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Abstract 

Biosensor development continues to be driven by the growing need to accurately 

detect and monitor analytes with many biotechnology, clinical, agriculture, and military 

applications.  With their well-established capacity for molecular recognition, proteins are 

the go-to choice of binding elements in many conventional sensor designs.  Switchable 

proteins offer the potential of integrating analyte binding and signal transduction within a 

single molecule, thus reducing the need for complex and expensive detection equipment 

and opening the door to miniaturization and in vivo applications.  The principal challenge 

is that the majority of natural binding proteins do not undergo a large-scale change in 

conformation upon target binding.  This work describes two complementary protein 

design strategies for the rational conversion of ordinary binding proteins into ligand-

induced conformational switches for biosensing purposes.  In the first approach, we 

applied the Alternate Frame Folding (AFF) mechanism to the human sulfiredoxin (hSrx) 

and the fibronectin (FN3) monobody scaffold towards the creation of an ATP biosensor 

and a customizable biosensor platform, respectively.  In a second novel approach, the 

Protein Fragment Exchange (FREX) mechanism was demonstrated in a proof-of-

principle study that converts the FN3 scaffold into a biosensor, capable of genetic 

encoding and application in mammalian cells.  While these designs were based on well-

established principles of protein folding and thermodynamics, the results obtained from 

these studies also offer important insights regarding protein sequence-structure-function 

relationships.   
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Chapter One 

 

General Introduction 
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1. 1.  Biosensor Overview 

Currently, biosensor development represents a rapidly growing field.  The number 

of scientific reports on this topic is staggering; a simple search for the term “Biosensors” 

in the PubMed database yields over thirty-five thousand entries.  In the last decade 

especially, the rate of biosensor publications has increased exponentially, highlighting the 

potential growth and application of biosensors in basic, industrial, and clinical research.  

This phenomenon is motivated in particular by an ever growing need to detect, quantify, 

and monitor biomolecule levels, especially for the purposes of understanding metabolic 

activities and for therapeutic advancement.  

A biosensor is a compact analytical device comprised of a biological or 

biologically derived recognition element that converts a biological recognition response 

into a measurable signal by means of a transducer 
1
.  The coupling interaction between 

input and output signals offers valuable information about biomolecules and their 

environment.  

 

1. 1. 1. Recognition Domains  

A central component to biosensing is the molecular recognition event.  The role of 

a bio-recognition domain is to bind or interact with the target analyte in a biochemical 

reaction that can be subsequently detected as a measurable signal by means of a 

transducer.  The target recognition process in a biosensor is exceptionally selective and 

sensitive, independent of interference by other elements present in the sample matrix.  

Biosensors can be classified according to the nature (enzymes, whole cells, antibodies, 

etc.) or function (catalytic or affinity) of the recognition elements they utilize.  
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1.1.1.1. Bio-Catalytic Based Recognition 

 In this class of biosensors, the recognition domain partakes in the catalysis of a 

reaction involving the conversion of substrate(s) into product(s).  The disappearance of 

the known substrate or the appearance of the reaction product can subsequently be 

detected by means of a transducer.  Since bio-catalytic biosensors are based on enzymatic 

turnover, they are useful in tracking changes in analyte concentration over time 
2
.  The 

catalytic recognition element is not consumed during the reaction, and therefore may be 

reused 
3
.  

 

Enzymes  

 Owing to their remarkably high selectivity and catalytic activity toward substrates, 

enzyme-based biosensor recognition elements have found extensive applications for the 

assay of diverse analyte concentrations.  Enzymes belonging to the oxido-reductase, 

hydrolase and lyase classes are particularly popular for biosensing purposes.  They may 

either be used to monitor substrate (or co-substrate/co-factor) catalysis directly or to 

detect an inhibitor via reduced catalytic rate.  The enzyme is generally immobilized 

directly on to an electrode surface.  Other applications may utilize an enzyme reactor that 

is integrated into the transducer via a continuous flow configuration, as in the Flow 

Injection Analysis (FLA) system 
4
.   

