unfolding pathways. 

The F34 state was observed 45% of the time and leads to the fully unfolding state. While the F12 

state was observed 55% of the time and had an equal probability of going to the fully unfolding 

state and an unfolding intermediate that corresponds to the unfolding of 3 EF hands (F123).  

 The presence of the F123 state suggests cooperative effects across calmodulin domains and 

contradicted the classically assumed domain boundaries between EF hands. Interestingly, the F123 

has been identified as an off-pathway state because it cannot directly fold to the native state and 

must go through the F12 state to fold back to the native state or unfold completely. Additionally, if 

folding starts from F123, refolding to the native state is slowed.78 This complex unfolding landscape 

that is observed for calmodulin is similar to the prediction of kinetic partitioning of protein folding 

among different pathways.80  

 In addition to a detailed unfolding energy landscape, the free energy data revealed a 

significant anticooperativity between the folding to two calmodulin domains.78 Folding of either 

the N-terminal (F12) or the C-terminal (F34) domain results in an energetic increase of ~20 kBT 

(19.7 + 0.8 kBT for the N-terminal domain and 21.8 + 0.6 kBT  for the C-terminal domain) followed 

by another 15 kBT to fold the second domain to go back to the native state. This results show that 

the presence of one folded domain prevents the other domain from reaching its energetically 

optimal state. This agrees with bulk experiments that show that the N-terminal domain was 

destabilized by the presence of the folded C-terminal domain.81 This observed folding 
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anticooperativity is due to the large free energy gain on calmodulin folding due to calcium binding. 

The influence of calcium on the folding free energies was tested by performing the measurements 

at a lower Ca2+ concentration (100 µM versus 10 mM) and a value of 10.5 + 0.8 kBT and 12.6 + 

0.6 kBT was obtained for the N-terminal and C-terminal domains respectively. Although there is a 

decrease in the free energies of each domain, the values are similar to one another indicating that 

the anticooperativity still exists between the two domains.   
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CHAPTER II 

METHODS 

 

 Optical tweezers sample preparation requires (1) the expression and purification of the 

proteins of interest, (2) DNA handle attachment to the protein of interest (regulatory subunit), and 

(3) confirmation that the DNA handles are not preventing the formation of the PKA complex. The 

proteins are purified via affinity resin purification in which the protein of interest is tagged with 

his tag or the resin contains the ligand of interest. For example, a resin that has been functionalized 

with cAMP is used to purify the regulatory subunit. This resin also selects for functionally active 

proteins because only the proteins that are properly folded will bind to the resin. DNA handle 

attachment is achieved via thiol chemistry in which DNA handles are covalently attached to the 

regulatory subunit by a disulfide bond.  PKA assembly is done to make sure the DNA handles are 

not preventing the formation of the PKA complex. Once these steps have been completed, the 

Figure 6. An Overview for Optical Tweezers Sample Preparation. The first step involves protein purification 
of the regulatory and catalytic subunit by affinity column purification. The second step involves the attachment 
of DNA handles to the cysteine modified regulatory subunit via thiol chemistry. The third step confirms PKA 
holoenzyme assembly with a fluorescent kinase activity assay. Once all these steps are completed, the sample is 
ready for optical tweezers experiments.  
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sample is ready for (4) optical tweezers experiments. An overview of the sample preparation 

required for optical tweezers is shown in Figure 6. 

 

Regulatory Subunit Expression Vectors 

Wild-type Regulatory Subunit DNA Sequence: 

atgagccgcgcggatagccgcgaagatgaaattagcccgccgccgccgaacccggtggtgaaaggccgtcgccgtcgcggcgccatc

agcgctgaggtctacaccgaggaggatgccgcgtcctatgttcggaaggttataccgaaagattataagacaatggctgctttagctaaagc

cattgaaaagaacgtactgttttcacatcttgatgataacgagagaagtgacatttttgacgccatgttcccggtttcctttattgctggagagact

gttattcagcagggtgacgaaggggataacttctacgtgattgaccaaggagagatggacgtctatgtcaacaatgaatgggcaaccagtgt

tggggaaggagggagcttcggggagcttgctctgatttacgggactcctcgagcggccactgtcaaggccaagacgaacgtgaaactgtg

gggcattgaccgggacagctacagaaggatcctcatgggaagcacgctgagaaagcggaagatgtatgaggagtttcttagtaaagtgtct

attttagaatctctggacaagtgggagcgtctcacggtagctgatgcattggaaccagtccagtttgaagacgggcagaagattgtggtaca

gggggagccgggtgatgagttcttcattattttagagggctcagccgcggtgctgcagcggcgctcagagaacgaagagtttgtggaagtg

ggaaggttggggccttcagactacttcggcgagatcgctctgctgatgaaccggccccgtgcagccaccgtggtgtgccgtggcccgctg

aaggccgtcaagctggaccggccgcggttcgagcgcgttctcggcccgtgctccgacatcctcaagcgcaacatccagcagtacaacag

cttcgtgagcctgtctgtc 

 

Wild-type Regulatory Subunit Protein Sequence:   

MSRADSREDEISPPPPNPVVKGRRRRGAISAEVYTEEDAASYVRKVIPKDYKTMAALAK

AIEKNVLFSHLDDNERSDIFDAMFPVSFIAGETVIQQGDEGDNFYVIDQGEMDVYVNNE

WATSVGEGGSFGELALIYGTPRAATVKAKTNVKLWGIDRDSYRRILMGSTLRKRKMYE

EFLSKVSILESLDKWERLTVADALEPVQFEDGQKIVVQGEPGDEFFIILEGSAAVLQRRSE

NEEFVEVGRLGPSDYFGEIALLMNRPRAATVVCRGPLKAVKLDRPRFERVLGPCSDILK

RNIQQYNSFVSLSV 
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 This sequence is in the Pet3a expression vector to enable high-level recombinant 

expression in E.coli competent cells. In this expression system, the Pet3a vector has the gene of 

interest (RIa regulatory subunit) cloned downstream of the T7 promotor. The expression is 

controlled by the T7 RNA polymerase and can be induced by the addition of Isopropyl a-D-1-

thiogalactopyranoside (IPTG). Recombinant protein expression has become a popular means for 

protein production because it enables the production of large quantities of protein without the use 

of animal cells.  

 In order to optimize protein expression, the DNA sequence can be optimized for expression 

in E.coli cells by mutating the amino acid codon to the most commonly used tRNA codon in E.coli 

protein expression. For example, E.coli has rare codons for arginine (R), isoleucine (I), proline (P), 

and leucine (L). Protein expression can be low when large repeats of these rare codons occur in a 

protein sequence. For example, the r-subunit has four arginine residues (R92, R93, R94, and R95) 

at the beginning of the N-terminal domain. This patch of arginine residues was mutated to more 

commonly used codons for E.coli. The original sequence “cgtcgccgtcgcggc” was mutated to 

“cggcggcgacgcggg" (optimized DNA sequence is underlined) which change the codon usage from 

less than 10% to 40%. This mutation was achieved via site directed mutagenesis.  

 

Optimized Wild-type Regulatory Subunit DNA Sequence:  

Atgagccgcgcggatagccgcgaagatgaaattagcccgccgccgccgaacccggtggtgaaaggccggcggcgacgcggggccat

cagcgctgaggtctacaccgaggaggatgccgcgtcctatgttcggaaggttataccgaaagattataagacaatggctgctttagctaaac

cattgaaaagaacgtactgttttcacatcttgatgataacgagagaagtgacatttttgacgccatgttcccggtttcctttattgctggagagac

gttattcagcagggtgacgaaggggataacttctacgtgattgaccaaggagagatggacgtctatgtcaacaatgaatgggcaaccagtgt

ggggaaggagggagcttcggggagcttgctctgatttacgggactcctcgagcggccactgtcaaggccaagacgaacgtgaaactgtg

gggcattgaccgggacagctacagaaggatcctcatgggaagcacgctgagaaagcggaagatgtatgaggagtttcttagtaaagtgtct
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attttagaatctctggacaagtgggagcgtctcacggtagctgatgcattggaaccagtccagtttgaagacgggcagaagattgtggtaca

gggggagccgggtgatgagttcttcattattttagagggctcagccgcggtgctgcagcggcgctcagagaacgaagagtttgtggaagtg

ggaaggttggggccttcagactacttcggcgagatcgctctgctgatgaaccggccccgtgcagccaccgtggtgtgccgtggcccgctg

aaggccgtcaagctggaccggccgcggttcgagcgcgttctcggcccgtgctccgacatcctcaagcgcaacatccagcagtacaacag

cttcgtgagcctgtctgtc 

 To enable DNA handle attachment to the regulatory subunit, the regulatory subunit is a 

cysteine-modified variant of the WT optimized sequence. The DNA handle positions occur at the 

S110 and S376, Y120 and S376, and D149 and S376 amino acid residues. The protein sequences 

with each DNA handle attachment sequence is shown below. The modifications are underlined.   

 

S110 and S376 Regulatory Subunit Protein Sequence: 

HMSRADSREDEISPPPPNPVVKGRRRRGAISAEVYTEEDAACVRKVIPKDYKTMAALAK

AIEKNVLFSHLDDNERSDIFDAMFPVSFIAGETVIQQGDEGDNFYVIDQGEMDVYVNNE

WATSVGEGGSFGELALIYGTPRAATVKAKTNVKLWGIDRDSYRRILMGSTLRKRKMYE

EFLSKVSILESLDKWERLTVADALEPVQFEDGQKIVVQGEPGDEFFIILEGSAAVLQRRSE

NEEFVEVGRLGPSDYFGEIALLMNRPRAATVVARGPLKAVKLDRPRFERVLGPASDILK

RNIQQYNSFVCLSVS 

 

 Y120 and S376 Regulatory Subunit Protein Sequence: 

HMSRADSREDEISPPPPNPVVKGRRRRGAISAEVYTEEDAASVRKVIPKDCKTMAALAK

AIEKNVLFSHLDDNERSDIFDAMFPVSFIAGETVIQQGDEGDNFYVIDQGEMDVYVNNE

WATSVGEGGSFGELALIYGTPRAATVKAKTNVKLWGIDRDSYRRILMGSTLRKRKMYE

EFLSKVSILESLDKWERLTVADALEPVQFEDGQKIVVQGEPGDEFFIILEGSAAVLQRRSE
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NEEFVEVGRLGPSDYFGEIALLMNRPRAATVVARGPLKAVKLDRPRFERVLGPASDILK

RNIQQYNSFVCLSVS 

 

D149 and S376 Regulatory Subunit Protein Sequence: 

HMSRADSREDEISPPPPNPVVKGRRRRGAISAEVYTEEDAASVRKVIPKDYKTMAALAK

AIEKNVLFSHLDDNERSDIFCAMFPVSFIAGETVIQQGDEGDNFYVIDQGEMDVYVNNE

WATSVGEGGSFGELALIYGTPRAATVKAKTNVKLWGIDRDSYRRILMGSTLRKRKMYE

EFLSKVSILESLDKWERLTVADALEPVQFEDGQKIVVQGEPGDEFFIILEGSAAVLQRRSE

NEEFVEVGRLGPSDYFGEIALLMNRPRAATVVARGPLKAVKLDRPRFERVLGPASDILK

RNIQQYNSFVCLSVS 

 

Site-Directed Mutagenesis  

Site-directed mutagenesis (SDM) is an in vitro procedure that uses oligonucleotide primers 

to incorporate a desired mutation into a double-stranded DNA plasmid. A substitution can be 

integrated into the plasmid by designing a primer with the new nucleotide sequence. A deletion is 

performed by designing primers that do not include the sequence of interest. Small insertions of < 

10 nucleotides can be incorporated by adding the nucleotide sequence of interest to the 5’ end of 

the forward primer. Anything greater than 10 nucleotides should have the insertion incorporated 

into the forward and reverse primer at the 5’ end. Primers that do not overlap generate blunt ends 

that need to be phosphorylated for a T4 ligation. The phosphate group can be incorporated directly 

into the primer or can be added with a protein kinase. The PCR product is digested with DpnI to 

remove the parent plasmid from the PCR reaction and the ligation is done overnight at 4°C or with 

the below ligation protocol. This ligation product is then transformed into DH5alpha cells to obtain 

the new plasmid of interest.  
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Primer Design. Primers should be a minimum of 18 to 22 base pairs (bp) in order for 

annealing to occur between the primers and template backbone. The primers should not have any 

non-specific binding to other regions of the plasmid of interest. Additionally, the primers should 

end with a G or C (or both) at the 3’ end of the primer. Ideally, the forward and reverse primers 

should have a staggered overlapping region and not be 100% complimentary in order minimize 

primer-primer dimerization. The Tm of the primers should be within + 5°C of each other and 

contain ~40 to 60% GC content. With primers longer than 22 bp, hairpin formation can occur, but 

will be minimal if their melt temp is lower than the temperature of annealing.  The below primers 

were used to mutate R93 and G96 to an optimized E.coli codon sequence (underlined in below 

sequence): 

5’-ATGGGCCGGCGCCGACGCGGCGCCATCAGC-3’ 
5’-GCTGATGGCGCCGCGTCGGCGCCGGCCCAT-3’ 

 

Protocol. Set up Site Directed Mutagenesis Reaction (add in this order): (1) PCR clean water – 

dilute to 20 µL, (2) 5X Phusion HF buffer – 1X final concentration, (3) 10 mM dNTP stock (200 

µM of each nucleotide), (4) 10 µM Forward primer stock – 0.5 µM final concentration,  (5) 10 µM 

Reverse primer stock – 0.5 µM final concentration, (6) DNA template – 10 ng/ µL – final 

concentration of 10 – 100 ng, and (7) Phusion DNA Polymerase – 0.02 U/0.2 µL. Pipet the rxn up 

and down several times after adding the enzyme to make sure the rxn mixture is well mixed before 

putting in PCR machine. The PCR Cycling protocol is as follows: (1) Initial Denaturation, 98°C, 

30s, 1 cycle, (2) [Denaturation, 98°C, 10s; Annealing, Tm + 3°C of primer; Extension, 72°C, 1:00 

min/1kbp]x25 cycles, (3) Final extension, 72°C, 5:00 minutes, 1 cycle, and (4) hold, 4°C, ∞. After 

PCR add 5 microliters of DpnI directly to the PCR rxn and incubate at 37 deg C for 90 mins. Heat 

inactivate the enzyme for 20 mins @ ~75 deg C. Transform 5 μL of the rxn into 90 μL of DH5α 

competent cells (use 10 μLs for the negative control).  
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Transformation Protocol for DH5α. Add 5 μLs of rxn into 90 μL of DH5α competent cells. Flick 

the tube ~3 times and incubate on ice for 30 mins. Heat shock the cells for 30 seconds at 42°C. Put 

the cells on ice for 5 mins. Add 900 μLs of LB media (with no ampicillin) to the cells. Incubate 

the cells + LB media at 37°C for at least 1 hour – During this incubation warm up ampicillin plates 

in the incubator at 37°C.  Spin down the cells at 11,000 rpm for 1 min and remove 800 μLs of 

supernatant. Use the remaining 200 μLs to resuspended the cell pellet and plate onto the agar plates 

using ~5 to 10 plating beads. Put the plates in the incubator at 37°C overnight lids down. The 

following morning pick 3 to 6 colonies into 5 mLs of LB media + ampilicin (1:100 dilution) and 

grown overnight at 37°C at 185 rpm. The following morning take cells out of incubator and do a 

mini-prep.  

 A double digestion can be done to confirm that the purified DNA has the insert of interest. 

Each insert should have restriction enzymes that can digest the plasmid at the beginning and end 

of the insert. For example, the regulatory subunit has a NdeI cutting site at the beginning of the 

sequence and a BamHI cutting site at the end of the sequence. Restriction enzymes recognize a 

sequence of DNA. NdeI recognizes the 5’…CA/TATG…3’ and 3’…GTAT/AC…5’ DNA 

sequence and cuts in between the A/T and T/A to produce a sticky overhang. BamHI recognizes 

the 5’…G/GATCC…3’ and 3’…CCTAG/G…5’ and cuts between the G/G to produce a sticky 

overhang. When the plasmid is digested with both of these enzymes, it will cut the insert and 

linearize the plasmid (vector). The expected molecular weight of the insert is ~1000 base pairs and 

the vector is ~4000 bp. These bands can be visualized on an agarose gel and can be used to confirm 

that the purified plasmid contains the protein insert.  

 

 



 41 

Expression and Purification of the Regulatory Subunit 

The regulatory subunit is expressed in BL21(DE3) pLysS competent cells overnight with 

1 mM IPTG at 18°C for 16-18 hours. Expression of the protein is difficult to observe on the protein 

gel, but a slightly thicker upper band at ~37 kDa is observed in the induced sample. The cells are 

harvested at 5000 rpm for 20 mins at 4°C and stored at -80°C. The cell pellet (1g per 10 mls of 

lysis buffer) is homogenized in regulatory subunit lysis buffer (20 mM MES, 100 mM NaCl, 2 

mM EDTA, 2 mM EGTA, and 5 mM DTT pH 6.5 + Protease Inhibitors) and lysed with a 

microfluidizer (10,000 psi) (Figure 7). The protease inhibitor cocktail is as follows: 10 mM 

Benzamidine, 0.4 mM 4-(2-Aminoethyl)benzenesulfonyl fluoride (AEBSF), 1 µM Pepstatin, 1 

µM Leupeptin, 28 µM Tosyl phenylalanyl chloromethyl ketone (TPCK), 28 µM Tosyl-L-lysyl-

chloromethane ketone (TLCK) and 10 µM 3-isobutyl-1-methylxanthine (IBMX).  

The lysed cells are centrifuged for 1 hour at 15,000 rpm at 4°C. The spun supernatant (SS) 

is precipitated with 45% ammonium sulfate for 1 hour and the ammonium sulfate pellet (ASP) is 

collected at 10,000 rpm for 10 mins at 4°C. The ASP is resuspended in lysis buffer and batch 

bound to a homemade cAMP resin overnight at 4°C. The following morning, the cAMP resin is 

transferred to a column and washed with lysis buffer (Wash 1, Wash 2 (lysis buffer + 900 mM 

NaCl), and Wash 3). The protein is eluted with 18 mM cGMP solution (75 mg of cGMP into 12 

mLs of lysis buffer). For elution 1 and 2, 6 mLs of cGMP elution buffer is combined with 5 mLs 

of resin and incubated for 30 mins (stirring every 10 mins). For elution 3, 6 mLs of lysis buffer is 

used to push any remaining eluted protein out of the cAMP resin. All three elutions are combined 

and concentrated to load onto a size exclusion column (SEC). The fractions from the SEC are 

collected and stored with 30% glycerol at -80°C. The stored protein is stable for ~one year.  
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Figure 7. Overview of Regulatory Subunit Purification. A diagram illustrating the cell lysis and ammonium 
sulfate precipitation to batch bind onto a cAMP affinity resin. In step 1-2, the cells are lysed by homogenizing the 
cells and breaking the cells with a microfluidizer. The cell lysate is centrifuged at 15krpm for 1 hour (3) to separate 
the spun pellet and spun supernatant. The spun supernatant is precipitated with ammonium sulfate (5) for 1 hour. 
The ammonium sulfate pellet is collected via centrifugation and resuspended in lysis buffer (6 – 9). The 
resuspended pellet is batch bound overnight with cAMP resin (10). The cAMP resin is washed and the protein of 
interest is eluted from the resin with cGMP and loaded onto a size exclusion column to separate protein aggregates 
from the protein of interest.  
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DNA Handle Attachment to the Regulatory Subunit 

 The DNA handle attachment methodology for the covalent attachment of double stranded 

(dsDNA) handles to a protein via disulfide bonds has been published in the literature and was 

established by Hao et al.82 A detailed method on how this was applied to the regulatory subunit 

will be outlined below.  

 

Preparation of 30-bp Thiol-modified Double Stranded Oligo (dsOligo). Modified dsOligos 

with a thiol group at the 5’ end of the forward sequence (5′-Thiol-

GTTACGCCTATTCCTATCATATGAAGACA) and two reverse complementary sequences (5′-

Phosphate- CGGAGTGTCTTCATATGATAGGAATAGGCGTAAC and 5′-Phosphate-

CGACGTGTCTTCATATGATAGGAATAGGCGTAAC) with a phosphate at the 5’ end were 

synthesized by IDT, inc. Non-palindromic 5’ overhangs are underlined and the two reverse primers 

are titled RS1 and RS2 respectively. The thiol- and phosphate-modified oligos were annealed in a 

Mastercycler Nexus GX2 and purified with an Amersham PD-10 column and ethanol precipitation.  

 

DNA Handle Attachment Protocol. The purified protein was concentrated to an OD (at 280 nm) 

of 4-5 mg/mL prior to running through 3 Micro Bio-Spin Columns (Bio-Gel P6, Biorad) to remove 

DTT. The 3 Micro Bio-Spin columns were all equilibrated with cross-linking buffer (50 mM Tris, 

100 mM NaCl, pH 7.6). After the third column, the protein is modified with 10 mM 2,2’-

dithiodipyriine (DTDP, Sigma Aldrich) at room temperature for 2 hours to activate the Y120C and 

S376C handle attachment positions (Figure 8). After the incubation, the DTDP activated protein 

was run through 3 additional Micro Bio-Spin Columns to remove the unreacted DTDP. The DTDP 

activated protein and the  previously prepared 30-bp 5’-thiol-modified DNA oligo are combined 

in a one to one molar ratio and incubated overnight at 4°C. An additional purification step with a 
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homemade cAMP-coupled resin was performed to separate the DNA-protein chimera from the 

unreacted 5’-thiol-modified DNA oligo. This DNA-protein chimera was stored at -80°C prior to 

ligation with 350-bp DNA handles with digoxigenin and biotin modification in their 5’ end. The 

stored DNA-protein chimera is ligated with 350 bp DNA handles that are modified with 

digoxigenin (dig) and biotin prior single molecule optical tweezers unfolding experiments. The 

protocol is as follows: combine 10 microliters of stored DNA-protein chimera with 10x ligase 

buffer (no ATP), 1 microliter of ligase, 150 ng of each DNA handle (Biotin and Dig). The sample 

is ligated overnight using a thermocycler.  

 

 

 

 

 

 

Figure 8. DNA Handle Attachment Scheme. The thiol groups on the cysteine modified regulatory subunit is 
activated with DTDP prior to attachment with 30 bp SH oligos. This DNA-protein chimera is ligated with 350 
bp dig and biotin modified dna handles prior to optical tweezers experiments.  
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Kinase Activity Assay 

The DNA-protein chimera was incubated with catalytic subunit (1.1 to 1 molar ratio) in 

PKA Buffer (10 mM MOPS, 50 m NaCl, 10 mM MgCl2, 1 mM ATP, pH 7.0) for 5 minutes on ice 

to form the PKA holoenzyme complex. This can also be done overnight with dialysis into PKA 

buffer. Kinase inhibition or activity was tested using the PepTag Non-Radioactive Protein Kinase 

Assay Kit (Promega). The peptag assay uses a brightly colored, fluorescent kemptide substrate 

that can be visualized on an agarose gel. Phosphorylation by the catalytic subunit alters the 

peptide’s net charge from +1 to -1. This change in the overall charge of the substrate allows you 

to separate phosphorylated versus unphosphorylated substrates by gel electrophoresis. The 

phosphorylated species will migrate towards the positive electrode, while the nonphosphorylated 

substrate will migrate towards the negative electrode (Figure 9).  The amino acid sequence of the 

kemptide substrate is L-R-R-A-S-L-G. This assay requires less then 10 ng of kinase and kinase 

activity can be detected in under 2 hours.  

For the assay, combine the following in a 1.5 mL centrifuge tube: (1) 5 µL of PepTag PKC 

Reaction 5X buffer, 5 µL of Kemptide substrate, 5 µL of PKC Activator buffer, 1 µL of Peptide 

protector solution, 1-10 microliters of the sample, and dilute with water to a final volume of 25 

µL. DNA-protein chimera or unmodified protein and catalytic subunit were incubated with the 

fluorescent Kemptide substrate in the absence and presence of cAMP for 30 minutes at 30°C. Stop 

the reaction by placing the tubes into a 95°C heating block for 10 minutes. Add 2 µL of 80% 

glycerol to each sample and load the entire sample onto a 0.8% agarose gel. (Figure 9). The kinase 

activity assay results are shown for the Y120/S376 modified with DNA handles (Figure 9a), 

Y120/S376 unmodified (Figure 9b), and D149/S376 unmodified constructs.  
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Figure 9. Kinase Activity Assay with the Y120/S376 DNA-Protein Chimera and Unmodified Y120/S376 
and D149/S376 Regulatory Subunit. (a) The ability of the regulatory subunit cross-linked with DNA handles 
to inhibit the catalytic subunit was confirmed by a PepTag Non-Radioactive Protein Kinase Assay. The DNA-
protein chimera was incubated with catalytic subunit with 0, 5, 50, and 500 μM cAMP. At 0 and 5 μM cAMP, 
the catalytic subunit is inactive and the peptide substrate has an overall +1 net charge, migrating towards the 
anode. In the presence of 50 and 500 μM cAMP, the catalytic subunit is active and the phosphorylated peptide 
substrate will have an overall -1 net charge and migrate towards the cathode. Similar results are observed for 
the Kinase Activity Assay control experiments for the (b) unmodified Y120/S376 Regulatory Subunit with no 
DNA handles and (c) unmodified D149/S376 Regulatory Subunit with no DNA handles. 
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Optical Tweezers Assay 

The optical tweezers consists of a microfluidic chamber that is held in-between two 

objective lenses (Figure 10). The microfluidic chamber is a microscopic slide that consists of 3 

channels. The center channel is connected by two tubes to the top and bottom channel. A fixed 

micropipette exists in the center channel where all pulling experiments are performed. The center 

channel is equilibrated with varying concentrations (5-200 nM) of catalytic subunit in PKA buffer. 

For pulling experiments in the absence of catalytic subunit the main channel is equilibrated with 

PKA buffer only. In all experiments, the catalytic subunit concentration remains constant. 

Furthermore, to prevent changes in catalytic subunit concentration due to potential aggregation, 

the microfluidic chamber was flushed with PKA buffer and fresh protein solution every 2 hours.  

The regulatory subunit with DNA handles was incubated with catalytic subunit for 5 

minutes prior to incubation with 3.1 µm anti-Dig coated beads (prepared in house) for 30 minutes 

at room temperature. In the final solution, the protein-DNA bead mixture is diluted to 1 mL with 

PKA buffer with 100 nM of freshly filtered catalytic subunit prior to injecting into the microfluidic 

chamber. The DNA-protein chimera that has been incubated with the AD bead is injected in the  

top channel of the microfluidic chamber which is connected to the middle channel by a dispenser 

tube. The bottom channel is used to flow the streptavidin bead.  

A streptavidin-coated bead is trapped on the micropipette and the anti-Dig coated bead 

conjugated with the protein-DNA chimera is trapped in the optical trap (Figure 10, dashed box). 

The two beads are placed in close proximity to form a tether. A single tether is confirmed by 

observing overstretching of the DNA handles at ~ 62 pN. The regulatory subunit is unfolded with 

a constant pulling velocity of 75 nm/s at 200 Hz with 10 second refolding time. The main channel 
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is equilibrated with catalytic subunit which enables the formation of the PKA complex in the 

tweezers.  In the absence of catalytic subunit, the main channel is equilibrated with PKA buffer.  

 

 

 

 

 

 

 

 

 

Figure 10. Optical Tweezers Experimental Assay. The microfluidic chamber is held in-between two objective 
lenses and consists of three channels. The middle channel contains the fixed micropipette which is used to trap 
the SA bead (right panel). The AD bead is trapped in the optical trap and the two beads are bumped together to 
form a tether in between the two beads. The main channel is equilibrated with catalytic subunit and enables the 
formation of the PKA complex in the tweezers during unfolding experiments.  
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Mini Tweezers Instrument Alignment and Calibration 

Optical Tweezers Alignment. The following should be checked prior to beginning alignment of 

the tweezers: (1) check that the chamber is properly placed in-between two objective lenses 

(Figure 11), (2) check for leaks at the connectors or trapped bubbles by running buffer through 

the chamber, (3) apply water to both sides of the chamber so that a water immersion bubble occurs 

between the lens and the chamber, and (4) find the pipet tip and two bead dispensor tubes and set 

their positions in the software. Turn the lasers on by flipping the toggle switch up on the right side 

of the laser box. Make sure both laser current knobs are at “0” before enabling the laser. Press the 

red “enable” buttons and turn the knobs to bring the power to half of the typically running values 

written in the log book. Pull the filter slide knob to visualize the lasers on the TV monior. There 

should be two patterns – one in the shape of a flower and the other in a diffraction pattern. Align 

the two lasers so they are at the indicated position on the TV monitor and are overlapping one 

another by moving the green and yellow rods at the top of the instrument. Bring both lasers to full 

power. Relax the piezos by selecting “center trap” and re-adjust the lasers back to the indicated 

position on the TV monitor if necessary. Push the “reset switch” on the main board to remove any 

PSD offset. The PSD sums (X and Y) should be less then 10% of the PSD sum. Zero the PSD and 

select “Autoalign” to minimize the X and Y values closer to zero. Align the light levers with a 

5/64” hex wrench through the holes in the side panels of the instrument. The X and Y values should 

be no greater then 10% of the total strength hitting the detectors.  

 

Optical Tweezers Force Calibration with Stokes Test. Trap a streptavidin bead in the optical 

trap. Note the iris/sum values before and after trapping a bead. These value should not change 

more than 0.015 before and after trapping a bead. If they have changed more than 0.015, then 

adjust the values with a bead in the trap and “autoalign” on using the “z-axis trap focus”. Once the 
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iris/sum values are calibrated, turn “autoalign” off and push “zero force” to zero the force. Select 

the “move motors XYZ” icon and more the trapped bead in the X and Y direction by moving the 

mouse up and down and left and right. Move the mouse in the Z direction by scrolling the wheel 

on the mouse. Be careful not the hit the bead against the pipette or the chamber walls. Free the 

stokes test by freezing the “F” key and rotate the X and Y patterns to the horizontal with the “Q” 

and “E” kyes. Repeat for several beads and make sure the average bead diameter is ~2.1 µM. 

 

 

 

 

Figure 11. Mini Tweezers Instrument. (A) Photo of the mini tweezers. (B) Zoomed in view of the 
objective lenses and microfluidic chamber. The tubing to enter the three channels in the chamber is shown 
as well as the screw driver used to adjust the “z” axis (yellow tipped screw driver). (C) Photo of the optical 
tweezers GUI.  
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Processing and Analysis of Single Molecule Data 

Data Processing with MabLab Software. From the mini tweezers, the data is saved as .txt files 

that records the time, y-force, and distance during the unfolding experiment. This file can be 

uploaded into Matlab for further data processing (Figure 12, step 1). Once the data is uploaded 

into matlab, a tweezers analysis processing tool is used to analyze each unfolding trajectory 

(Figure 12, step 2). The data processing software allows you to look at a series of unfolding 

trajectories as a function of time (Figure 12, step 2, top right panel) and overlap these trajectories 

to look at the distribution of rips (Figure 12, step 2, bottom left panel). A single unfolding 

trajectory can be selected (Figure 21, step 2, enlarged view) and the force, change in extension, 

and loading rate can be collected into a matrix (Figure 12, step 3). This matrix can be used to plot 

the worm like chain (WLC) model83 that is used to correlate the number of amino acid residues 

present during the unfolding event.  The worm like chain model is used to describe the behavior 

the force dependence on the molecular extension of a flexible polymer.84 
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where p is the persistence length of the chain, x is the end-to-end extension of the folded 

polypeptide, and Lc is the contour length. In our optical tweezers experiments, the DNA handles 

and unfolded polypeptide chain act as a semi-flexible polymer chain. The contour length, 

persistence length, and folded distance are all inputs used to plot the WLC model in our data 

processing software (Figure 12, step 4). For proteins, the persistence length is 0.65 nm.65 The 

predicted Lc can be calculated by multiplying the number of amino acids (aa) by 0.36 nm/aa. For 

example, for the Y120 to S376 construct a total of 256 aa residues are unfolded. The predicted Lc 

is 256 x 0.365 = 93.44 nm. The end-to-end distance between attachment points in the folded protein 
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can be obtained from the high-resolution crystal structure and must be subtracted from the 

unfolded contour length (DLc = Lc – x).  

 

 

 

 

 

Figure 12. Mini Tweezers Data Processing Flow Chart. After obtaining data from the mini tweezers, the data 
is processed in MatLab using a data analysis processing tool (step 1). This tool allows you to take the time, force, 
and position obtained from the mini tweezers software and obtain a force-extension curve which monitors force 
as a function of trap position (step 2, bottom left panel). The unfolding trajectories of a single molecule can be 
monitored as a function of time (step 2, upper right panel), to show how the protein is unfolding from one 
unfolding/refolding cycle to another. The force of each unfolding rip can be analyzed (step 2 enlarged view) to 
obtain the force, change in extension, and loading rate for each unfolding rip (step 3). This matrix can be used to 
plot the observed changes in extension for each rip on the WLC model. This WLC model allows you to correlate 
the total number of amino acids that were unfolded during the observed unfolding rip. 
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Quantitative Analysis of Unfolding and Refolding Force Distributions. The force dependent 

lifetimes were extracted from the unfolding and refolding force probability histograms using the 

method from Dudko et al.85,86 Equation (23) is applied considering rupture-force histogram 

containing N bins of the width DF that starts at Fo and ends at FN = F0 + NDF. Let the number of 

counts in the ith bin be Ci, resulting in a height hi = Ci/(NtotDF) with Ntot equal to the total number 

of counts and where k = 1, 2,…   

 |()Q + (, − 1 2⁄ )Δ)) = 	 (`á f⁄ 7∑ `â
ä
âãáåh )çé

`áV̇7(V8_(%zd f⁄ )çV
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where )̇ is the force loading rate and τ is the force dependent lifetimes. In order to extract the force 

dependent lifetimes from the folding force histograms, we modified equation (23) for folding. 

Lifetimes were calculated by changing the limits for integration and imposing a negative pulling 

velocity to account for the relaxation of the polypeptide form longer to shorter extensions.   

The force dependent lifetimes were fit to the below equation: 
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where Δx‡ is the distance to the transition state. In the main text, we use Δx‡
UàF for reactions 

starting from the unfolded to the folded state, whereas Δx‡
FàU refers to reactions starting from the 

folded to unfolded state. τ0 corresponds to the folded state lifetime (τ0,F) or the unfolded state 

lifetime (τ0,U) at zero force. ΔG‡ is the free-energy of activation in the absence of external force; 

and ν is the scaling factor that specifies the nature of the underlying free-energy profile.87 ΔG‡ was 

possible to extract for unfolding force distributions because the force-dependent lifetimes showed 

a non-linear behavior. Similar parameters were obtained when fitting the unfolding force lifetimes 

and probability distributions using ν is equal to 1/2 and 2/3. This was also observed by Greenleaf 

et al.88  Refolding lifetimes showed only a linear behavior where ν = 1 and equation 1 reduces the 
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Bell’s model. To improve the precision of the fitted parameters obtained from equation (21), we 

also fitted the same parameters (Δx‡, τ0, and ΔG‡) to the unfolding force probability distributions 

using the following equations85,87: 

  {()) = ([I)zd,())w%8 çN‡îï⁄ × wz[%(V) çN‡îï][dz(DVçN‡ ∆x‡)]ó⁄ hòh ì⁄
   (25) 

where KV is the force loading rate, k0 is the rate of unfolding (inverse of the folded state lifetime) 

at zero force, and k(F) is equal to:  
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Bootstrap Analysis for 71 to 376 Y120/S376 Rip 1 Bound to the Catalytic Subunit. A bootstrap 

analysis was done for rip 1 unfolding forces for the Y120/S376 regulatory subunit in the presence 

of catalytic subunit. Several sample populations of N = 300 were randomly drawn from the pool 

of experimentally determined forces (Nexp = 1041). In this sampling process, each force that is 

drawn is subsequently replaced in the pool of forces, so it is possible to sample each point more 

than once (sampling with replacement). The force dependent lifetimes were then extracted from 

each of the ten samples and the process described in Chapter II Methods, pg 51 was used to 

determine the t0, DG, and Dx for each sample population. The average value of each parameter 

was then used to calculate the error of the fitting.  
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Implementation of Monte-carlo Method 

The dynamic trajectory of a single A-B tether was carried out by stochastic Monte-carlo.89 

Briefly, simulations were performed by discretization of simulation time into small units ∆t, such 

that transition probabilities within a given time step were < 0.05. For our simulations, ∆t was 

chosen to be 5 milliseconds, therefore our simulation was sampled at 200 Hz. Within each time 

step, iteration of the following processes permitted physical simulation of polymer unfolding: 

i) Calculation of force-extension for Worm-like chains in series: For each polymer unit in the 

tension chain (i.e. DNA and protein), a force-extension curve is calculated to relate the 

polymer unit’s fractional extension to applied forces between 0 and 20 pN. At each force, 

the total extension of the tension chain is the sum of the products of fractional extension 

and contour length for each polymer unit within the tension chain. Parameters for Worm-

like chain calculations are provided in a separate paragraph below. 

ii) Stretching of Worm-like chains in series: At each time step, the tension force exerted by 

the polymer chain is balanced by the pulling force exerted by the optical trap plus a random 

fluctuating force: )⃗†°¢£§(•) + )⃗¶ß¢®(•) + ©⃗(•) = 0, where ∆t is a random number chosen 

from a zero-mean normal distribution with standard deviation ™ = *2	,´.	¨Q/∆•. The 

Stokes’ drag coefficient (¨Q = 6ÆØ∞) was calculated as a spherical 2.1–µm diameter bead 

with radius (Ø = 1.05 µm) in a medium with dynamic viscosity (∞ = 1 cP). The solution 

to the above force equation was solved numerically at each time step, which also by 

extension directly calculated the total extension of tension chain and position of the bead 

in the trap. 

iii) Protein unfolding transition probabilities: If protein unit A in the tension chain is folded, 

it is converted to an unfolded state with probability 
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Similarly, if protein unit B in the tension chain is folded, it is converted to an unfolded state 

with probability 
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iv) Movement of the trapped bead: The trapped bead is held in an optical trap with Hookean 

spring constant æ = 0.075 pN/nm. Throughout the simulation, the trap position is moved 

at a rate of ¿ = 75 nm/s, therefore at each time step, the trap position is incremented by 

"(•) = "(• − 1) + ¿∆•. 

v) Time evolution: Simulation time t was incremented by Δ•. 