 Despite their sensitivity and specificity, the usefulness of single-enzyme sensors 

is often restricted to the type of analyte they can detect amperometrically, as not all 

enzyme catalyzed reactions involve electrochemically active species, such as protons, 

oxygen or hydrogen peroxide 
5
.  Alternatively, several enzymatic reactions may be 
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coupled to expand the scope of measurable targets.  In such cases, the primary product of 

one reaction is further catalyzed to produce a secondary, measurable species.   

 Limitations associated with enzyme-based biosensors are that their activity is 

affected by many factors, such as pH, temperature, and salinity of the environment.  

Optimal reaction conditions may be challenging to achieve, especially in the case of 

coupled enzyme reactions where multiple components are involved.  Often times, 

compromise in one or more of the factors may be necessary, but at the cost of reduced 

stability of the system.  Consequently, several approaches have been employed to 

improve enzyme stability, for example, the use of enzymes from thermophilic 

microorganisms 
6, 7

 or the addition of stabilizing agents 
8, 9

.  

 

Cells 

 Cell-based biosensors employ living cells as the recognition domains, rather than 

purified or extracted sensing elements required by enzyme-based biosensors.  For this 

reason, they are exceptionally valuable for dissecting the functional information of 

biologically active analytes.  The sensor is composed of a thin layer of immobilized 

living cells or cultured neuronal network 
10

 on the surface of a transducer electrode.  

Upon detection of external stimuli, such as drugs, receptor ligands, electrical, or chemical 

stimuli, a corresponding output response is produced.  The output response manifests 

commonly in the form of action potential, ionic or molecular change, etc, which can be 

measured by detection devices (e.g. silicon FET or fluorescence imaging) 
11

.     

 Cell-based recognition eliminates the purification steps and therefore offers 

several advantages over traditional enzyme- (and antibody-) based sensing methods.  
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Chief among them is the ability to investigate cellular responses under true physiological 

environments and conditions 
10-12

.  Accordingly, multistep cellular processes (e.g. 

receptor mediated signaling), that would otherwise be difficult to achieve with purified 

enzymes or antibodies, can be monitored.  It is also possible to detect unknown 

compounds by monitoring its effects on cellular metabolic events or cell viability using 

cell-based biosensors 
13, 14

.  However, like all biosensor categories, cell-based biosensing 

is not devoid of challenges. Their limitations include: 1) the lack of sensitivity and long 

response time resulting from the participation of multiple receptors, 2) the need for 

continuous maintenance of media conditions and cellular metabolism, and 3) the lifetime 

of the sensor is dictated by the lifetime of the cells 
15

.   

 

1.1.1.2. Bio-Affinity Based Recognition 

 Affinity biosensors detect the binding event directly.  The recognition molecule 

specifically binds to the analyte to form a complex, often with no further reaction 

occurring.  Affinity biosensors are intended for the saturated binding of target analyte 

with maximized association, and therefore do not offer any kinetic insights regarding the 

fluctuation of analyte concentrations over time 
16

.   

 

Antibody  

Antibodies have been extensively incorporated into many immunoassays as the 

recognition element, especially following Kohler and Milstein’s pioneering work on 

monoclonal antibody technology 
17

.  Antibodies, also termed immunoglobulins (Igs), are 

divided into five classes in mammals – IgM, IgD, IgG, IgA, and IgE 
18

.  IgGs are the 
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most abundant antibody isotype found in mammalian blood serum 
19

.  Functional IgGs 

are comprised of four polypeptide chains – two identical sets each of heavy (H; 50 – 70 

kDa) and light (L; ~30 kDa) chains. The heavy and light chains, as well as the two heavy 

chains, are linked together by inter-chain disulfide bonds to form a flexible Y-shaped 

structure.   

The H and L chains can be further divided into constant (C) and variable (V) 

regions based on the variability of their amino acid sequence.  The variable domain is 

made up of hypervariable (HV) and framework (FR) regions. On each Ig, the pair of 

identical variable domains comprised of adjacent H and L chains forms the antigen-

binding fragment (Fab).  Within the antigen recognition moiety are six hypervariable 

loops; three on each of the VH and VL domains.  These loops serve as the antigen binding 

sites and are commonly known as complementarity determining regions (CDRs) 
20, 21

.  