Discrete time Monte-carlo simulations were repeated for 2,000 replicates in MATLAB 

(MathWorks, Natick, Massachusetts), and the features from the resulting stochastic trajectories 

were plotted directly. The parameters for CNB-A and CNB-B apo data from Table 1 were used 

for the Monte-carlo simulations.  

 

Worm-like Chain and Other Parameters Used in Simulations. In the above simulations, 700 

bp of DNA was simulated with Worm-like chain persistence length of PDNA = 50 nm, unfolded 

protein (with contour length L(A) = 46 nm, and L(B) = 52 nm) had Worm-like chain persistence 

length of Punf = 0.65 nm. The zero-force protein stability lifetime for 6 × 10¡ seconds for the CNB-

A domain, and 1 × 10; seconds for the CNB-B domain, leading to zero-force unfolding rates of 

,X = 1.67 × 10z¬ s-1, and ,- = 1 × 10z; s-1. The distances to the unfolding transition states used 

were Δ"X
‡ = 6.4 nm, and Δ"-

‡ = 6.0 nm. The energy barriers were ΔG‡
FàU

 (kBT) = 36.6 and 20.9 
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for the CNB-A and CNB-B domains, respectively, and the value of n was 1/2. Using n = 2/3 gave 

similar results. See Table 1 (Appendix pg 133) for details.  

 

Urea Denaturation of the Regulatory Subunit and Truncated CNB Domains  

Circular Dichroism (CD) and Tryptophan Fluorescence. In these experiments, the CD signal 

was used to monitor the stability of the protein based on the overall secondary structure of the 

proteins. The fluorescence signal was used to monitor the stability of the protein based on the local 

tertiary structures surrounding the tryptophan residues. Both set of experiments provide 

complementary insight into the stability of the regulatory subunit or CNB domains. Proteins (25 

μM) were denatured with 1 to 7 M of urea in 5 mM MOPS, 0.5 mM EDTA, 25 mM KCl (pH 7.0) 

for 1 hour at room temperature willing mixing.  

CD measurements were performed on a JASCO, J-715 CD spectropolarimeter using a 0.1 

cm path length microcuvette (150 μL capacity). CD spectra were scanned at 25°C from 270 to 200 

nm, at a 0.5 nm resolution and with an integration time of 1 second. Each urea titration point was 

collected at 222 nm (25°C) for 80 seconds. Each measurement was repeated six times.  

Fluorescence measurements were carried out in a 3.0 mm quartz cuvette at 25°C using a 

Horiba Scientific fluorometer. Samples were excited at 295 nm, and changes in tryptophan 

emission were monitored at 337 nm.  
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Analysis of CD and Fluorescence Denaturation Curves. The CD and fluorescence data for the 

truncated CNB-A and CNB-B domains were fit to a 2-state unfolding model shown below:  

Ω√ƒw) = √) +≈) ∙ "  (29) 

Ω√ƒw∆ = √∆ +≈∆ ∙ "            (30) 

«L = 	«L»4…
 + ≈ ∙ "   (31) 

MwÀÃℎ• = 	 w(zöx Œ'⁄ )      (32) 

/ = (Ω√ƒw) + (Ω√ƒw∆ ∙ MwÀÃℎ•)	 (1 +MwÀÃℎ•)⁄    (33) 

where BaseF is the signal observed for the native folded state, mF is the slope and aF is the 

intercept at zero urea concentration ([urea] = x). BaseU is the signal observed for the unfolded 

state, mU is the slope and aU the intercept at zero urea concentration. S is the signal (either CD or 

tryptophan emission), and m is the slope of the linear dependence of ΔG on [Urea] as described by 

the linear extrapolation method.90 ΔGo
H2O is the free energy change in the absence of urea.  

Unfolding of the regulatory subunit (Y120/S376C construct) revealed two transitions, and 

therefore was fitted to a 3-state unfolding model:  

Ω√ƒw) = √) +≈) ∙ "  (34) 

Ω√ƒwœ = √œ + ≈œ ∙ "      (35) 

Ω√ƒw∆ = √∆ +≈∆ ∙ "      (36) 

«Lœ = 	«Lœ»4…
 + ≈¿√R–wœ ∙ "      (37) 

«L∆ = 	«L∆»4…
 + ≈¿√R–w∆ ∙ "      (38) 

MwÀÃℎ•œ = 	 w(zöx— Œ'⁄ )  (37) 
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MwÀÃℎ•∆ = 	w(zöxU Œ'⁄ )  (38) 

“ = 	1 +MwÀÃℎ•œ +MwÀÃℎ•œ ∙ MwÀÃℎ•∆  (39) 

/ = (Ω√ƒw) + Ω√ƒwœ ∙ MwÀÃℎ•œ + Ω√ƒw∆ ∙ MwÀÃℎ•œ	 ∙ MwÀÃℎ•	∆)	 “⁄   (40) 

where BaseI is the baseline signal observed for the intermediate state with a slope mI and intercept 

aI. Q is the partition function. The rest of the parameters are defined as in the 2-state unfolding 

model. The data corresponding to the Y120C/S376C construct harboring the R333K mutation was 

fitted to a 2-state model because it only showed one transition.  

 

Expression and Purification of the Catalytic Subunit 

 The catalytic subunit can be purified with no affinity tag or with a his tag. The resin to 

purify the protein with no affinity tag is a P11 cellulose phosphate resin (Sigma Aldrich, Cat 

#C2258-100G). The cellulose phosphate resin is negatively charged and they exchange with the 

overall positive charge of the catalytic subunit. The sequence of the catalytic subunit with no 

affinity tag is the mus musculus species:  

MGNAAAAKKGSEQESVKEFLAKAKEDFLKKWETPSQNTAQLDQFDRIKTLGTGSFGRV

MLVKHKESGNHYAMKILDKQKVVKLKQIEHTLNEKRILQAVNFPFLVKLEFSFKDNSNL

YMVMEYVAGGEMFSHLRRIGRFSEPHARFYAAQIVLTFEYLHSLDLIYRDLKPENLLIDQ

QGYIQVTDFGFAKRVKGRTWTLCGTPEYLAPEIILSKGYNKAVDWWALGVLIYEMAAG

YPPFFADQPIQIYEKIVSGKVRFPSHFSSDLKDLLRNLLQVDLTKRFGNLKNGVNDIKNH

KWFATTDWIAIYQRKVEAPFIPKFKGPGDTSNFDDYEEEEIRVSINEKCGKEFTEF 
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Purification of Catalytic subunit with Cation Exchange Resin. The catalytic subunit is 

expressed in BL21(DE3) pLysS competent cells in 3-1.8 L flasks of LB Media. The protein was 

induced at ~0.7 OD with 0.5 mM IPTG for 5 hours at 25 deg C. The cell pellet was collected by 

centrifugation at 5,000 rpm for 20 mins @ 4 deg C. A total of ~20 grams of pellet was collected 

and stored at -80 deg C. The pellet is resuspended in 10 mLs of lysis (30 mM MES, 50 mM KCl, 

1mM EDTA, and 5 mM DTT, pH 6.5) buffer per gram of pellet. The resuspended pellet is lysed 

with a microfluidizer at 10,000 psi. The total cell lysate is centrifuged at 15,000 rpm at 4°C for 40 

minutes.  

The P11 resin is prepared while the cell lysate is centrifuged. Weigh out 1 gram of resin 

per liter of cultre into a 1 liter beaker. Fill the beaker with water, mix, and let settle for 10 minutes. 

Do this twice. Stir the resin with 250 mLs of 500 mM NaOH for 5 minutes. Pour the resin into a 

vacuum filter and add 2 liters of water to the resin or until the pH of the resin is below 11. Stir 

resin with 250 mL of 500 mM HCl for 5 mins. Pour the resin into a vacuum filter and add 2 liters 

of  water or until the pH of the resin is above 3. Add 250 mL of 10x P11 running buffer (30 mM 

MES, 1 mM EDTA, pH 6.5) to the resin, adjust the pH to 6.5 and vacuum filter. Repeat this twice 

and store the equilibrated resin at 4°C.  

Separate the spun supernatant and spun pellet and dilute the supernatant to 1/3 by adding 

2 volumes of cold 18 omega water. Add the diluted supernatant to the resin and batch bind 

overnight while stirring slowly at 4°C. Do not stir quickly to avoid generating fine particles. The 

following morning, vacuum filter the batch bound resin. Do not let the resin run dry. Stir the resin 

with 200 mL of C-prep wash buffer 1 (30 mM MES, 1 mM EDTA, and 1 mM DTT pH 6.5) for 

10 minutes at 4°C. Vacuum filter the resin. Stir the resin with 200 mL of C-prep wash buffer 2 (30 

mM MES, 1 mM EDTA, 50 mM KPO4, and 1 mM DTT pH 6.5) for 20 minutes at 4°C. Vacuum 

filter the resin. Stir the resin with 200 mL of C-prep wash buffer 3 (30 mM MES, 1 mM EDTA, 
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90 mM KPO4, and 1 mM DTT pH 6.5) for 20 minutes at 4°C. Vacuum filter off about 100 mL of 

wash buffer from the resin. Load the resin and the remaining wash buffer into an empty column 

and let the resin settle. Do not let the resin run dry. Attach the column to the BioRad NGC 

Chromatography Instrument. Filter and degas the following buffers: (1) 25 mL 10x P11 running 

buffer, 22.5 mL of 1 M KPO4 pH 6.5 stock, 1.25 mL DTT, up to 250 mL cold water. (2) 25 mL 

10x P11 running buffer, 125 mL 1M KPO4 pH 6.5 stock, 1.25 mL DTT, up to 250 mL cold water. 

Attach the buffers to the NGC and set the program to a gradient mixture mode. Fill the column 

with buffer and open the valve at the bottom of the column. Once the column has finished running, 

run a gel to determine which fractions contain the protein. Pool these fractions and dialyze with 4 

L of Mono S Buffer A (20 mM KPO4, 5 mM DTT pH 6.5) overnight.  

 

Protein Sequence of the His Tag Catalytic Subunit. The mus musculus and human catalytic 

subunit both contain a his tag and can be purified with a nickel resin. The sequence of the wild 

type human catalytic subunit (PKC) is:  

HHHHHHHHHHENLYFQGNAAAAKKGSEQESVKEFLAKAKEDFLKKWESPAQNTAHLD

QFERIKTLGTGSFGRVMLVKHKETGNHYAMKILDKQKVVKLKQIEHTLNEKRILQAVNF

PFLVKLEFSFKDNSNLYMVMEYVPGGEMFSHLRRIGRFSEPHARFYAAQIVLTFEYLHSL

DLIYRDLKPENLLIDQQGYIQVTDFGFAKRVKGRTWTLCGTPEYLAPEIILSKGYNKAVD

WWALGVLIYEMAAGYPPFFADQPIQIYEKIVSGKVRFPSHFSSDLKDLLRNLLQVDLTK

RFGNLKNGVNDIKNHKWFATTDWIAIYQRKVEAPFIPKFKGPGDTSNFDDYEEEEIRVSI

NEKCGKEFSEF 

 

Expression and Purification of Human Catalytic Subunit. The protein was expressed in Rosetta 

(DE3) Competent Cells (EMD Millipore cat #70954) in a 100 mL scale with 0.5 mM IPTG 
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overnight at 18°C. Ten colonies and expressed in 100 mLs of LB media to obtain a total of 1 liter. 

This is repeated 3 times to obtain a total of 3 liters of expressed cells. A large scale expression 

using greater than 1 liter flasks can also be done. The following morning the cells are harvested 

and centrifuged at 5,000 rpm at 4°C and stored at -80°C before cell lysis.  

The cells are lysed in catalytic subunit lysis buffer (20 mM Imidazole, 30 mM MES, 50 

mM KCl, 1 mM EDTA, and 5 mM DTT, pH 6.5) (1 gram of protein per 10 mLs of buffer) and 

lyzed with a microfluidizer (10,000 psi). The cell lysate is centrifuged at 15 krpm for 1 hour at 

4°C. The spun supernatant is batch bound to 20 mLs of nickel resin that has been pre-equilibrated 

with catalytic subunit lysis buffer overnight at 4°C. The following morning, the flow through is 

collected and the resin is washed with 200 mLs of catalytic subunit lysis buffer (x3). The catalytic 

subunit is eluted by incubating 10 mLs of 1 M imidazole in catalytic lysis buffer for 30 mins (x2). 

A third elution of 1 M imidazole is done by pushing 10 mLs of 1 M imidazole in lysis buffer 

directly through the resin. The eluted protein is stored directly from the resin with 30% glycerol.  
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RC Linker  

Plasmid Construct. The Bos Taurus WT (71-379) regulatory subunit with handle positions at 

Y120C/S376C + peptide linker + Mus musculus WT catalytic subunit was cloned into a pMAL-

c5x-His plasmid. The nucleotide sequence for the RC Linker was optimized for expression in E. 

coli. The plasmid map is shown in Figure 13. This plasmid is a pMAL expression vector which 

includes the malE gene (Figure 13, light purple) that encodes for the maltose binding protein 

(MBP). Following the MBP gene is the regulatory subunit which is connected to the catalytic 

subunit with a SGGGG (x9) repeat peptide linker.  

 

 

Figure 13. The Plasmid Map for the RC Linker. This plasmid was engineered to have the C-terminus of the 
regulatory subunit to connect to the N-terminus of the catalytic subunit via the a peptide linker (SGGGG)9. A  
maltose binding protein (MBP) is fused to the regulatory subunit at the N-terminus. A TEV digestion site is 
inserted after MBP to enable cleavage and isolation of the RC Linker. 
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The RC Linker is expressed as a fusion protein with maltose binding protein (MBP) 

(Figure 14). MBP is a common protein expression tag  and enables a one-step purification of the 

target protein with an amylose resin. MBP fusion proteins allows for optimal expression and 

increases the solubility of the target protein. A TEV site was engineered between the MBP and 

regulatory subunit to enable cleavage of MBP. The mutations and cloning were completed by 

genscript. The regulatory subunit (71 to 379) has mutations at positions Y120 and S376 which 

enables the covalent attachment of DNA handles via thiol chemistry. The catalytic subunit has 

mutations to its internal cysteine residues at position C199A and C343A. Mutations of these 

cysteine residues prevents DNA handle attachment to the catalytic subunit. This protein construct 

enables the selective unfolding of only the regulatory subunit in the presence of the catalytic 

subunit. The linker enables the catalytic subunit to remain tethered but not bound during unfolding 

experiments and maintains the local concentration of catalytic subunit to be 1 mM. Additionally, 

this construct can be used to monitor the conformational fluctuations of the regulatory subunit in 

the presence of cAMP. Although the mechanism of PKA activation has been well characterized in 

the literature5, the conformational fluctuations that are present during cAMP binding is still 

unknown.   
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Figure 14. Structural Organization of the MBP RC Linker Protein Chimera. The regulatory subunit (71 
to 379) with mutations for the DNA handle attachment position at Y120 and S376 is connected to the catalytic 
subunit via an SGGGG peptide repeat linker. The maltose binding protein can be cleaved with TEV protease 
to obtain the RC Linker. The catalytic subunit contains mutations to the internal cysteine residues (C199A and 
C343A) to prevent non-specific attachment to the catalytic subunit. This construct enables the selective 
unfolding of the regulatory subunit in the optical tweezers in the presence of the catalytic subunit.  



 66 

RC9 Linker Protein Sequence:   

HMSRADSREDEISPPPPNPVVKGRRRRGAISAEVYTEEDAASYVRKVIPKDCKTMAALA

KAIEKNVLFSHLDDNERSDIFDAMFPVSFIAGETVIQQGDEGDNFYVIDQGEMDVYVNN

EWATSVGEGGSFGELALIYGTPRAATVKAKTNVKLWGIDRDSYRRILMGSTLRKRKMY

EEFLSKVSILESLDKWERLTVADALEPVQFEDGQKIVVQGEPGDEFFIILEGSAAVLQRRS

ENEEFVEVGRLGPSDYFGEIALLMNRPRAATVVARGPLKAVKLDRPRFERVLGPASDIL

KRNIQQYNSFVCLSVSAGGGSGGGGSGGGGSGGGGSGGGGSGGGGSGGGGSGGGGSG

GGASMGNAAAAKKGSEQESVKEFLAKAKEDFLKKWETPSQNTAQLDQFDRIKTLGTGS

FGRVMLVKHKESGNHYAMKILDKQKVVKLKQIEHTLNEKRILQAVNFPFLVKLEFSFKD

NSNLYMVMEYVAGGEMFSHLRRIGRFSEPHARFYAAQIVLTFEYLHSLDLIYRDLKPEN

LLIDQQGYIQVTDFGFAKRVKGRTWTLCGTPEYLAPEIILSKGYNKAVDWWALGVLIYE

MAAGYPPFFADQPIQIYEKIVSGKVRFPSHFSSDLKDLLRNLLQVDLTKRFGNLKNGVN

DIKNHKWFATTDWIAIYQRKVEAPFIPKFKGPGDTSNFDDYEEEEIRVSINEKCGKEFTEF 

 

Expression of the RC Linker. The plasmid is expressed with Rosetta DE3 Competent cells 

(Milliepore Sigma cat #70954). The Rosetta host strains are BL21 derivatives that are designed to 

express eukaryotic proteins that contain codons rarely used in E. coli. 20 ng of plasmid was 

transformed into 50 microliters of cells and incubated on ice for 30 mins. The cells were heat 

shocked at 42°C for 10 seconds followed by an immediate incubation on ice for 5 mins. 1 mL of 

LB media was added to the cell-dna mixture and incubated at 37°C for 1 hour before plating ~100 

µL of cells onto an LB agar plate with ampicillin and chloramphenicol resistance (selects for the 

tRNA plasmid in rosetta cells). The LB plate was incubated overnight (16-18 hrs) at 37°C before 

picking colonies the following morning. A single colony was picked and grown in 3-5 mLs of LB 

media with ampicillin and chloramphenicol and grown overnight at 37°C overnight while shaking 
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at 185 rpm. The following morning, the starter flasks are used to inoculate 100 mL flasks to an 

OD of 0.2. The cells are grown at 37°C to an OD of 0.6 before inducing with 0.5 mM IPTG @ 

18°C and 150 rpm for 16-18 hours. The following morning, the cells are harvested at 5000 rpm 

for 20 mins. The cell pellet is collected and stored at -80°C.  

 

Purification of the RC Linker. The cell pellets are resuspended (1 g of cells/1 mL of buffer) in 

R-lysis buffer (20mM MES pH 6.5, 100 mM NaCl, 2 mM EGTA, 2 mM EDTA, 5 mM DTT). The 

DTT is added fresh to the buffer prior to cell lysis.  The cells are homogenized and lysed with the 

a microfluidizer and the cell lysate is centrifuged at 15 krpm for 1 hour at 4°C. The spun 

supernatant (SS) is batch bound to 20 mLs of Amylose resin overnight @ 4°C. The following 

morning, the amylose resin is washed with 200 mLs of Holoenzyme buffer x3 (10 mM MOPS pH 

7.0, 50 mM NaCl, 5 mM DTT) and the protein is eluted with 10 mM Maltose for elution 1 and 20 

mM maltose for elution 2 and 3. A gel of the purification is shown below in which the bands under 

E1, E2, and E3 correspond to the eluted fusion protein at an expected molecular weight of 

121821.97 g/mol.  

The MBP is cleaved from the RC Linker with a TEV protease (1 mg of TEV is used to 

cleave 15 mg of protein). The TEV digestion is done at 4°C for 30 mins and the protein aggregates 

are pelleted at 7800 rpm for 30 mins at 4°C. The cleaved RC Linker has an expected molecular 

weight of 78277.79 g/mol is shown on the gel at the 75 g/mol molecular weight marker. 

Unfortunately, a large fraction of the RC linker goes into the pellet after the TEV digestion, but a 

small fraction still remains in the soluble phase and elutes at the expected elution volume on the 

size exclusion column (SEC) The fraction with the expected molecular weight is tested for kinase 

activity and inhibition. Incomplete digestion is observed from the protein eluted from the SEC. 

The elutions were combined and digested with more TEV and complete digestion of the sample is 
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observed.  

 

DNA Handle Attachment to the RC Linker. DNA handles were attached to the RC Linker using 

the protocol published by Hao et al.82 shown in Chapter II Methods, page 43 Briefly, the RC 

linker was concentrated from an OD of 1.3 mg/mL to an OD of 8 mg/mL in 100 µLs. The sample 

was loaded onto 3 Biospin columns before the DTDP activation (10 mM) for 2 hours at room 

temperature. After the DTDP activation, the protein is run through 3 additional Biospin columns 

and combined in a 1:1 mol ratio with 30-bp SH oligos. The SH oligos were reduced overnight with 

40 mM DTT and run through 2 Biospin columns prior to combining with the DTDP activated 

protein. The DNA handle attachment reaction is run overnight at 4°C. The following morning, the 

sample is run on a 10% acrylamide gel to confirm the modification.. The band in between 1000 

and 1500 bp corresponds to the RC linker with two DNA handles. Modified R-subunit is observed 

at ~300 bp. The hph sample is also run on a protein gel to confirm that the RC linker is still present 

in the protein sample used for the hph modification. The hph is further purified with the cAMP 

resin and eluted with 25 mM cAMP. The sample eluted from the cAMP resin is ligated with 350 

bp handles and a band at 2000 bp is observed.  
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Tobacco Etch Virus (TEV) Protease 

TEV protease is a common protein used for cleavage of fusion proteins. TEV recognizes a 

amino acid sequence of ENLYFQG. The structure of TEV is similar to those of a serine protease 

like chymotrypsin.91 TEV utilizes a “catalytic triad” of residues to catalyze peptide hydrolysis and 

is resistant to many commonly used protease inhibitors such as PMSF, AEBSF, TLCK, Pepstatin, 

and EDTA.92 The S219V mutant of TEV was expressed and purified in this study. This mutant is 

resistant to auto-inactivation, 10 times more active, and is a more stable and efficient compared to 

the WT enzyme. TEV can be produced in high yield and contains an N-terminal his tag. TEV is 

maximally active at 34°C, but it is recommended to do the digestion at room temperature or 4°C.92 

 

TEV Expression and Purification. The TEV plasmid was transformed and expressed in pLysS 

BL21(DE3) competent cells. Starter colonies were picked and grown in 100 mL LB starters which 

were grown overnight at 37°C at 185 rpm. The following morning, these starters were used to do 

the expression in 1.4 L fernbachs. The fernbachs were grown to an OD of ~0.6 at 37°C before 

induction with 0.5 mM IPTG at 30°C for ~4 hours or until the cells reached a final OD of ~1.5 to 

1.6. The cells were harvested at 5,000 rpm for 20 mins at 4°C and the cell pellets are stored at -

80°C.  

The cells were resuspended in ~200 mLs of TEV Lysis Buffer (1 M KCl, 1 M Tris-Cl, 10% 

glycerol, pH 8.3) + all protease inhibitors. The cells were lysed and the total cell lysate (TCL) was 

centrifuged at 15,000 rpm for 45 mins. The spun supernatant (SS) was batch bound overnight at 4 

°C to the 20 mLs of Clontech Nickel Resin that had been equilibrated with 10x column volume of 

50 mM NaH2PO4, 300 mM NaCl, pH 7.4 (equilibration buffer). The following morning, the flow 

through was collected (FT) and the resin was washed with 200 mLs equilibration buffer (with 40 

mM Imidazole). Repeat this twice. The column was washed with an additional 150 mLs of 
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equilibration buffer + (a total of) 75 mM Imidazole. The protein was eluted with 20 mLs of 

equilibration buffer + 500 mM Imidazole, 20 mLs of equilibration buffer + 500 mM Imidazole, 

and 20 mLs of equilibration buffer + 1 M Imidazole, 1 mL at a time. The protein is quantified with 

a Bradford Assay and stored at -80°C with 30% glycerol.  
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CHAPTER III 

RESULTS AND DISCUSSION 

 

Expression and Purification of the Regulatory Subunit 

 The regulatory subunit was expressed and purified as discussed in Chapter II Methods, 

pg 41. Figure 15 shows the results of the purification on a 10% SDS denaturation gel. The band 

at ~37 kDa corresponds to the R-subunit (MW ~32 kDa). Lanes 1 and 2 correspond to the pre-

induced and induced sample. From the expression gels, it is difficult to determine whether the 

protein was successfully expressed. This is due to the expression of proteins that are native to the 

E. coli cells that have a molecular weight of ~37 kDa. These proteins exhibit a strong protein band 

in the absence and presence of IPTG making it difficult to detect the regulatory subunit expression 

band which will occur at ~37 kDa. 

However, a strong band is observed at the expected MW at ~37 kDa after cell lysis and 

elution with cGMP from the cAMP resin (lanes 11 and 12). Some upper bands are observed due 

to dimerization of the regulatory subunit. The elutions are combined and concentrated to load onto 

a Size Exclusion Column (SEC 16/650). The SEC separates the regulatory subunit from the 

proteins that occur at  higher molecular weights. The upper bands (molecular weight of 100 to 150 

kDa) observed on the 10% SDS page correspond to dimerized regulatory subunit or nonspecific 

protein interactions on the cAMP resin. The SEC elution profile shows the protein absorbance at 

255 nm as a function of elution volume. A peak at 84 mLs is observed in the SEC elution profile 

(Figure 16, top). Samples of the collected fractions corresponding to the observed peak at 84 mLs 

were obtained and loaded onto a 10% SDS page (Figure 16, bottom). Each lane shows a single 

band corresponding to the regulatory subunit.  
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The elution volume of a protein with a known molecular weight can be predicted by the 

protein standard calibration curve shown in Figure 17. This standard curve was made from running 

a mixture of protein standards of known molecular weights. These molecular weights are 

Thyroglobulin (670kDa), g-globulin (158 kDa), Ovalbumin (44 kDa), Myoglobin (17 kDa), and 

Vitamin B12 (1.35 kDa). A plot of the log(molecular weight) versus volume will give a protein 

standard curve that will enable you to predict the elution volume as a function of protein 

concentration.  Using the equation obtained from the calibration curve (y = -0.041x + 7.9259), the 

predicted elution volume for the regulatory subunit (MW = 32,000 g/mol) is 83 mLs which agrees 

with the observed elution volume of 84 mLs. 

 

Figure 15. Purification Gel of the Regulatory Subunit. A 10% SDS gel is shown that has been run at 35 
mA for one hour. The gel was stained with Coomassie blue. A precision plus protein dual color standard is 
used for the protein ladder (BioRad #1610374). The lane order is as follows (1) Pre-induced (2) Induced (3) 
Spun Supernatant (4) Spun Pellet (5) Ammonium Sulfate Supernatant (6) Ammonium Sulfate Pellet (7) 
Flow Through (8) Wash 1 (9) Wash 2 (10) Wash 3 (11) Elution 1 (12) Elution 2. The band observed in 
elution 1 and 2 corresponds to the regulatory subunit.  
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Figure 16. Size Exclusion Profile for the Regulatory Subunit. (Top) A plot of absorbance versus volume 
shows the regulatory subunit elutes at 84 mLs. A small peak is observed at ~40 mLs which corresponds to high 
molecular weight proteins such as protein aggregates or dimerized regulatory subunit. (Bottom) The collected 
fraction that corresponds to the peak observed at 85 mLs were collected and loaded onto a 10% SDS page and 
run at 35 mA for 1 hour and stained with Coomassie blue. The observed bands at ~37 kDa corresponds to the 
regulatory subunit.  

Figure 17. Protein Standard Curve for the Gel Filtration SEC. A protein standard of Thyroglobulin 
(670kDa), g-globulin (158 kDa), Ovalbumin (44 kDa), Myoglobin (17 kDa), and Vitamin B12 (1.35 kDa) 
was run through the SEC. A plot of the Log (MW) versus elution volume provides an equation to predict the 
expected elution volume for a protein with a known molecular weight.  
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Expression and Purification of the Catalytic Subunit 

 The catalytic subunit was expressed and purified using the protocol described in Chapter 

II Methods, page 59. The expression gel (Figure 18, left) is for the expression of three colonies 

in the absence and presence of 0.5 mM IPTG. Lanes 4-6 show a strong expression band at ~43 

kDa which matches the expected molecular weight of 42 kDa for the catalytic subunit. The 

purification gel (Figure 18, right) shows a strong band in the SS (spun supernatant) that 

corresponds to the catalytic subunit. This supernatant is batch bound to the nickel resin overnight 

and eluted with 0.5 and 1 M imidazole. A faint band is observed for elution 1 and 2 (elution 3 and 

4 not shown). An overage OD of 0.100 mg/mL is obtained from the nickel resin for each 10 mL 

elution. This sample is stored with 30% glycerol at -80°C. This stored protein is used directly for 

optical tweezers experiments or other experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Expression and Purification Gel for the Catalytic Subunit. (Left) The expression gel of the 
human catalytic subunit in Rosetta DE3 cells is shown. The addition of 0.5 mM IPTG results in a thick band 
in the induced fractions at ~43 kDa. The molecular weight of the catalytic subunit is ~42 kDa. (Right) The 
purification of the catalytic subunit with the nickel resin is shown. A thick band is observed at ~43 kDa in the 
spun supernatant (SS). Afraction of the catalytic subunit goes to the Spun Pellet (SP), but there is still protein 
eluted from the nickel resin with 0.5 and 1 M imidazole.  
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Formation of PKA Holoenzyme 

A 1.5 to 1 molar ratio of regulatory to catalytic subunit ratio is combined and dialyzed 

overnight in Holoenzyme Buffer (10 mM MOPS, 50 m NaCl, 10 mM MgCl2, 1 mM ATP, pH 7.0). 

The following morning, the sample was run on the SEC 16/650 column in the holoenzyme buffer 

and collected in 1 mL fractions. The NGC chromatogram and 12% SDS gels of the sample are 

shown in Figure 19. The holoenzyme enzyme elutes at 79.20 and the excess regulatory subunit is 

observed at 90 mLs. This is slightly greater than the expected elution volume of 75 mLs for the 

holoenzyme complex (molecular weight is 73,000 g/mol). This difference in the expected volume 

may result from conformations of the protein in the SEC.  No bands were observed on the gel for 

samples corresponding to the elution of the peaks at 101, 116.83, and 124.74 mLs. These peaks 

correspond to the elution of MgCl2 or ATP from the SEC.  

 

 

 

 

 

 

 

 

 

 

 

Figure 19. SEC Elution Profile for PKA Holoenzyme. (Top) The SEC profile for the holoenzyme complex is 
shown. Five peaks at 79.20, 90.09, 101.00, 116.63, and 124.74 are observed in the SEC elution profile. The first 
peak at 79.20 corresponds to holoenzyme complex. Fractions were collected from B27 to B40 and run onto a 12% 
SDS page and stained with Coomassie Blue. Fractions B29 to B39 show two bands that correspond to the catalytic 
subunit (top band) and regulatory subunit (bottom band).  
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DNA Handle Attachment to the Regulatory Subunit 

The native gel for the attachment of the SH oligos to the regulatory subunit is shown in 

Figure 20. This gel corresponds to the DNA-protein chimera after the incubation overnight at 4°C. 

A 1 kb base pair (bp) DNA ladder (NEB #B7025) is loaded in lane 1 of the gel. The top bands at 

~500 to 1000 bp corresponds to multimers of the protein in which two or more regulatory subunits 

can cross link with one another via their disulfide modification and can be attached with DNA 

handles. The band at 300 bp corresponds to the regulatory subunit crosslinked with two DNA 

handles and the band at ~200 bp corresponds to the regulatory subunit crosslinked with only 1one 

DNA handle. The band at 75 bp corresponds to the DNA handles that have crosslinked with 

themselves and the band at 25 bp corresponds to a single DNA handle. This sample is incubated 

overnight with 50 microliters of cAMP resin.  

Figure 20. DNA Handle Attachment Gel to the Regulatory Subunit. A native gel is shown for the DNA 
handle attachment of 30 bp SH oligos to the regulatory subunit.  The band at 500 and 1000 base pairs (bp) 
corresponds to protein multimers that have been crosslinked with DNA handles. The band at 300 bp is the 
desired DNA-protein chimera in which the regulatory subunit has been crosslinked with two handles. The 
band at 200 bp corresponds to the regulatory subunit crosslinked with only one DNA handle and the bands at 
75 and 25 bp corresponds to the DNA handles that crosslink to themselves or single DNA handles.  
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After incubation with cAMP resin, the DNA-protein chimera is eluted with 0.02, 0.2, 2, 

and 25 mM cAMP. This gradient elution allows for the sample to be under very small 

concentrations of cAMP. The elution of the DNA protein chimera with 25 mM cAMP is shown in 

Figure 21. Here we can see that the unreacted DNA handles did not bind to the cAMP resin and 

only the protein crosslinked with DNA handles remains. The purification of the DNA-protein 

chimera enables for the functional selection of only active regulatory subunit proteins. The DNA-

protein chimera is ligated with 350 bp handles with a streptavidin and digoxygenin antibody 

modification and their shifts can be visualized on a native gel (Figure 21, right). The upper band 

at ~1500 bp corresponds to a ligation to a DNA-protein chimera with two DNA handles. The band 

at ~500 bp corresponds to a ligation to a DNA-protein chimera with one DNA handle. The band 

at ~300 bp corresponds to ligation to only DNA handles. The ligated product with two DNA 

handles with biotin and digoxygenin on each end will be the only samples capable of forming 

tethers in the optical tweezers experiments.  

Figure 21. Isolation and Ligation of DNA-protein Chimera. (Left) The native gel for the purification of the 
DNA-protein chimera after elution from the cAMP resin is shown. No unreacted handles are observed in the gel 
and only regulatory subunit crosslinked with DNA handles is observed. (Right) Ligation with 350 bp handles 
functionalized with digoxygenin and biotin to the DNA-protein chimera is shown. The band at ~350 bp 
corresponds to DNA handles that ligate to themselves, the band at ~500 bp corresponds to ligation to proteins with 
a single DNA handle, and the band at ~1500 bp corresponds to ligation to proteins with two DNA handles.  
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Assembly of the PKA Complex in the Optical Tweezers 

We used single molecule optical tweezers65,93,94 to study the folding cooperativity between 

the CNB domains in the apo state or bound to the catalytic subunit. In this assay, a monomeric, 

cysteine-modified regulatory subunit that lacks the dimerization domain (residues 71-379 of the 

full-length RIa isoform)95 was tethered between two beads using two 370-bp DNA handles 

(Figure 22). The handles were attached via disulfide bond linkages at positions immediately 

flanking the two CNB domains (pulling axis Y120/S376) (Figure 23).  This experimental design 

enabled us to selectively manipulate the regulatory subunit and its individual CNB domains 

without directly perturbing other structural elements in the regulatory subunit, such as the N-

terminal linker domain, the inhibitory sequence, or the catalytic subunit in PKA. This specific 

DNA handle attachment allowed us to unfold the entire regulatory subunit before the N3A helices 

and at the end of the regulatory subunit.  

To assemble the PKA heterodimer in the optical tweezers, we tethered a single regulatory 

subunit and added in trans saturating amounts of catalytic subunit. Prior to beginning unfolding 

experiments the main chamber was equilibrated with 100 nM catalytic subunit (KD = 0.9 nM for 

the assembly of the PKA heterotetramer96), 0.2 mM ATP and 1 mM Mg2+ (KD = 39 nM97). We 

collected force-extension curves by moving the bead in the optical trap away from and towards the 

bead fixed on the micropipette using a constant pulling velocity of 75 nm/s at a 500 Hz sampling 

rate. Control experiments in bulk were performed to ensure that the DNA handles cross-linked to 

the regulatory subunit did not affect its interaction with the catalytic subunit (i.e., formation of an 

inactive PKA heterodimer) or the cAMP-dependent activation mechanism (Figure 8). 
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Mechanical Unfolding of the Regulatory Subunit in the Apo State.  