The CDR loops are diverse in length and sequence thereby establishing unique antigen-

binding surfaces for highly specific target recognition of a broad range of antigens 
21

.  In 

contrast, the framework regions exhibit far less variation.  On the opposite end of the 

antibody is the crystallizable fragment (Fc).  The Fc portion is involved in effector 

function and is connected to the two Fab domains via a hinge region.  This conformation 

offers significant flexibility by allowing binding sites on each Fab to work independently.  

The highly specific interaction between an antibody and its cognate antigen is due 

to many weak, non-covalent interactions at the antibody-antigen binding interface.  

Binding affinity is further enhanced as a result of these interactions occurring over 

extensive regions across multiple CDRs.  The accumulated strength or stability of the 

antibody-antigen complex is determined by its avidity, and is influenced by both the 
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affinity and the valency (number of interacting binding sites) of the interaction 
22

.  

Accordingly, these characteristics can be readily tuned via antibody engineering 

techniques to specifically tailor the antibodies for desired applications 
23, 24

. 

A major advantage of antibody sensor recognition elements is its high specificity 

in complex medium, and thus target purification is not needed for detection 
25, 26

.  Despite 

their sensitivity and specificity, however, a considerable fraction of the monoclonal 

antibodies selected for specific target recognition suffer loss of biological activity upon 

immobilization in the biosensor setup.  This may be due to random orientation or 

unpredictable conformational changes of the antibody on the sensor surfaces, thereby 

hindering optimal antigen binding 
27

.  Monoclonal antibodies may also experience 

aberrant function due to unwanted reactivities mediated by their Fc region 
26

.   

With the advent of recombinant antibody engineering technology, monoclonal 

antibodies have been miniaturized and adapted for diverse applications 
28

.  Various well-

established fragments include the antigen-binding Fab domain and its derivatives, such as 

the Fv, scFv, and dsFv fragments 
29-32

.  The Fv fragment, composed of non-covalent 

complex of the VH and VL domains, is one of the smallest antibody fragments with 

retained antigen binding specificity.  Because of its low stability, however, more stable 

versions of the Fv fragment have been created to improve its functionality 
33

.  They 

include the single chain Fv fragment (scFv), where the two variable domains of Fv are 

connected via a synthetic peptide linker 
34, 35

, and the disulfide stabilized Fv fragment 

(dsFv) with engineered disulfide bridge linkage 
36, 37

.  Nonetheless, these linkages may 

sometimes cause dimerization or aggregation, prompting the pursuit for better variants, 

such as the single chain Fab (scFab) 
25, 33

.   
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More recent efforts have been focused on the development of antibody mimics – 

stable proteins with solvent exposed residues that can be diversified to recognize and 

bind novel ligands with high affinity and specificity.  One of the most well-known and 

widely characterized antibody mimics is the tenth type III domain of human fibronectin 

(FN3).  Also known as a monobody, FN3 is a ubiquitously-expressed β-sandwich protein 

with an immunoglobulin fold similar to that of the VH domain.  It is an ideal engineering 

scaffold owing to its small size, high solubility and thermal stability 
38, 39

.  In addition, its 

lack of disulfide bonds makes it suitable for studies in both oxidizing and reducing 

environments.  The structure of the FN3 monobody scaffold consists of seven anti-

parallel β-strands A – G and the solvent exposed loops are named according to the β-

strands they connect (Figure 1.1).  The three loops on the N-terminal side, BC, DE, and 

FG, are topologically analogous to CDR1, CDR2, and CDR3 of VH antibody domains, 

respectively 
40

.  These loops have been shown to tolerate extensive mutations without 

significant destabilization of the protein 
41, 42

.  They can be readily modified by directed 

evolution methodologies to bind many biological targets, such as ubiquitin 
43

, Src SH3 

domain 
44

, lysozyme 
45

, human αvβ3 integrin 
46

, and vascular endothelial growth factor  
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Figure 1.1.  Structural comparison of (A) a single chain VHH antibody domain (D3-L11 

variant; PDB ID: 1ZVY) and (B) a human tenth fibronectin type III domain (FN3) (HA4 

variant; PDB ID: 3K2M).  The β-strands of both scaffolds are colored in blue.  The seven 

anti-parallel β-strands of FN3 are labeled A – G.   The disulfide bond formed by Cys22 

and Cys96 of the VHH domain is shown in orange; there are no disulfide bonds in the 