 

 

 

 

 

Figure 22. Assembly of the PKA Complex in the Optical Tweezers. The PKA complex is tethered in-
between two polystyrene beads. The attachment of DNA handles to  only the regulatory subunit enables the 
selective unfolding of the regulatory subunit in the absence and presence of catalytic subunit. The regulatory 
subunit was unfolded by moving the bead in the optical trap (right, top of image) away from the bead in the 
fixed pipette (right, bottom of image). 

Figure 23. DNA Handle Attachment Points of the Regulatory Subunit. (Left) The DNA handles are 
attached to Y120 and S376 (shown in cyan) of the regulatory subunit. This pulling axis unfolds the entire 
regulatory subunit after the N-terminal flexible linker (red) and the end of the CNB-B domain. The Y120 
position is the beginning of the N3A motif of the CNB-A domain. (Right) A cartoon representation of the 
unfolding axis is shown.  
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Unfolding of the Regulatory Subunit in the Apo State 

In the apo state, the optical tweezers assay has the regulatory subunit tethered in between 

two beads in the absence of catalytic subunit or ligand. (Figure 24, left). The force-extension 

curves revealed two sequential, but independent unfolding transitions, or rips, that correspond to 

the mechanical denaturation of the CNB domains (Figure 24, right). The inset of figure 24 (right) 

is a schematic representation of the molecule as it cycles through one unfolding cycle (blue). When 

the tether is in a relaxed state, the beads are close to one another and no force (force = 0 pN) is 

applied to the tethered molecule. At this position, the DNA handles are relaxed and the protein is 

fully folded (Figure 24a). As the distance between the beads increases, a force is applied to the 

molecule, stretching the DNA handles from a relaxed to stretched conformation (Figure 24b).  

Figure 24. Unfolding of the Regulatory Subunit in the Apo State. (Left) The optical tweezers assay for the 
unfolding of the regulatory in the absence of catalytic subunit is shown. (Right) Two unfolding rips are observed 
in the force-extension curve at ~9 and ~10 pN. When the beads are close to one another, the DNA handles are in 
a relaxed state and the protein is fully folded (a). As the bead in the optical trap moves away from the bead trapped 
by the micropipette, the DNA handles become stretched (b) until a minimun force required to unfold the protein 
domain is achieved and is characterized by a drop in the force (c). The beads continue to move and stretch the 
DNA handles and the unfolded polypeptide chain (d) until the force required to unfold the second domain is 
reached (e). This cycle can be repeated by bringing the beads closer together and refolding the polypeptide chain.  
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Through the stretched DNA handles, a force is translated to the folded protein until a  

minimum force is applied to unfold a protein domain (Figure 24c) and a drop in the force is 

observed. This is known as the mechanical fingerprint of the molecule or the unfolding rip for a 

protein domain. The beads continue to move farther away from one another stretching the DNA 

handles and the unfolded polypeptide chain (Figure 24, d). A second rip, or drop in the force is 

observed that corresponds to the unfolding of the second protein domain (Figure 24e). No 

additional rips are observed after position (e) indicating that the entire regulatory subunit has been 

unfolded. The  unfolded polypeptide can be refolded by bringing the two beads closer together and 

relaxing the unfolded polypeptide chain (Figure 24, red curve).  

This cycle can be repeated many times until a distribution of unfolding forces for rip 1 and 

2 can be obtained (figure 25 left). Two important parameters can be extracted from the force-

extension curves (FECs),  the average unfolding force required to unfold each domain and the 

change in extension for reach rip. Because unfolding experiments occur at nonequilibrium 

conditions, a distribution of unfolding forces is observed (figure 25, right). This is due to the 

stochasticity of the molecule and its observed unfolding pathway.  The distribution of forces can 

be plotted in a unfolding force probability histogram which corresponds to the probability of 

observing the unfolding force for each rip. The unfolding force probability histogram can be 

related to the thermodynamic and kinetic parameters using statistically thermodynamic fluctuation 

theories. Additionally, from each rip (drop in the force), the change in extension can be extracted 

for each unfolding event (Figure 25, right). This change in extension corresponds to the total 

number of amino acid residues unfolded during each unfolding event for each protein domain. 

These unfolding rips 1 and 2 can be correlated to domains A and B respectively.  
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In the apo state, the first rip had a change in contour length (∆Lc) of 50.3 ± 0.1 nm (mean 

± std. error, N = 452) and a mean unfolding force of 9.1 ± 0.1 pN (Table 1). These values are very 

similar to average force (~8 pN) and contour length obtained for the truncated CNB-B domain. 

The FEC and worm-like chain (WLC) plot of the truncated CNB-B domain is shown in  Figure 

26a and 26c. The truncated CNB-B domain is from residues 243 – 379 and does not include the 

CNB-A domain of the regulatory subunit. The second rip had a shorter ∆Lc of 44.2 ± 0.1 nm 

occurring at a statistically higher force of 10.5 ± 0.1 pN (kstest2, p < 0.01). The FEC and WLC 

plot of the truncated CNB-A domain are show in Figure 26b and 26c. This plots show that the 

values obtained for the truncated CNB-A domain match the unfolding values obtained for the 

CNB-A domain when it is unfolded in the regulatory subunit.  

Based on the Worm-like chain analysis of the truncated CNB-A and CNB-B domains, we 

observed that the CNB-B domain has a longer change in contour length upon unfolding (DLc = 48 

± 1.2 nm) than the CNB-A domain (DLc = 44 ± 2.8 nm) (Figure 26a-c). This difference in the 

DLc allowed us to assign ~95 % of the two unfolding rips observed in the full-length regulatory 

Figure 25. Data Analysis of FECs in the Apo State. An overlay of FECs for the Regulatory Subunit in the Apo 
state. Two unfolding “rips” are observed, which is characterized by a drop in the force. The distribution of 
unfolding forces observed for each rip can be plotted in a histogram to determine the average unfolding force 
(middle). A plot of the force (pN) versus extension change (nm) shows that the first rip occurs at a longer change 
in extension then the second rip.  
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subunit to either the CNB-A or the CNB-B domain in the apo state (Figure 26e-f) or bound to the 

catalytic subunit (Figure 26h-i).  

K-means Clustering Analysis of Single Molecule Data 

As seen in Figure 26e and Figure 26h, the two unfolding rips of the full-length regulatory 

subunit naturally segregated into two well-defined populations. The first rip matches the Worm-

like chain of the CNB-B domain, whereas the second rip matches the Worm-like chain of the CNB-

A domain. 

 To verify and formalize the observed domain segregation, we used a k-means clustering 

statistical tool. This analysis is an iterative, data-partitioning algorithm that assigns n observations 

to exactly one of k clusters defined by the centroids in the observed unfolding or refolding rips 

(Figure 26f and Figure 26i). In our data set, a matrix consisting of rip 1 and 2 was compiled and 

the k-means clustering analysis was performed in MatLab, where k = 2 was applied to the 

unclustered data sets. The two rips were then clustered into a shorter rip extension corresponding 

to the CNB-A domain, and a longer rip extension that corresponds to the CNB-B domain. 

Noteworthy, there is a very good agreement between the unclustered and clustered data (up to 95% 

agreement). The advantage of the clustering tool is that it allowed us to assign the other remaining 

~5% rips. 

The agreement between the truncated CNB domains and the first and second rip of the full-

length regulatory subunit suggest that the CNB domains in the regulatory subunit behave as 

independent structures (i.e. no interactions are occurring between the two domains in the full-

length regulatory subunit). Interestingly, despite the small mean unfolding force difference 

between the two CNB domains, we observed a strong bias in the unfolding pathway in which the 

CNB-B unfolds first in ~ 90 % of all trajectories, followed by the CNB-A domain (Figure 26d-f). 
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The unfolding of the regulatory subunit in the absence of catalytic subunit shows a similar bias in 

which the unfolding of domain B first occurs in ~90% of all trajectories (Figure 26g-i). 

Monte-carlo Simulations versus Experimental Results  

To assess whether our mechanical unfolding observations of the regulatory subunit in the 

apo state were consistent with independent and sequential unfolding events, we performed discrete 

time Monte-carlo simulations (Chapter II Methods, page 55). Briefly, the CNB domains were 

treated as worm-like chains that were covalently linked in series, and tethered by 740-bp of total 

DNA handles (similar to our experimental conditions). We used the kinetic parameters obtained 

from unfolding force distributions for the apo CNB-A and CNB-B domains shown in Table 1 to 

simulate individual force-extension curves. In agreement with our experimental unfolding curves, 

simulations revealed a two-step unfolding event representing the mechanical unfolding of the CNB 

domains (Figure 27a). In ~ 87 % of the total trajectories (N = 2000, Figure 27b) a longer rip is 

observed that matches the change in extension of the CNB-B domain and occurs at a mean 

unfolding force of 8.5 pN (Figure 27c). A shorter rip is observed second that matches the change 

in extension for the CNB-A domain, which unfolds at a slightly higher average force of 11 pN 

(Figure 27d). Additionally, a correlation plot in which the force of rip 2 minus rip 1 matched the 

simulated and the experimental forces indicating that rip 2 is a higher force that is ~2 pN greater 

then rip 1. We therefore conclude that in the apo conformation the two CNB domains behave as 

mechanically independent domains that unfold in a sequential fashion, where CNB-B domain 

unfolds first (rip 1) followed by the CNB-A domain (rip 2).  
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Figure 26. Assignment of Unfolding Rips of the Wild-Type Regulatory Subunit in the Apo State and Bound 
to the Catalytic Subunit. (a) and (b) Representative force-extension curves for the truncated CNB-B and CNB-
A domains respectively. (c) Plot of force vs. rip extension for the truncated CNB domains. The line corresponds 
to Worm-like chain models for the truncated CNB-A domain (residues 120-243, DLc = 43.2 nm: 124 amino 
acids × 0.365 nm per amino acid − 2 nm of folded distance, N = 640), and truncated CNB-B domain (residues 243-
376, DLc = 47.5 nm: 134 amino acids × 0.365 nm per amino acid − 1.5 nm of folded distance, N = 420). (d) Force-
extension curves for the wild-type regulatory subunit (pulling axis Y120/S376) in the apo state. Individual 
unfolding rips for the wild-type regulatory subunit in the apo state before (e) and after (f) the clustering analysis 
(Chapter II Methods, pg 51). Rip 1 had a DLc = 50 ± 0.06 nm, and matches the Worm-like chain model for the 
truncated CNB-B domain, whereas rip 2 had a DLc = 44 ± 0.06 nm that matches the Worm-like chain of the 
truncated CNB-A domain (N = 452). (g) Force-extension curve of the wild-type regulatory subunit (pulling axis 
Y120/S376) bound to the catalytic subunit.  Individual rips of the wild-type regulatory subunit bound to the 
catalytic subunit before (h) and after (i) the clustering analysis. Rip 1 matches the CNB-B domains with a longer 
Worm-like chain (DLc = 50 ± 0.06 nm), whereas rip 2 follows the Worm-like chain model of the CNB-A domain 
(DLc = 44 ± 0.06 nm) (N = 1041). 
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Figure 27. Comparison of the Simulated Monte-carlo Results with Experimental Unfolding Data for the 
Y120/S376 Wild-Type Regulatory Subunit. (a) Force-extension curves for the unfolding of the Y120/S376 wild-
type regulatory subunit simulated by the Monte-carlo method (N = 2000). (b) Changes in extension upon unfolding 
vs. force for Rip 1 (blue) and Rip 2 (orange) extracted from the simulated unfolding trajectories in panel S3a. The 
mean DLc observed for Rip 1 is 50 nm, which corresponds to the CNB-B domain. A shorter average DLc of 44 
nm is observed for Rip 2, which corresponds to the CNB-A domain. (c) Unfolding force probability distributions 
extracted from the simulated force-extension curves show an Favg of 11 pN and 8.5 pN for the CNB-A domain 
(orange) and CNB-B domain (blue), respectively. (d) Correlation plot of the force difference of rip 2 minus rip 1 
from the Monte-carlo simulation. (e) Overlap of experimental force-extension curves for the unfolding of the 
Y120/S376 wild-type regulatory subunit (N = 25). (f) Worm-like chain curves for CNB-A domain (orange) and 
CNB-B domain (blue) from the experimental force-extension curves (g) Experimental unfolding force probability 
distributions for the CNB-A and CNB-B domains show similar Favg of 10.5 pN and 9.1 pN (h) Experimental 
correlation plot of the force difference of rip 2 minus rip 1 from the experimental unfolding data.  
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Selective Force-Induced Denaturation of the Regulatory Subunit Bound to the Catalytic 

Subunit  

In the presence of the catalytic subunit, the single molecule trajectories of the CNB 

domains revealed two clearly distinct unfolding pathways, labeled (I) and (II), (Figure 28, center 

and right, N = 1041). In unfolding pathway (I) we observed two unfolding rips that occurred 

almost simultaneously and at forces higher than those seen in the apo state. The simultaneous 

unfolding behavior of the CNB domains suggests that the fold of these domains is highly 

cooperative when bound to the catalytic subunit. The higher unfolding forces indicate that both 

CNB domains establish significant surface interactions with the catalytic subunit. In the PKA 

complex, four major interactions occur between the catalytic and regulatory subunit at the flexible 

linker region, PBC of the CNB-A domain, and two regions in along the aB/C helix that separates 

the two CNB domains. 

The CNB-A domain experiences an increase in its mean unfolding force from 10.5 ± 0.1 

pN in the apo state to 13.6 ± 0.1 pN when bound to the catalytic subunit. Similarly, the CNB-B 

domain required a greater unfolding force of 15.2 ± 0.1 pN when bound to the catalytic subunit 

compared to 9.1 ± 0.1 pN in the apo state (Table 1). In contrast to a highly cooperative unfolding 

trajectory, unfolding pathway (II) resembles the unfolding pathway of the apo state. In the apo-

like unfolding pathway, the two CNB domains unfold independently of each other and at forces 

comparable to the apo state (Figure 28). This decrease in the observed unfolding forces and 

independent unfolding pathway indicates fewer surface interactions with the catalytic subunit and 

a lack of folding cooperativity between domains. Unfolding pathway II could be a state that occurs 

when the catalytic subunit remains tethered to the regulatory subunit via the flexible linker domain 

but does not have all the possible contacts to the CNB domains.  
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In addition to the effects seen in the unfolding trajectories, the presence of the catalytic 

subunit exhibited clear refolding transitions at ~ 4 pN for each CNB domain (Figure 28a, center 

and right, black and grey arrows). The probability of observing refolding transitions for both 

pathways (I) and (II) increased from < 1 % in the apo state to ~ 30 % in the presence of catalytic 

subunit. It is possible that events corresponding to unfolding pathway (II) with no detected 

refolding transitions may correspond to an apo state, or to events where refolding transitions are 

missed due to noise occurring at low forces. Nonetheless, the higher probability of observing the 

refolding transition suggests that the catalytic subunit not only stabilizes the two CNB domains in 

the folded state, but after the protein unfolds the same or another catalytic subunit may assist in 

the refolding process of the protein.  

Mechanism of Unfolding of the Regulatory Subunit Bound to the Catalytic Subunit 

Analyses of the changes in contour length reveal that for both unfolding pathways (I) and 

(II) the CNB-B domain unfolds first, followed by the CNB-A domain (N = 485). We corroborated 

the domain assignment experimentally by making a regulatory subunit construct with DNA 

handles attached at position D149 and S379. This DNA pulling position unfolds the regulatory 

subunit after the N3A helices of the CNB-A domain. This construct is fully folded, binds cAMP 

similar to wild type, and forms a stable inactive PKA heterodimer (Figure 29a-d). However, the 

new pulling position from residue D149 resulted in a significantly shorter change in contour length 

upon unfolding for the CNB-A domain (calculated ∆Lc = 34 nm from the worm-like chain 

model59), thereby making it easier to distinguish it from the CNB-B domain (calculated ∆Lc = 50 

nm).  

In the presence of catalytic subunit, the D149/S376 protein construct displayed two clearly 

distinct unfolding rips, the first one occurring at ~15 pN with a long change in contour length upon 
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unfolding (DLc = 49 nm ± 1.9 nm, N = 887) followed by a second rip occurring at a higher force 

of ~ 23 pN with a shorter change in contour length (DLc = 34 nm ± 2.1 nm, N = 965) (Figure 29b-

d). Because the CNB-B domain has a theoretical DLc = 47.5 nm, this allowed us to assign the first 

rip to the CNB-B domain, and the second rip to the unfolding of the CNB-A domain (Figure 29b). 

An overlap of the change in extension of the first rip in all three constructs used in this study, 

namely the D149/S376, Y120/S376 (wild-type), and Y120/S376 (R333K mutation), show they all 

unfold starting with the CNB-B domain (Figure 30). These results directly confirm that in the 

presence of the catalytic subunit, and independent of unfolding pathways (I) and (II), the CNB-B 

domain unfolds first, followed by the CNB-A domain.  
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Figure 28. Mechanical Unfolding of the Wild-type Regulatory Subunit.  (a) Representative force-extension 
curves for the mechanical unfolding of the regulatory subunit (residues 71-379) in the absence (left) and presence 
(right) of catalytic subunit. In the absence of catalytic subunit, only one unfolding pathway is observed with two rips. 
In the presence of catalytic subunit, two unfolding pathways (I) tightly bound and (II) loosely bound are observed 
that correspond to different conformations of the regulatory subunit. (b) Titration of catalytic subunit increases the 
percentage of unfolding pathway (I) (labeled % tightly bound). Saturation occurs at 100 nM catalytic subunit. (inset) 
The same percentage of unfolding pathway (I) is observed at 100 nM catalytic subunit with 10 s and 20 s refolding 
time at 1 pN. (c) Unfolding (Unf) and refolding (Ref) force probability distributions for the CNB-A domain are 
shown for the apo state and bound conformations (light and dark purple bars, respectively). An increase in the 
unfolding force of 3 pN is observed in the presence of catalytic subunit. Inset: refolding force probability distribution 
in the presence of catalytic subunit (white bars). (d) Folded-state lifetimes (t0) as a function of force for the CNB-A 
domain in the absence and presence of catalytic subunit (light and dark purple squares, respectively). Unfolded-state 
lifetimes (tU) as a function of force for the CNB-A domain in the presence of catalytic subunit (white squares). (e) 
Unfolding and refolding force probability distributions for the CNB-B domain in the apo state and bound 
conformations (light and dark blue bars, respectively). The presence of the catalytic subunit stabilizes the CNB-B 
domain by ~ 6 pN. Inset: refolding force probability distribution in the presence of catalytic subunit (light yellow 
bars). (f) Folded-state lifetimes (tF) as a function of force for the CNB-B domain in the absence and presence of 
catalytic subunit (light and dark blue squares, respectively). Unfolded-state lifetimes (tU) as a function of force for 
the CNB-A domain in the presence of catalytic subunit (light yellow squares).  The lines in panels (d) and (f) 
correspond to the best fit of equation (24), and the lines in panels (c) and (e) correspond to the best fit of equation 
(25). 
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Figure 29. Force-extension curves, Worm-like Chain models, and Unfolding Force Distributions of the 
D149/S376 Regulatory Subunit. (a) The regulatory subunit (residues 71-379) with DNA handles at positions D149 
and S376 was mechanically unfolded in the absence (left) and presence (right) of catalytic subunit. In the absence of 
catalytic subunit, two unfolding rips are observed with extensions corresponding to each CNB domain as shown in 
panel (b). (b) Worm-like chain models for each rip in the apo state and bound conformation for the D149/S376 
protein construct. The changes in contour of each rip matches the Worm-like chain expected for each CNB domain. 
CNB-A apo is shown in maroon and CNB-A catalytic subunit bound is shown in salmon. CNB-B apo is shown in 
blue and CNB-B catalytic subunit bound is shown in periwinkle. Moreover, the total change in contour upon 
unfolding (rips 1 + 2) matches the predicted Worm-like chain of DLc = 84 nm for the entire regulatory subunit (apo 
shown in teal, and bound shown in slate). (c) Unfolding probability distributions for the CNB-A domain in the apo 
state and bound to the catalytic subunit (Napo = 203 and Nbound = 965). (d) Unfolding probability distributions for the 
CNB-B domain in the apo state and bound to the catalytic subunit (Napo = 246 and Nbound = 887).  
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The Ensemble of the Inactive PKA Complex is Comprised of Tightly- and Loosely-Bound 

Conformations 

The presence of unfolding pathways (I) and (II) suggests a scenario in which the regulatory 

subunit bound to the catalytic subunit is in equilibrium between two conformations. An alternative 

scenario is that the two unfolding pathways result from specific experimental conditions used in 

the assay. For example, different unfolding pathways may result from having the regulatory 

subunit (1) unbound (apo state) or sometimes bound to the catalytic subunit (i.e. if the catalytic 

subunit concentration is lower than the KD of heterodimer formation) a fraction of the time and (2) 

from not allowing sufficient time for the regulatory subunit to refold and rebind the catalytic 

subunit before the next unfolding cycle.  

To discriminate between these two scenarios, we titrated increasing amounts of catalytic 

subunit from 5 nM to 200 nM, and increased the refolding and rebinding time from 5 s to 20 s. 

Figure 28b shows a plot of the % Tightly Bound as a function of concentration of catalytic subunit. 

The % Tightly Bound was determined by counting the number of cooperative unfolding pathways 

that occurred at high forces. As we increased the concentration of catalytic subunit, the percentage 

of events displaying highly cooperative unfolding rips (unfolding pathway (I)) increased in a 

sigmoidal fashion resembling a ligand titration curve with a KD ~ 40 nM.  At low concentrations 

of catalytic subunit (5, 10, 20 and 40 nM) less than 40 % of the tight bound conformation is 

observed. At 60 nM catalytic subunit, ~50 % tightly bound conformation is observed and at 80 nM 

catalytic subunit ~75 % of tightly bound conformation is observed indicating that the system has 

almost reach saturation.  

When the catalytic subunit concentration was ≥ 80 nM, the percentage of events 

corresponding to unfolding pathway (I) plateaued at ~ 85 %. The other ~ 15 % of events 
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corresponded to unfolding pathway (II), in which the CNB domains unfold independently of each 

other. The same percentages were observed when the time to refold and rebind was increased from 

10 s to 20 s using 100 nM of catalytic subunit (Figure 28b, inset). In contrast, a decrease from 10 

s to 5 s resulted in 43 % unfolding pathway (I), 35 % unfolding pathway (II), and 22 % of events 

showing only one domain refolding or no refolding at all.   

Based on these results, we conclude that the two unfolding pathways (I) and (II) are not 

due to specific experimental conditions, but reflect two conformational states of the inactive 

ensemble of PKA. In unfolding pathway (I), the CNB domains unfold in a highly cooperative 

fashion and at high forces, which indicates that both CNB domains are tightly-bound to the 

catalytic subunit. In contrast, in unfolding pathway (II) we observed the CNB domains unfolding 

independently and at forces similar to those seen in apo-unfolding trajectories, suggesting that the 

CNB domains are loosely-bound to the catalytic subunit.  
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Figure 30. Assignment of Unfolding Rips of the CNB domains Bound to the Catalytic Subunit. (a) The overlay 
of rip 2 in the unfolding trajectories for the wY120/S376 (light blue circles) and the mutant R333K pulled at positions 
Y120/S376 (dark blue circles) follow the same Worm-like chain of DLc = 44 nm, which corresponds to the Worm-
like chain of the CNB-A domain. (b) Overlay of rip 1 in the unfolding trajectories for the wild-type D149/S376 (blue 
circles), the wild-type Y120/S376 (red circles), and the mutant R333K pulled at positions Y120/S376 (yellow circles) 
share the same Worm-like chain of DLc = 50 nm (CNB-B domain). (c) Overlay for the unfolding of the entire 
regulatory subunit (rip 1+2) in the wild-type Y120/S376 and R333K Y120/S376 (DLc = 94 nm). 

 

Figure 31. Worm-like Chain Analysis of Refolding Transitions of Wild-type and R333K Regulatory Subunit 
Bound to the Catalytic Subunit. (a) The Worm-like chain is shown for the wild-type regulatory subunit 
(Y120/S376). The two rips follow the predicted Worm-like chain for the CNB-A domain (DLc = 44 nm) and the 
CNB-B domain (DLc = 50 nm) respectively. (b) The R333K refolding rip corresponds to refolding of the CNB-B 
domain only (DLc = 50 nm). 
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The Energy Landscape Describes the Cooperative Behavior of the CNB Domains Bound to 

the Catalytic Subunit 

The data corresponding to unfolding pathway (I) allowed us to dissect the thermodynamic 

driving forces underlying the cooperative behavior of the CNB domains tightly bound to the 

catalytic subunit. Specifically, we transformed the unfolding force probability distributions of each 

CNB domain into lifetimes as a function of force85,87 to extract the folded state lifetime (τ0,F), 

distance to the transition state (Δx‡
FàU), and energy barrier (ΔG‡

FàU) at zero force (Figure 28c-f 

and Table 1).  

For the CNB-A domain, τ0,F was larger and Δx‡
FàU was longer in the apo state compared 

to the values obtained for the tightly-bound conformation. For the CNB-B domain in the apo state, 

τ0,F was shorter and Δx‡
FàU was longer than in the tightly-bound conformation. Compared to other 

folded proteins studied under force57,62,93,98–100, both CNB domains in the apo state had an 

unusually large Δx‡
FàU. A similar Δx‡

FàU was reported for apomyoglobin, a molten-globule like 

protein that lacks well-packed tertiary interactions at low pH.101 This molten-globule like protein 

still contains its secondary structures (alpha helices and beta sheets), but lacks a well-defined 

tertiary structure. A lack of well packed tertiary interactions means that in order for the protein to 

reach the transition state of the unfolding reaction, it must undergo a larger deformation to reach 

that transition stat. Thus, in the absence of the catalytic subunit the regulatory subunit is compliant 

and deformable. In contrast, both CNB domains bound to the catalytic subunit experienced a 

significant reduction in Δx‡
FàU, suggesting that these domains become more brittle, or less flexible, 

when they are bound to the catalytic subunit. This means that any deformation of the molecule 

cause the protein to quickly reach the transition state required for unfolding the protein domain.  

A similar analysis of the refolding force probability distributions in the presence of 

catalytic subunit (insets in Figure panels 28c and 28e, Figure 31) enabled us to extract the 
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unfolded state lifetimes at zero force (τ0,U) and the distance to the transition state for the refolding 

reaction (Δx‡
UàF) (Figure 28d and 28f). Both CNB domains exhibited similar τ0, U and Δx‡

UàF 

when tightly-bound to the catalytic subunit: the CNB-A domain had a τ0,U = 2.0·10–5 s and a Δx‡
UàF 

= 8.6 nm, whereas the CNB-B domain had a τ0,U = 4.0·10– 5 s and a Δx‡
UàF = 8.2 nm.  

Having obtained the lifetimes of the folded and unfolded states at zero force, we estimated 

the equilibrium free energy of unfolding for each CNB domain bound to the catalytic subunit using 

ΔG0
bound = –RT·ln[τ0,U/τ0,F], where RT = 0.592 kcal/mol. We obtained ΔG0

bound = 12.9 kcal/mol for 

the CNB-A domain and ΔG0
bound = 12.1 kcal/mol for the CNB-B domain. Since refolding 

transitions of the CNB domains were rarely detected in the absence of catalytic subunit, we 

performed bulk urea denaturation experiments monitored by circular dichroism (Figure 32a-d) 

and tryptophan fluorescence (Figure 32e-h) to estimate the unfolding free energy of each CNB 

domain in the apo state (ΔG0
apo). For bulk circular dichroism experiments, the secondary structure 

of the protein can be monitored as a function of urea concentration. The alpha helical propensity 

of a protein is observed by a peak at 210 and 220 nm. While beta sheets are observed with a peak 

around 215 nm. The observed CD is the overlap of all the secondary structure absorptions.  

In the absence of urea the CNB-A and CNB-B domains exhibit different secondary 

structures (Figure 32a). A similar CD spectra is observed for the WT and R333K regulatory 

subunit indicating that the secondary structures are similar despite the presence of the mutation. 

The CNB-A and CNB-B domains unfold at a similar urea concentration, while the R333K 

regulatory subunit requires a lower concentration of urea to unfold. In the tryptophan fluorescence,  

the CNB-B domain unfolds a lower urea concentration compared to CNB-A (Figure 32g). For the 

full length regulatory subunit, an intermediate unfolding state is observed for the WT construct, 

but is not observed in the R333K mutant (Figure 32h).  
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We obtained a ΔG0
apo ~ 5.8 kcal/mol for the CNB domains using circular dichroism, which 

reflects the global stability of the secondary structures of the domains. The stability values were 

slightly lower when monitored by changes in tryptophan fluorescence. These results indicate that 

the local environment surrounding the tryptophan residues are less stable than the global fold of 

the protein (Table 2). Independent of the technique used to measure the stability of the CNB 

domains in the apo state, there is a substantial thermodynamic stabilization effect (8.5-10 kcal/mol) 

of the CNB domains when they are tightly interacting with the catalytic subunit. This stabilization 

or coupling energy provides a thermodynamic foundation for the cooperative unfolding behavior 

of the two CNB domains. 

Another important difference between the apo state and the tightly bound conformation is 

reflected in the height of the energy barrier, ΔG‡
FàU. Unfolding the CNB-A domain required a 

ΔG‡
FàU = 36.6 kBT in the apo state, whereas bound to the catalytic subunit it required a ΔG‡

FàU = 

18.4 kBT. The opposite trend is observed for the CNB-B domain, requiring a ΔG‡
FàU = 20.9 kBT 

in the apo state and 33.7 kBT when bound to the catalytic subunit (Table 1, see appendix). 

Interestingly, while the CNB domains unfold following the same reaction order in our experiments, 

the protein has very different underlying energy landscapes in the presence versus the absence of 

the catalytic subunit. This difference is reflected by the change in ΔG‡
FàU, and represents the first 

direct measurement of an energetic switch mechanism for a protein-signaling complex, and likely 

reflects the directionality of the observed functional cooperativity from the CNB-B domain to the 

CNB-A (B-to-A direction) in the PKA complex.17,18  
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Figure 32. CD and Fluorescence Spectra and Unfolding Titrations for the CNB-A, CNB-B, Wild-type 
and R333K Regulatory Subunit. (a) CD spectra of the truncated CNB-A and CNB-B domains. (b) CD spectra 
of the full-length wild-type regulatory subunit and the R333K mutant. (c) Fraction folded of the truncated CNB-
A and CNB-B domains as a function of urea concentration monitored by changes in CD signal at 222 nm. (d) 
Fraction folded of the full-length wild-type regulatory subunit and the R333K mutant as a function of urea 
concentration monitored by changes in CD signal at 222 nm. (e) Fluorescence emission spectra of the truncated 
CNB-A and CNB-B domains. The fluorescence emission spectrum of the CNB-B domain was normalized to 
the maximum fluorescence emission of the CNB-A domain. (f) Fluorescence emission spectra of the full-length 
wild-type regulatory subunit and the R333K mutant. (g) Fraction folded of the truncated CNB-A and CNB-B 
domains as a function of urea concentration monitored by changes in fluorescence emission at 337 nm. (h) 
Fraction folded of the full-length wild-type regulatory subunit and the R333K mutant as a function of urea 
concentration monitored by changes in fluorescence emission at 337 nm. (h) Fraction folded of the full-length 
wild-type regulatory subunit and the R333K mutant as a function of urea concentration monitored by changes 
in tryptophan fluorescence. 
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A Single Mutation Breaks the Folding Cooperativity Between the CNB Domains Bound to 

the Catalytic Subunit 

The strong folding cooperativity observed in the B-to-A direction predicts that, when 

bound to the catalytic subunit, an energetic perturbation in the CNB-B domain will propagate to 

the CNB-A domain. To test this prediction, we made the mutation R333K in the cAMP-binding 

pocket of the CNB-B domain, and evaluated its long-range effect over the mechanical stability of 

the CNB-A domain as well as its effect over the folding cooperativity between CNB domains. 

Previous studies have shown that this mutation does not affect the affinity for the catalytic 

subunit9,18, but it destabilizes the regulatory subunit in the cAMP bound state20, and increases both 

the KD for cAMP binding and the KA for cAMP-mediated activation of PKA9. However, the 

mechanism by which a mutational perturbation propagates from one CNB domain to another in 

the PKA complex still remains unknown. 

The R333K mutant protein in the apo state had severe folding defects. In the force-

extension curve shown in Figure 33a (left), only one fully folded domain is observed (measured 

DLc = 44 nm, N = 302) in the apo state, which likely corresponds to the CNB-A domain. This 

partially folded trajectory was only observed one time out of hundreds unfolding cycles over 

several different molecules. In contrast, in the presence of catalytic subunit the R333K mutant 

protein showed complete folding of both CNB domains with a high probability of refolding (~ 73 

%) (Figure 33a, right), which is in agreement and corroborates the role of the catalytic subunit in 

assisting the refolding process seen for the wild type regulatory subunit. Similar to wild type, the 

R333K mutant protein displayed a highly cooperative unfolding pathway (unfolding pathway I) 

and an apo-like unfolding pathway (unfolding pathway II). However, there were important 

differences between the wild type and the R333K mutant protein. First, a decrease in the 

percentage of cooperative unfolding pathway (from 85 % to 67 %) and an increase in the apo-like 
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unfolding pathway (from 15 % to 33 %) was observed in the R333K mutant protein (Figure 33a). 

Second, the unfolding force probability distribution of the mutant CNB-B domain showed lower 

unfolding forces compared to the wild type CNB-B domain  (~ 11.5 pN and ~ 15.2 pN, 

respectively, Figure 33b). Unexpectedly, we also measured a lower mean unfolding force for the 

CNB-A domain in the mutant protein relative to wild type (~ 10.5 pN and ~ 13.6 pN, respectively, 

Figure 33d). This result is a direct measurement of the long-range destabilizing effect of the 

mutation in the CNB-B domain – the destabilization effect to one domain is propagated to the 

other domain.  

We extracted τ0,F, Δx‡
FàU, and ΔG‡

FàU from the unfolding force probability distributions 

of each CNB domain in the R333K mutant protein, and compared the values with those obtained 

for the wild type protein (Figure 33c and 33e, Table 1). For both CNB domains, there were no 

significant differences in τ0,F between the mutant and wild type proteins. However, Δx‡
FàU was 

significantly longer for the R333K mutant protein. A longer Δx‡
FàU

 indicates that the mutant 

protein exists in a molten globule-like conformation even when it is bound to the catalytic subunit. 

This molten globule-like conformation may contain secondary structures, but lack the well-packed 

tertiary interactions characteristic of native proteins.102,103 This lack of well-packed tertiary 

structures may result in compliant and less deformable structures that are less resistant to force.65 

Analysis of refolding force distributions were only possible for the CNB-B domain, allowing us 

to determine τ0,U and Δx‡
UàF (Table 1), and ΔG0

bound = 11 kcal/mol. As seen for the wild type 

protein, the stability of the mutant CNB-B domain due to interactions with the catalytic subunit is 

~ 8.5 kcal/mol higher than the value obtained for the apo state from bulk measurements (Table 2).  