FN3 domain.  The three solvent exposed loops on the N-terminus side of FN3, BC, DE, 

and FG (aqua), are named according to the β-strands they connect.  These loops are 

topologically analogous to the CDR 1, CDR2, and CDR3 of VHH antibody domains 

(aqua), respectively.  They are able to tolerate extensive mutations and have been 

diversified (via directed evolution) with tailored specificities and affinities for a wide 

range of biological targets.   
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receptor two (VEGF-R2) 
40

, to name a few.  These attributes make FN3 a very promising 

scaffold for bio-recognition.      

 

Nucleic Acids  

Nucleic acid-based biosensing relies on the hybridization of known single-

stranded DNA probes to complementary target strands in the sample to give a suitable 

electrical or optical signal 
47

.  The strong complementarity affinity of adenine-thymine 

and cytosine-guanosine pairing is the basis for high sensitivity and selectivity of bio-

recognition in DNA biosensors.  Traditionally, nucleic acids (natural or mimetic) are 

integrated into biosensors as recognition domains.  More recent trends utilize synthetic 

oligo-deoxyribonucleotide probes coupled with end-labels such as thiols, disulfides, 

amines, or biotins, for immobilization onto the transducer surfaces via long flexible 

hydrocarbon linkers 
48

.  The hybridization event is then detected either optically with 

fluorophores or electrochemically.  

Artificial nucleic acid ligands, called aptamers, have also been used to specifically 

recognize targets such as proteins, cells, viruses, and even small molecules like metal 

ions and amino acids 
49

.  Aptamers are short (typically less than 100mer), single-stranded 

DNA or RNA oligonucleotides isolated from libraries of randomized oligonucleotides via 

an in vitro biopanning process called SELEX (systematic evolution of ligands by 

exponential enrichment) 
49-52

.  These molecules can fold into three-dimensional structures, 

enabling them to specifically bind their targets primarily based on shape/conformation 
53

.  

Aptamers have been synthetically evolved to specifically bind a diverse range of target 

molecules with high affinity, and are thus very promising for many analytical and 

diagnostic applications.   
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Improvements to the aptamer technology later involved the direct reporting of 

target-specific binding events using molecular beacons.  Molecular beacons are hairpin-

shaped oligonucleotide hybridization probes with internally quenched fluorophore that 

function as biomolecular switches 
54

.  An example of a fluorophore-quencher pair is the 

fluorophore 5- (2’-aminoethyl) aminonaphthalene-1- sulfonic acid (EDANS) and the 

quencher 4-(4’-dimethylaminophenylazo) benzoic acid (DABCYL) 
54

.  In the “off” state, 

the beacon exists in a closed hairpin conformation, where the hairpin loop is the 

nucleotide probe, and the stem of the hairpin is made up of two short complementary 

flanking sequences at both ends of the probe.  In this conformation, the fluorophore and 

quencher, each covalently attached to one end of the flanking sequences, are in close 

proximity.  Target binding to the probe induces a conformational change that separates 

the flanking sequences of the beacon, thereby moving the fluorophore away from the 

quencher.  As a result, molecular recognition is detected by an increase in fluorescence 

emission.  

 

1. 1. 2. Detector Elements 

Detection technologies, commonly referred to as the transducer domains, are the 

other key component to a biosensor.  Transducers convert the recognition event into a 

measurable signal, and can take many forms depending upon the parameter being 

measured.  Biosensors can be classified into five conventional categories according to the 

transduction methods they utilize: electrochemical, electrical, optical, piezoelectric, and 

thermal.  Each of these classes of sensor will be briefly discussed here.  
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1.1.2.1. Electrochemical 

Electrochemical biosensors are based on the consumption and/or generation of 

electrochemical species during a biochemical reaction. They can be divided into either 

amperometric or potentiometric.  

 

Amperometric  

Amperometric biosensors are perhaps the most common class of biosensors.  