The analysis of the unfolding energy barrier (ΔG‡
FàU) provides deeper insight into the 

cooperative effect of the mutational perturbation and long-range communication in the B-to-A 

direction. For the CNB-A domain, a ΔG‡
FàU of 20.5 kBT is obtained for the R333K mutant versus 
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18.4 kBT for the wild type protein. A ΔG‡
FàU = 23.9 kBT is observed for mutant CNB-B domain 

versus 33.7 kBT for the wild type protein. The difference of 3 kBT between the two CNB domains 

in the R333K mutant versus 15.3 kBT in the wild type protein shows that the two CNB domains in 

the mutant regulatory subunit have been significantly decoupled, but residual cooperativity still 

exists between them. These results show that the cooperativity between the two CNB domains in 

the PKA complex is robust, and likely involves multiple residues or structural elements in the 

regulatory subunit. Additionally, only small differences in the ΔG0
bound for the CNB-B domain 

were observed in the mutant versus wild type protein (11.0 kcal/mol versus 12.4 kcal/mol). This 

is in contrast to the large differences in the force and the ΔG‡
FàU required to unfold the CNB-B 

domain in the mutant versus wild type construct. This means that although the stability of the 

individual CNB-B domain was affected, the overall stabilization of the protein-protein interactions 

in the PKA complex outweighs the individual domain destabilization effect.   
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Figure 33. Mechanical Unfolding of the R333K Regulatory Subunit. (a) Representative force-extension 
curves for the mechanical unfolding of the R333K mutant regulatory subunit in the absence (left) and presence 
(right) of catalytic subunit. In the absence of catalytic subunit, or apo state, we observed two unfolding rips at 
5 pN and 13 pN. The rip occurring at 13 pN has a change in extension that is comparable to the CNB-A domain. 
In contrast, the rip seen at 5 pN has a much lower extension change compared to that of the CNB-B domain, 
indicating that this mutant protein in the apo state is partially folded. Incubation with catalytic subunit facilitates 
and recovers the correct folding of the R333K mutant regulatory subunit. Unfolding occurs in two unfolding 
pathways (I) and (II), a behavior similar to the wild-type construct. (b) Unfolding (Unf) force probability 
distributions for the R333K mutant and wild-type CNB-A domain bound to the catalytic subunit (light brown 
and dark purple bars, respectively). No refolding transitions were observed for the R333K mutant CNB-A 
domain in the presence of the catalytic subunit. (c) Folded-state lifetimes (tF) as a function of force for the 
R333K mutant and wild-type CNB-A domain in the absence and presence of the catalytic subunit (light brown 
spheres and dark purple squares, respectively). (d) Unfolding (Unf) force probability distributions for the 
R333K mutant and wild-type CNB-B domain bound to the catalytic subunit (dark red and dark blue bars, 
respectively). Inset: Refolding (Ref) force probability distribution of the R333K mutant CNB-B domain in the 
presence of catalytic subunit (light orange bars). (e) Lifetimes (t0) as a function of force for the CNB-B domain 
in the presence of catalytic subunit. Light orange and dark red spheres correspond to unfolded (tU) and folded 
state (tF) lifetimes for the R333K mutant. Light yellow and dark blue squares correspond to unfolded and 
folded state lifetimes for the wild-type protein. The lines in panels (c) and (e) correspond to the best fit of 
equation (24), and the lines in panels (b) and (d) correspond to the best fit of equation (25). 
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Discussion and Conclusions Regulatory Subunit Unfolding Experiments 

Accessing Microstates in the PKA Inactive State Ensemble. The CNB domains bound to the 

catalytic subunit displayed a complex behavior, unfolding in two clearly distinct pathways. The 

predominant pathway (unfolding pathway I) shows that the two CNB domains are very stable and 

tightly coupled, unfolding near-simultaneously, whereas the minor pathway (unfolding pathway 

II) resembles the apo state, where the CNB domains unfold sequentially and independently of each 

other. While the optical tweezers experiment directly and selectively probes the regulatory subunit, 

it is possible that the two unfolding pathways identified in this study may have a contribution from 

dynamic fluctuations of the catalytic subunit.104 Studies of the conformational dynamics of the 

catalytic subunit showed that the protein fluctuates between a open (in the absence of substrate, 

apo state), intermediate (substrate bound), and closed conformation (substrate bound and 

catalytically functioning). These conformations were proposed to result from fluctuations of the 

N- and C-lobe. 

The observation that the CNB domains unfold in two pathways likely represent two distinct 

conformations of the wild type PKA inactive state ensemble (Figure 34, green box). We found 

that the R333K mutation promoted a greater population of loosely bound conformation (Figure 

34, tan box). In fact, no residual kinase activity of the catalytic subunit bound to the regulatory 

subunit cross-linked to DNA handles was detected in the absence of cAMP, indicating that 

complete inhibition is achieved independently of the inactive conformational state of the PKA 

heterodimer (Figure 9). This result indicates that in both inactive conformations, reflected by 

unfolding pathways (I) and (II), the regulatory subunit remains tethered to the catalytic subunit 

active site through the inhibitory sequence motif.22,105  

Nuclear Magnetic Resonance (NMR) studies of PKA by Akimoto et al.22 have shown that 

the flexible linker plays a state selective role in the allosteric regulation of the PKA holoenzyme. 



 108 

This study used a truncation mutant of the regulatory subunit, the truncated CNB-A domain 

(residues 91-244). This truncated CNB-A domain is still able to form a holoenzyme complex and 

was used as a model system to study the role of the flexible linker of the CNB-A domain and the 

catalytic subunit in PKA activation. NMR correlation studies looked at the NMR shifts in the 

presence (91-244) and the absence (119-244) of the dynamic linker. When bound to the catalytic 

subunit, the CNB-A domain adopts a conformation known as the holoenzyme bound or “H”  form. 

This form is analogous to the “T” or tight conformational state in the Monod-Wyman-Changeux 

(MWC) model. In the H-state the flexible linker region binds into the active site of the catalytic 

subunit and the CNB-A domain provides an additional binding site for the catalytic subunit. In the 

cAMP bound form or “B” form, the CNB-A domain exists in a state analogous to the “R” or 

relaxed conformation of the MWC model. According to the conformational ensemble theory of 

allostery, the regulatory subunit can exist in both the H-form or B-form in the apo state (absence 

of catalytic subunit or ligand). These H- and B-forms represent the inactive and active state of the 

regulatory subunit.  

 A comparison of the hetero-nuclear single quantum coherence (HSQC) spectra of the apo 

and cAMP-bound R subunit with and without the linker segment showed the linker induces a 

population shift towards the active (B-form) state. This is due to stabilization of the active 

conformation resulting from the interactions of the linker with the CNB-A domain. Deletion of the 

linker region and single-point mutational studies within the flexible linker at position R113A and 

I116A resulted in a population shift towards the H-form. This is due to the inability of the flexible 

linker to interact with CNB-A and the stabilization of the inactive (H-form).  

In our study, the 71-379 regulatory subunit includes 20 more amino acid residues from the 

flexible linker region. Interestingly, a distribution of two conformational states is observed by two 

unfolding pathways I and II. These two unfolding pathways could reflect the population of inactive 
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and active conformations present in the PKA ensemble.  In the predominant conformation reflected 

by unfolding pathway (I), inhibition of kinase activity involves interactions with the inhibitory 

sequence and surface interactions between the regulatory and catalytic subunits, i.e., a tightly-

bound conformation or the inactive form. In contrast, we propose that the inactive conformation 

reflected in unfolding pathway (II), kinase inhibition is largely mediated by the inhibitory sequence 

without strong surface interactions between the regulatory and catalytic subunits, i.e., a loosely-

bound conformation or active-like conformation. Along with acting as a competitive inhibitor for 

peptide substrates, small angle x-ray (SAXs) studies have shown that the flexible linker also serves 

as a tether for the C-subunit in the presence of cAMP.21 These studies showed that full dissociation 

of the C-subunit occurred only in the presence of both cAMP and a target substrate. Other bulk 

studies have also observed this partial dissociation of the PKA complex106,107.  

A complete understanding of this loosely-bound conformation would require future experiments 

to further characterize this secondary unfolding pathway. 

The structural origin for a tightly- and a loosely-bound conformation may arise from the 

dynamics associated with the a-helix, named B/C helix, that connects the two CNB domains in 

the regulatory subunit.96,106,108 As seen in the PKA structure5 (Figure 1), the extended 

conformation of the B/C helix facilitates multiple points of interaction between the regulatory and 

catalytic subunits. These points of interaction include the aB/C helix itself, the flexible linker 

domain, and the two CNB domains. Therefore, the tightly-bound conformation identified in this 

study may correspond to the regulatory subunit with the B/C helix in an extended conformation 

that has been previously observed in bulk studies.96 

In contrast, the loosely-bound conformation suggests less interaction points between the 

regulatory and catalytic subunits. A recent study using molecular dynamic simulations has 

proposed that the regulatory subunit samples a flipback conformation109, where the aB/C helix 
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bends at residue G235 and the CNB-B domain decreases its surface interaction with the catalytic 

subunit and increases its interactions with the N3A of the CNB-A domain. Like the H-bound form, 

this flipback conformation is still capable of accommodating the catalytic subunit. In the flipback 

conformation, the CNB-A domain exhibits a more electropositive surface charge resulting in a 

higher association rate by cAMP. However, in the holoenzyme conformation, the CNB-A domain 

has a slower association rate for cAMP then CNB-B which is in agreement with the gatekeeper 

role of domain B in PKA activation. Because our results show very strong cooperativity between 

the two CNB domains, it is possible that breaking the interaction between the catalytic subunit and 

the CNB-B domain will also lower the interaction energy with the CNB-A domain as well. Thus, 

the loosely-bound conformation identified in this study may correspond to a regulatory subunit 

with a bent B/C helix as reported in the flipback conformation.33 
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Figure 34. A Switch in the Folding Energy Landscape of the CNB Domains Controls the Activation of PKA. 
An ensemble is observed for the PKA complex in the inactive state (green box), in which the CNB-B domain exists 
in a tightly- and a loosely-bound conformation. The R333K mutation shifts the inactive ensemble towards a greater 
fraction of the loosely-bound conformation (tan box). In the unfolding pathway, the CNB-B domain unfolds first 
because a greater degree of surface contacts exists between the CNB-A domain and the catalytic subunit via the 
N3A motif (shown in teal) and the aB/C helix (shown in maroon). The unfolding of the CNB-B domain results in 
the loss of the Arg241(R):Asp267(R):Arg194(C) salt bridge (inset),111 which exposes a weaker unfolding point, or 
“Achilles heel” unfolding point, and the fast dissociation of the CNB-A domain from the catalytic subunit. This 
cooperative unfolding pathway is also observed in the energetics of the unfolding free energy landscape. In the 
absence of catalytic subunit (apo state, red line), a lower energy barrier is required to unfold the CNB-B domain (21 
kBT) versus the CNB-A domain (37 kBT). In contrast, in the tightly-bound conformation (blue line) a higher energy 
barrier is required to unfold the CNB-B domain (34 kBT) versus the CNB-A domain (18 kBT). This change in energy 
barriers results in a highly cooperative unfolding behavior between the two CNB domains bound to the catalytic 
subunit. A destabilizing mutation in the CNB-B domain (R333K, green line) partially decouples the cooperativity 
between the two CNB domains bound to the catalytic subunit. The energy difference in the folded state (XNative) is 
not to scale in order to better distinguish the differences between the energy barriers for the apo, wild type, and 
R333K protein constructs. 
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Structural Origin for the Cooperative Unfolding Mechanism of the Regulatory Subunit 

Bound to the Catalytic Subunit. Although the unfolding order of the CNB domains is the same 

in the presence and absence of the catalytic subunit, the sequence of events emerges from very 

different underlying energy landscapes. In the apo state, the CNB domains behave as two 

independent, non-interacting structural elements, where the CNB-B domain is the mechanically 

weaker domain, unfolding almost exclusively before the CNB-A domain. The strong bias in the 

order of unfolding events is not apparent from the small unfolding force difference between the 

two CNB domains (Figure 28). Instead, the underlying energy landscape parameters of the two 

domains (τ0,F, Δx‡
FàU, ΔG‡

FàU), which result in very narrow unfolding force distributions, dictate the 

observed unfolding reaction order. We use Monte-carlo simulations to show that the energy 

landscape parameters of each individual CNB domain fully recapitulate our experimental 

observations obtained with the regulatory subunit (Figure 27). 

In contrast, in the presence of catalytic subunit, the CNB domains unfold near-

simultaneously and in a cooperative fashion, which arise from intersubunit coupling interactions. 

This cooperativity between domains can be rationalized by the contacts between amino acid 

residues in the regulatory and catalytic subunit. In the PKA complex, the CNB-A domain has the 

greatest degree of surface contacts with the catalytic subunit via its N3A motif, the cAMP binding 

pocket, and the flexible linker. A surface analysis of the PKA complex5 shows that the N3A motif 

contributes 56 % of surface contacts between the CNB-A domain and the catalytic subunit. 

Additionally, the B/C helix that connects the two CNB domains contributes 26 % of the total 

surface contacts with the catalytic subunit. In contrast, fewer contact points exist between the 

CNB-B domain and the catalytic subunit (Figure 34), which mainly occur via a set of hydrogen 

bonds and electrostatic interactions between Arg241(R):Asp267(R):Arg194(C) (the superscript 
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denotes the PKA subunit) and a hydrophobic stack between Trp260(R):Lys285(C):Asn283(C).5 

These contact points have been shown to be critical for the stability of the PKA complex; i.e., 

mutations in these residues facilitate the dissociation of the regulatory subunit from the catalytic 

subunit.110 Additionally, molecular dynamic simulation showed that residues 230-238 of the aB/C 

helix is an important helical break point for the activation of PKA.109 

From our studies, we propose that a mechanical force breaks the contact points between 

residues in the CNB-B domain and the catalytic subunit, and facilities the fast dissociation and 

unfolding of the CNB-A domain (Figure 34, top schematic). When unfolding the regulatory 

subunit, the CNB-B domain unfolds first because it has less surface contacts with the catalytic 

subunit than the CNB-A domain (18 % and 42 %, respectively), making the CNB-B domain the 

weaker of the two domains. Unfolding of CNB-B results in the loss of the 

Arg241(R):Asp267(R):Arg194(C) salt bridge and the Trp260(R):Lys285(C):Asn283(C) hydrophobic 

patch,5,111 creating a new weaker unfolding point, or an “Achilles heel”, that results in the fast 

dissociation of the CNB-A domain from the catalytic subunit (Figure 34, middle of top schematic). 

This Achilles heel point may be linked to the cAMP-mediated activation of the PKA complex. In 

our studies, the mechanical unfolding of the CNB-B gains access to a lower unfolding energy 

barrier for the fast dissociation of the PKA complex. This may be the foundation by which cAMP 

binding to the CNB-B domain triggers the fast release of the active catalytic subunit.  
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An Energetic Switch Mechanism Controls the Activation of PKA. Previous biochemical 

studies have shown that the cAMP-dependent activation of the PKA complex is sequential and 

cooperative, wherein binding of a first cAMP molecule to the CNB-B domain allows binding of a 

second cAMP molecule to the CNB-A domain.17,18 The gatekeeper role that the CNB-B domain 

plays in the activation pathway of PKA has been well established experimentally5,112,113, and serves 

as a prototype example to study the thermodynamic driving forces underlying signal transduction 

between signaling modules, such as CNB domains.  

Here, we discuss the differences in energy landscapes between apo and bound states, and 

their role in the mechanism of activation of PKA. Having determined the energy barriers (ΔG‡
FàU) 

and the unfolding reaction order of the CNB domains, we constructed an energy landscape of the 

regulatory subunit in the apo state and in the tightly-bound conformation with the catalytic subunit 

(Figure 34). Interestingly, while the unfolding reaction order of the apo state and the tightly-bound 

conformation are the same (i.e., the CNB-B domain always unfolds first), the energy barriers 

underlying these two unfolding pathways are very different. For the CNB-B domain, a 

significantly higher energy barrier from 20.9 kBT in the apo state to 33.5 kBT in the tightly-bound 

conformation is observed (ΔΔG‡
FàU = 12.6 kBT), whereas a lower energy barrier is observed for 

the CNB-A domain when bound to the catalytic subunit compared to the apo state (ΔΔG‡
FàU = 

18.2 kBT). This switch in energy barriers, triggered by the catalytic subunit, result in strong 

cooperative interactions between the CNB domains in the B-to-A direction, and provide a 

thermodynamic basis for the gatekeeper function of the CNB-B domain, i.e., an energetic 

perturbation in the CNB-B domain (mutation or ligand binding) will efficiently propagate to the 

CNB-A domain. 

In fact, the R333K mutation shows that the unfolding forces are lower for both CNB 

domains compared to the wild type regulatory subunit, despite the mutation being localized in the 
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CNB-B domain. This result clearly shows that the destabilizing mutational effect of R333K was 

transduced in the B-to-A direction. In agreement with this result, analysis of the energy barriers 

reveals that both CNB domains remain coupled in the B-to-A direction but to a significantly lower 

degree compared to the wild type regulatory subunit (Figure 34, dashed green line). It is possible 

that the larger cAMP concentration required to activate the PKA complex harboring R333K is not 

only due to a lower affinity between cAMP and the binding pocket of the mutant CNB-B domain, 

but also because the two CNB domains are almost thermodynamically decoupled. As a 

consequence, the observed lack of functional cooperativity in the activation of a PKA 

heterotetramer harboring the R333K mutations114 results from two mechanisms: ligand binding 

defects and the inability of the CNB-B domain to efficiently transduce the cAMP binding signal 

to the CNB-A domain. It is possible that disease mutations in PKA-RIa that generate gain-of-

function or loss-of-function are a consequence of an increase or decrease in the degree of 

thermodynamic coupling between the CNB domains.6,111 
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Conclusions 

In this study, we developed a single molecule mechanical assay based on optical tweezers 

to study the folding cooperativity of the CNB domains of PKA in the apo state or bound to the 

catalytic subunit. This approach directly interrogates the thermodynamic driving forces that enable 

PKA to be an effective molecular switch that transduces cAMP binding signals from one CNB 

domain to another in order to release active catalytic subunits. Future studies will involve 

investigating the communication mechanisms between CNB domains across the PKA 

heterotetramer, as well as the role of ATP, Mg2+ and to the inhibitory sequence on the cooperative 

behavior of the CNB domains. Our approach should be readily applicable to address these 

fundamental questions in PKA as well as in other kinases like PKG or PKC that share a similar 

structural organization.    

 

RC Linker Expression and Purification 

 The RC Linker was purified using the protocol described in methods section X. A 10% 

SDS gel of the purification is shown in Figure 35. The total molecular weight of the RC linker 

maltose binding fusion protein is 115 kDa (molecular weight of the regulatory subunit catalytic 

subunit is 42 kDa, and maltose binding protein is 33 kDa, 42 kDa, and 40 kDa respectively. The 

spun supernatant (SS) after cell lysis shows a band at ~125 kDa which corresponds to the MBP 

RC linker fusion protein (Figure 35, lane 1). The total cell lysate (FT) still has a band after binding 

to the amylose resin overnight meaning a large fraction of the protein still does not bind to the 

resin (Figure 54, lane 2). This could be due to the limited binding capacity of the amylose resin 

or a fraction of the protein is aggregated and can no longer bind to the resin. Three elutions with 

20 mM maltose show a strong bands at the ~125 kDa, but lower molecular weight bands are still 
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present in the elutions (Figure 35, lane 6-8). This is a result of nonspecific binding to the amylose 

resin. Incubation of the combined elutions with TEV protease result in almost complete digestion 

of the MBP RC Linker fusion protein (molecular weight of digested RC Linker is 75 kDa). This 

digested sample is loaded onto the size exclusion column for further purification.  

 The elution profile of the digested RC linker is shown in Figure 36. A large aggregation 

peak is observed from 40 to 60 mLs. This is due to the insolubility of the RC linker after cleavage 

of the maltose binding protein. However, a peak at 75 mLs is observed which corresponds to the 

RC linker. Another peak is observed at ~85 mLs which corresponds to the maltose binding protein. 

The peak at 75 mLs corresponds to elutions B15 to B 28. These samples were collected and loaded 

onto a 10% SDS page and is shown in Figure 37. Elutions B15 to B 28 show that each elution 

contains undigested MBP RC Linker fusion protein, Digested RC linker, Undigested MBP-R, 

MBP, and regulatory subunit only. Fraction B28 contains more digested RC Linker and was used 

for the DNA handle attachment. This fraction contained an OD of 1.38 mg/mL in 1 mL. In order 

to show that incomplete digestion of the MBP RC linker fusion protein was occurring, additional 

TEV was added to fraction B21 and incubated overnight for further digestion (Figure 38).  
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Figure 35. The Purification Gel for the MBP RC Linker Fusion Protein. The samples were run on a 10% SDS 
page at 35 mA for ~45 mins. The sample lane order is as follows: (1) Spun Supernatant (SS), (2) Flow Through 
(FT), (3) Wash 1 (W1), (4) Wash 2 (W2), (5) Wash 3 (W3), (6) Elution 1 with 20 mM maltose (E1), (7) Elution 2 
with 20 mM maltose (E2), (8) Elution 3 with 20 mM maltose, (9) TEV digestion of MBP RC Linker fusion protein. 
The digested RC linker has a molecular weight of 75 kDa. Maltose and the regulatory subunit have a molecular 
weight of 40 kDa and 33 kDa respectively. 
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Figure 36. SEC Elution Profile for the RC Linker after Digestion with TEV Protease. A large aggregate peak 
occurs from 40 to 60 mLs indicating a large portion of the protein aggregates after cleavage of the maltose binding 
protein. A peak at 75 mLs and 85 mLs is observed and corresponds to the digested RC linker and the maltose 
binding protein.  
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Figure 37. Protein Gel of the SEC Elution Profile of the RC Linker. 10% SDS page for elution fractions 
for the peak at 75 mLs observed in the SEC elution profile. These fractions corresponded to B15 to B28. In 
each fraction, a band corresponding to the undigested MBP RC Linker fusion protein, the digested RC Linker, 
the undigested MBP-R, and MBP, and regulatory subunit are observed. Fractions B25 to B28 show a smaller 
band for the undigested MBP RC Linker and a larger band for the digested RC Linker. Fraction B28 was used 
for the DNA handle attachment.  

Figure 38. TEV Digestion of the RC Linker after SEC. In order to show that incomplete digestion was 
occurring, more TEV was added to elution B21. This sample was allowed to incubate overnight at 4°C. Both 
samples were loaded onto a 10% SDS page and run at 35 mA for ~45 minutes and stained with Coomassie 
blue. Lane 1 corresponds to the B21 elution after the SEC. Lane 2 corresponds to the B21 elution after the 
additional digestion with TEV overnight. Lane 2 shows that the upper band that corresponds to the MBP RC 
Linker fusion protein is no longer present after additional digestion and only lower bands corresponding to 
the digested RC linker, maltose binding protein, and regulatory subunit remains.  
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Expression and Purification of TEV protease 

 The expression and purification of TEV protease was done following the protocol outlined 

in Chapter II Methods, page 67. The expression gel of TEV protease is shown in Figure 39 

(left). Lanes 1-3 correspond to the colonies 1-3 prior to induction and lanes 4-6 correspond to the 

colonies after induction with 0.5 mM IPTG. A band at ~25 kDa is expected for the successful 

expression and purification of TEV (molecular of TEV is 25 kDa). However, a band at 25 kDa is 

observed prior to the induction with IPTG. This corresponds to proteins that are naturally present 

in E.coli cells. However, the purification  of cell pellet shows a band at 25 kDa after elution from 

the nickel resin (Figure 39 (right)). A fraction of the protein is lost to the pellet (Figure 39, lane 

3), but a large fraction still exists in the supernatant and can be purified with the nickel resin and 

eluted with imidazole (Figure 39, lanes 6-9). The elutions from the nickel resin were run onto the 

SEC for further purification (Figure 39).  A band at 49 mLs, 90 mLs, and 129 mLs is observed in 

the SEC elution profile. The band at 50 mLs corresponds to the aggregated TEV protein and the 

band at 90 mLs corresponds to the TEV protein.  

Samples were collected from the elution fractions at 90 mLs and loaded onto a 10% SDS 

page (Figure 40).  The gel was run at 35 mA for ~45 minutes and stained with Coomassie blue. 

This denaturing gel shows that only TEV is present in the elution fractions at 90 mLs. Samples 

were taken for the peak at 129 mLs and no protein was observed on the protein gel. This peak most 

likely corresponds to the imidazole present in the TEV elution buffer. Most small molecules elute 

after 110 mLs in the SEC. The purified TEV is stored at -80°C and used for the digestion of maltose 

binding protein from the MBP RC Linker fusion protein.  
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Figure 39. Gels for TEV Expression and Purification. (Left) The expression gel for TEV protease is shown on a 
10% SDS page. Lanes 1-3 correspond to colonies 1-3 prior to induction and lanes 4-6 correspond to colonies 1-3 
after induction with 0.5 mM IPTG. A band at 25 kDa that corresponds to proteins that are native to E.coli competent 
cells makes it difficult to determine a successful induction from the expression gel. However, a band at the expected 
molecular weight of ~25 kDa is observed in the purification gel. (Right) After elution from the nickel resin with 1 
M imidazole, a single band at ~25 kDa is observed which corresponds to the TEV protease enzyme.  



 123 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. SEC Elution Profile of TEV Protease. (Top) The SEC elution profile for purified TEV protease 
after elution from the nickel resin.. Three peaks are observed at 49 mLs, 90 mLs, and 129 mLs. The peak at 49 
mls corresponds to the aggregated TEV protein and the peak at 129 mLs corresponds to the imidazole that was 
present in the elution buffer. Samples were taken from the elution fractions that correspond to the peak at 90 
mLs and run ont ao 10% SDS page for ~35 mA for ~45 minutes and stained with Coomassie blue. Bands at 
~25 kDa are observed and correspond to the desired TEV protein.  
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DNA Handle Attachment to RC Linker 

The protocol to attach DNA handles to the regulatory subunit (Chapter II, page 44) was 

used to for the covalent attachment of DNA handles to the RC Linker construct. After the overnight 

reaction the handle protein handle (hph) construct was loaded onto a 10% acrylamide gel (Figure 

41). The hph was loaded onto the gel as a 1:5 diluted sample, 1 microliter of sample, and 3 

microliter of sample. The band at ~1000 bp corresponds to the RC Linker with 2 DNA handles. 

The band at ~350 bp corresponds to the regulator subunit with two DNA handles as observed in 

previous handle attachment gels (Figure 41, left). This same sample was loaded onto a protein gel 

to confirm that the RC linker had survived the 6 biospin columns used for the modification (Figure 

41, right). Although some protein is lost after the 6 columns, a thick band corresponding to the 

RC linker and regulatory subunit is still observed in the protein gel indicating that the desired 

protein was still present for DNA handle attachment. This hph product was incubated with cAMP 

resin overnight for further purification of the hph product from the unreacted DNA handles 

 The protocol outlined in Chapter II Methods, page 43 was used to purify the RC linker 

hph from the cAMP resin. A large fraction of the hph does not bind to the cAMP resin as observed 

by the band at ~1000 bp in the flow through (FT) lane and washes (Figure 42). This is due to the 

RC Linker protein existing in the holoenzyme complex, which would prevent the regulatory 

subunit from binding to the cAMP resin. Additionally, a higher concentration of cAMP is required 

to inactive the RC Linker complex as was observed from kinase activity assay gels (not shown). 

The RC linker hph was eluted from the cAMP resin with 25 mM cAMP (Figure 42, left, elution). 

A gradient elution from the cAMP resin shows that the RC Linker hph requires a minimum of 0.2 

mM cAMP to elute from the cAMP resin. The regulatory subunit alone can be eluted from the 

cAMP resin with 0.02 mM indicating that a greater concentration of cAMP is required to activate 

the catalytic subunit in the RC Linker complex. This is because the concentration of the catalytic 
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subunit is maintained at a constant 1 mM due to its proximity to the regulatory subunit as a result 

of the peptide linker.  

The  RC Linker hph was ligated with 350 bp handles using the previously described 

protocol in Chapter II Methods, page 43. The ligation gel is shown in Figure 42 (right). The 

samples were run on a 10% acrylamide gel and run at 35 mA for ~2 hours and stained with gel 

red. The first lane corresponds to the RC linker hph sample prior to ligation and the second lane 

corresponds to the RC linker sample after ligation. The band at ~1000 bp corresponds to the 

regulatory subunit ligated with two DNA handles and the band at ~2000 bp corresponds to the RC 

linker hph ligated with two DNA handles. Bands that are below 766 bp correspond to the ligated 

handles or unreacted hph.  
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Figure 42. Purification and Ligation of RC Linker HPH. (Left) The purification of the RC linker hph (handle 
protein handle) with the cAMP resin is shown. The flow through (FT) after batch binding to the cAMP resin 
shows a large fraction of the hph does not bind to the cAMP resin. Elution with 25 mM cAMP shows a band at 
1000 bp and 350 bp which corresponds to the RC linker and regulatory subunit respectively. (Right) The hph 
eluted from the cAMP is ligated with 350 bp DNA handles that are modified with dig and biotin. The first lane 
shows the  hph sample prior to ligation, while the second lane shows the hph after ligation. A band at 2000 bp 
corresponds to the RC linker with two DNA handles, while the band at 1500 bp corresponds to the regulatory 
subunit with two DNA handles.  

Figure 41. DNA Handle Attachment of the RC Linker. (Left) DNA handle attachment gel to form the handle 
protein handle (hph) product between the RC linker and SH oligos. The band at ~1000 bp corresponds to RC linker 
with two DNA handles attached. The band at ~350 bp corresponds to the regulatory subunit with two DNA handles. 
Unreacted DNA handles are observed as bands below the 350 bp ladder. (Right) A protein gel was run of the hph 
product  to show that the RC linker had survived the modification. 
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Discussion and Conclusions for RC Linker Experiments  

 The fusion of the regulatory subunit to the catalytic subunit was successful. No his tag can 

be present on the c-terminus of the catalytic subunit and the peptide linker must be attached at the 

n-terminus of the catalytic subunit. Any attachment or modification to the c-terminal tail of the 

catalytic subunit will result in a loss of activity. Additionally, the linker length should be at least 

nine repeats for optimized protein expression and purification. A shorter linker length will result 

in almost complete aggregation of the RC linker after cleavage of the MBP fusion protein. The 

holoenzyme complex will form in the absence of MgCl2 and ATP in the RC Linker. This is due to 

the high local concentration of the catalytic subunit due to its attachment by the peptide linker. A 

concentration 10x greater than the cAMP concentration required to dissociate and activate the 

PKA complex is required for the RC linker.  

 The DNA handle attachment to the RC linker was successful based on the acrylamide gels 

shown (Figure 41 and Figure 42). This RC linker hph is still active and binds the cAMP resin. 

The elution of the RC Linker hph with 25 mM cAMP may prevent the formation of the PKA 

complex in the optical tweezers. In order to sequester the excess cAMP in the solution, excess 

regulatory subunit can be added to bind to the cAMP and allow the PKA complex to form. In the 

tweezers unfolding experiment it may be difficult to determine if the RC linker or the regulatory 

subunit has been tethered in the tweezers if the cooperative unfolding pathway signature of the 

bound conformation is not observed due to the presence of cAMP. However, once the RC linker 

is unfolded, the bound cAMP will be released and a buffer can be flowed through the main chamber 

to remove the cAMP.  
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Conclusions 

 The RC linker is ready for optical tweezers unfolding experiments. This construct can be 

used to study how mutations that weaken the interactions between the regulatory and catalytic 

subunit will affect the observed unfolding energy landscape and kinetics. These mutations have 

been linked to misregulation of cellular pathways and has been linked to cancer and disease. An 

understanding of this regulation may provide insight into the molecular origin of disease. 

Additionally, this construct can be used to study the conformational fluctuations of the regulatory 

subunit as a function of cAMP concentration. Based on the crystal structure of regulatory subunit 

bound to the catalytic subunit versus cAMP, a minimum of three conformational changes may 

occur as a function of cAMP. A schematic representation of these changes is shown in Figure 43. 

Through this study, it may be possible to see how the presence of a ligand or mutation can remodel 

the conformational energy landscape and give further insight into the conformational ensemble of 

allostery and disease.  

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 43. Expected Conformational Changes of the Regulatory Subunit as a Function of cAMP. An 
illustration of the expected change in extension of the regulatory subunit in the H-form (bound to catalytic 
subunit) versus B-form (bound to cAMP. At position A, the first molecule of cAMP binds to CNB-B. This causes 
the hydrophobic capping of the phosphate binding cassette (PBC) by Y371 and enables the second molecule of 
cAMP to bind (C). The final B-form conformation is observed in (D).  
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CHAPTER  IV 

CONCLUSIONS AND FUTURE OUTLOOK 

  

A single molecule optical tweezers experimental assay was successfully established and 

applied to dissect the energetics of a protein kinase signaling complex. PKA was used as a model 

system to study how the unfolding energy landscape of the regulatory subunit is affected by the 

presence of the catalytic subunit. This study shows that the presence of the catalytic subunit results 

in a higher unfolding force required to unfold each domain and a cooperative unfolding pathway 

in which the unfolding of domain B results in the almost instantaneous unfolding of domain A. 

This high force is a result of the interaction between the regulatory and catalytic subunit and the 

cooperative unfolding pathway shows the direct effect of protein-protein interactions between 

domains. Additionally, the presence of the catalytic subunit induces a switch in the unfolding 

energy landscape of the regulatory subunit towards the stabilization of the CNB-B domain. This 

energetic switch provides the first observation of how a regulatory domain can alter the energy 

landscape to propagate a long range effect in a protein signaling complex. In addition, our results 

agreed with bulk crystal studies that show the CNB-B domain acts as a gatekeeper for PKA 

activation in which cAMP must first bind to the CNB-B domain before it is able to bind to the 

CNB-A domain. The use of force to probe the interaction between protein domains can be applied 

to other protein kinase signaling complexes and can be used as a predictor for folding cooperativity 

between domains.   

This study provides a novel perspective into how the folding cooperativity between 

domains can be related to PKA activation. Traditionally, studies use cAMP binding affinity as an 

explanation for how disease mutations can affect PKA activity. However, many mutations occur 

outside of the CNB binding pocket, but still have an effect on the PKA activity. This leads to the 
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question of how are mutations outside of the ligand binding pocket propagating an effect to the 

entire protein complex and the observed protein activity? Our studies show that folding 

cooperativity between domains has an effect on the observed protein activity. In the wild-type 

regulatory domain, a larger activation energy is required to unfold domain B versus domain A in 

the presence of the catalytic subunit. However, the addition of the R333K to domain B results in a 

loss of cooperativity between domains in which similar unfolding energy barriers are now required 

to unfolding each domain. The cooperativity between domains can be used a predictor to show 

how mutations outside of the active site or ligand binding site can affect the observed protein 

activity.  

Future work would be to test this cooperativity between domains by putting mutations 

outside of the cAMP binding pocket and see the effect on the unfolding energy landscape. For 

example, mutations in PKA that are associated with Carney Complex disease6,115 or 

Acrodysostosis disease111 occur outside of the cAMP binding pocket but have an overall effect on 

PKA activity. It would be interesting to see if we could find a relationship between folding 

cooperativity between domains and observed PKA activation as a result of these disease related 

mutations. Additionally, unfolding studies with the truncated CNB-A domain bound to the 

catalytic subunit would provide insight into the energetics of domain A in the PKA complex and 

the effect of domain B. Preliminary studies has shown that a higher force is required to unfold the 

truncated CNB-A domain in the presence of the catalytic subunit compared to the CNB-A domain 

in the full-length regulatory subunit. This indicates that the CNB-B domain is in fact having an 

effect on the CNB-A domain in the PKA complex. This effect on domain A can be further tested 

by truncating the CNB-B domain in the regulatory subunit at the C-terminal end. For example, the 

Acrodysostosis disease is related to a truncated form of the regulatory subunit where 11 amino 

acid residues has been deleted from the C-terminal end of the regulatory subunit (1-366). How 
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would the unfolding cooperativity between domains change as a result of this truncation? 

Additional truncations to the CNB-B domain along the aB/C helix that connects the two domains 

can be done to provide insight into how structural elements can be related to the folding 

cooperativity between domains and how much of the CNB-B domain is needed to propagate this 

effect to the CNB-A domain.  

The selective unfolding of the catalytic subunit in the PKA complex can provide a more 

complete picture of the unfolding energy landscape and the energetics that drive PKA activation. 

Bulk studies has shown that the catalytic subunit can exist in multiple conformational states where 

the N- and C-lobe can be in an open and closed conformation to be poised for substrate activation. 

Unfolding the catalytic subunit would provide energetic insight into how the regulatory subunit 

effects the unfolding energy landscape of the catalytic subunit and if a conformational ensemble 

exists for the catalytic subunit in the PKA complex. Additionally, disease related mutations can be 

incorporated into the regulatory subunit to observe the long range effects of mutations across 

protein domains.  

More biologically relevant experiments would be to look at how cAMP effects the 

conformational energy landscape of the PKA complex and to look at the R2C2 PKA homodimer. 

The RC linker that has the regulatory and catalytic subunit linked by a peptide linker can be used 

to probe the conformational energy landscape of the regulatory subunit in the presence of cAMP. 

Titrations of cAMP could be used to observe how the conformational fluctuations of the regulatory 

would change as a function of cAMP concentration. The conformations of the regulatory subunit 

necessary for PKA activation could also be monitored with the RC linker. The peptide linker 

enables the catalytic subunit to remain tethered but not bound to the regulatory subunit in the 

presence of cAMP or with the application of force to selectively unfold the regulatory domain. 

This would allow us to study disease related mutations that severely affected the binding affinity 
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of the regulatory and catalytic subunit. For example, mutations to the N-terminal linker at R94 and 

R95 have been shown to severely decrease the formation of the PKA complex. The RC linker 

maintains the effective concentration of the catalytic subunit to ~1 mM which would drive the 

formation of the PKA complex even in the presence of a highly destabilizing mutation. 

Additionally, cAMP analogs or allosteric inhibitors/activators could also be used to test how a 

small molecule would effect this conformational energy landscape and the energetics of the PKA 

complex.  

The ultimate goal of this product would be to look at the energetics of the R2C2 PKA 

homodimer which is the biologically relevant signaling complex. This optical tweezers assay could 

be established by two possible routes: the R2C2 could be formed in trans by forming a dimer of the 

regulatory subunits in the tweezers and flowing excess catalytic subunit in the chamber or by using 

the a derivative of the RC linker in which one RC linker could be tethered in between the two 

beads excess RC linker could be flowed in the chamber or the two regulatory subunits could be 

encoded in a single peptide chain. This experimental assay would allow the investigation of 

cooperativity across multiple protein domains and could be used to provide insight into how PKA 

acts as a scaffold for other signaling proteins involved in the cell signaling network.  
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