They are based on measurement of the reactants consumed or ions produced in an 

enzyme-catalyzed redox reaction, commonly O2 and H2O2, respectively.  The system is 

made up of a reference electrode and a working electrode.  When a constant potential is 

applied between the two electrodes, oxidation or reduction of a solution of 

electrochemically active species takes place on the surface of the working electrode 
55, 56

.  

The electrical current that is generated (typically ranging from nA to µA)
57

 by this 

process is stoichiometrically proportional to the substrate or target analyte concentration, 

and can be measured with respect to the reference electrode 
58

.   

There are three generations of amperometric biosensor developed to date, based 

on their principles of operation.  The first generation of amperometric sensors is 

mediatorless.  It measures the concentration of natural substrates or reaction products in 

an enzymatic reaction that is directly oxidized or reduced on the electrode.  One of the 

main limitations associated with this type of amperometric sensor is the interference with 

other nonspecific electroactive particles that may be present in the reaction, such as 

ascorbic acid, uric acid, glutathione, etc 
58

.  In the second generation, a redox mediator 

immobilized on the electrode surface or added to the reaction solution serves as the 
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electron shuttle.  The mediator could be either natural (e.g. ubiquinone and ferredoxin) or 

artificial (e.g. ferricyanide and ferrocene) electron carriers. This approach minimizes 

possible interference; however, the addition of a mediator complicates the technology 

design process.  More recently, a third generation of amperometric biosensors was 

configured in a phenomenon called bioelectrocatalysis, where electron transfer can occur 

directly between the enzyme and the electrode without a mediator 
58

.  This approach is 

attractive due to its high selectivity and sensitivity, as well as its non-interfering attributes.  

Nonetheless, this methodology is restricted to enzymes with electrically accessible redox-

active sites.  

 

Potentiometric 

 Potentiometric measurements involve the determination of the difference in 

potential that is generated between the working electrode and the reference electrode 

across an ion-selective membrane 
55

.  The typical potentiometric biosensor consists of an 

immobilized enzyme membrane surrounding a probe from a pH meter.  The catalyzed 

reaction generates or absorbs H
+
 or other positive ions, which causes a change in pH that 

can be detected by the pH meter.  The electrical potential is determined at very high 

impedance with virtually zero current flow, precluding interference with the reaction.   

Potentiometric biosensors have the ability to detect a wide range of ion 

concentrations (generally ranging from 10
-6

 to 10
-1

 mol L
-1

) 
59

.  They are relatively 

inexpensive, easily mass-produced, and along with advances in modern silicon or thick-

film technologies, they can also be made portable 
60

.  Moreover, they use species-

selective working electrodes, and therefore have superb sensitivity and selectivity.   
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Nonetheless, a stable and reliable reference electrode potential is required for the accurate 

measurement of pH or positive ions using selective electrodes.  

 

1.1.2.2. Electrical 

 There are two types of electrical biosensors, categorized into conductometric and 

ion sensitive. 

 

Conductometric/Impedimetric  

The consumption or production of ions or electrons during the course of an 

enzyme catalyzed biochemical reaction will alter the ionic composition of the enzymatic 

membrane or solution 
55

.   When a potential difference is applied between the two 

electrodes, the migration of those ions in an electrical field allows the electrical 

conductance or resistance of the reaction to be measured.  The conductivity of the 

electrolyte solution between parallel electrodes is dependent on the contribution of the 

total ion concentration.   

Conductometric biosensors are attractive because they are inexpensive, disposable, 

and are suitable for miniaturization using microelectronic techniques, such as 

photolithography and vacuum spraying 
61

 or thick-film printing technology 
62, 63

.  

However, conductance is temperature sensitive 
64

 and the selectivity of conductometric 

biosensors is relatively poor 
55, 65

, therefore, electric field generated by sinusoidal voltage 

(AC)  with internal controls is essential to minimize the interference effects, such as 

Faradaic processes, double layer charging, concentration polarization, and differential 

methods 
55, 64

.   
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Ion Sensitive 

 A standard field-effect transistor (FET) typically consists of three terminals: 

source, drain, and gate 
66

.  It utilizes an electric field to regulate an electrical channel of 

semiconductor path.  The flow of current between the source and the drain electrodes is 

controlled by an electric field generated by the voltage applied to the gate electrode, 

coupled through a thin dielectric layer 
66-68

.  When configured as a biosensor output 

system, the FET consists of a sensing nanowire channel connected to the source and the 

drain electrodes.  The nanowire surface is decorated with immobilized target-specific bio-

functional molecular receptors, such as antibodies.  Specific analyte binding results in a 

change in the surface charge density and/or surface potential.  The differential 

conductance amplitude is proportional to the analyte concentration and can then be 

detected electronically as a change in nanowire FET drain current.  Accordingly, FET is 

an attractive biosensing method as it offers rapid, low-cost, sensitive, and label-free 

detection of biomolecules.   

FET biosensors based on the planar configuration are also compatible with 

miniaturization using microelectronic technology.  There are two classes of planar FET-

based biosensors: insulated-gate field-effect transistor (IGFET) and ion-selective field-

effect transistor (ISFET).  In IGFETs, such as the conventional metal oxide 

semiconductor field-effect transistor (MOSFET), the gate terminal is electronically 

isolated from the source and the drain electrodes 
66, 68

.  ISFET on the other hand is similar 

to that of a MOSFET, except that the gate terminal is substituted by a reference electrode 

that is attached to the gate area via an aqueous solution of electrolyte 
55, 66, 68, 69

.  The 

ISFET also consists of an ion-sensitive surface, which allows for the measurement of a 
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change in surface electrical potential upon the interaction between ions and the 

semiconductor 
55

.  An enzyme field effect transistor (ENFET) is a modified version of the 

ISFET biosensor, where the sensor electrode is coated with a selectively permeable 

polymer membrane layer, through which ions may diffuse and cause a detectable change 

in the local FET surface potential in the gate area 
55, 66, 68, 69

.  However, there is no 

successful commercial version of an ENFET-based biosensor on the market. Likewise, 

despite the development of various ISFET-based biosensors, they have yet to advance to 

the manufacturing scale.  The major challenge stems from problems such as impurities of 

the semiconductor and instability of the immobilized biomolecules in the sensing layer 
66

.  

 

1.1.2.3. Optical  

 Optical biosensors exploit the interaction of light and matter as its output signal.   

The sensing platform employs a variety of methods, such as fluorescence, bio-/chem-

iluminesence, optical diffraction, light absorption, polarization, refractive index, etc., 

depending on the application and desired sensitivity.  The versatility of all optical 

techniques may be enhanced by fiber optics technology coupling 
70

.  Optical biosensors, 

sometimes referred to as “optobes,” may involve either direct analyte detection or 

indirect detection by means of optically labeled probes 
4, 70, 71

.  This class of sensing 

output is especially attractive and powerful, owing to their capacity in affinity and 

kinetics determination of a wide array of molecular interactions in real time.  Nonetheless, 

most optical techniques involve the measurement of spectrochemical properties, and thus 

requiring some type of spectrophotometer 
72

.  Recent advances in instrumentation and 

experimental design have channeled the escalating application of optical biosensors in 
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many areas, including molecular engineering 
73

, signal transduction 
74, 75

, enzyme 

mechanisms 
76, 77

, and epitope mapping 
78, 79

.   The most prominent optical detection 

methods are highlighted below.  

 

Absorption 

 The simplest form of optical biosensors exploits the phenomenon of absorption to 

determine changes in analyte concentration.  When a beam of incident light is passed 

through a sample, it can be scattered, absorbed, or transmitted through, depending on the 

wavelength of the light, the composition and thickness of the sample.  Absorption 

spectroscopy is one technique that can be used to monitor the amount of light absorbed 

and its electromagnetic spectrum offers valuable insights regarding changes in the 

immediate environment surrounding the analyte.  Sensor operation involves the passage 

of light through an optical fiber.  An absorption spectrum is then collected by measuring 

the amount of transmitted light coupled to the same or a second optical fiber by means of 

a spectrophotometer 
70

.  The intensity of absorbed or transmitted light through a uniform 

medium can be described by the Beer-Lambert Law.     

 Infrared (IR) spectroscopy, a popular method for providing fingerprints of 

analytes through molecular bond vibrations, is based on the principles of absorption 

spectroscopy.  In another form of vibrational spectroscopy, Raman spectroscopy, 

scattered radiation is measured upon irradiation using powerful laser technology, such as 

argon ion, helium/neon, etc 
80

.  Both infrared and Raman spectroscopy provide rapid 

identification of a sample’s molecular composition 
81

; however, they are not suitable for 

directly distinguishing a species of interest among other contaminants present in a 
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complex sample matrix.  Alternatively, reflectance spectroscopy, which quantitatively 

measures the amount of reflected light from a surface 
82

, can be employed for the latter 

application.  A popular method of reflectance is Surface Plasmon Resonance (SPR), 

which will be discussed in more detail in section 1.2.2.  

 

Fluorescence 

A fluorescence-based device measures the electromagnetic radiation emission 

resulting from the electronic transition/relaxation from an excitation state to its ground 

state upon absorption of a photon by a molecule 
55

.  Only certain molecules are capable 

of both efficient excitation and emission of light in the visible to near-infrared spectrum.  

These molecules, known as fluorophores, allow for the energy transition between 

electronic and vibrational states.  Each electronic state is composed of multiple 

vibrational sublevels. Fluorophore molecules are excited from the lowest vibrational level 

(ground state) to a higher vibrational level (excited state).  Upon excitation, the molecule 

undergoes vibrational relaxation and is returned to its ground state.  This relaxation 

process is rapid, typically ranging in the femto- to picosecond time scale 
83, 84

.  The 

Franck-Condon principle stipulates that the nuclear configuration of the molecule, in this 

case vibrational levels, experience no significant alteration during electronic transitions 
85

.  

The loss of vibrational energy that accompanies the relaxation process is responsible for 

the Stokes shift, a phenomenon where the emission spectrum is shifted to a wavelength 

that is longer than the excitation spectrum.  In general, the greater the Stokes shift, the 

more separated the emission peak is from that of the excitation peak 
86

.  Typically, the 

fluorophore remains in the excited electronic state for a period of nanoseconds 
87

, the 
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fluorescence lifetime, prior to returning to the ground state.  The subsequent electronic 

relaxation results in fluorescence emission, which is the basis for fluorescence-based 

detection.   

Fluorescence provides a sensitive approach for monitoring the biochemical 

environment of a fluorophore.  Fluorescence-based optical biosensors are especially 

attractive for studying the dynamic events taking place in cellular environments and for 

high throughput screening purposes to simultaneously monitor multiple targets.  

Nonetheless, fluorescence measurements also have its challenges.  One drawback is that 

since not all molecules fluoresce, fluorescent tags must be appended to the sensor, which 

may interfere with binding kinetics, affinity, or specificity.  This is especially true for 

proteins, whose structures can be perturbed by the inclusion of fluorophores. In addition, 

it is difficult to obtain quantitative accuracy, as labeling efficiency is rarely 100 %.  

 

Förster Resonance Energy Transfer (FRET) 

 The properties of fluorescence have been widely exploited in Förster resonance 

energy transfer (FRET).  FRET is a distance- and orientation-dependent, non-radiative 

quantum mechanical process in which the excitation energy from the donor fluorophore 

is transferred to an acceptor molecule via long-range dipole-dipole coupling interaction 

88-91
.  For FRET to occur, the emission spectrum of the donor must overlap with the 

absorption spectrum of the acceptor.  Interestingly, the acceptor does not need to be 

fluorescent.  The overall FRET efficiency is inversely proportional to the sixth power of 

donor and acceptor separation; therefore it is a very sensitive technique for measuring 

distance changes in the 10 – 100 Å range.  FRET has been widely utilized for the spatio-
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temporal study of protein-protein interactions in living cells using genetically encoded 

donor and acceptor pairs in the form of fluorescent proteins.  Another advantage of FRET 

is that the ratiometric nature of its response serves as an intrinsic means to normalize 

signals against factors such as instrumental noise or drift, or inconsistent sensor 

concentration.  

 FRET efficiency can be measured using several techniques.  The most common 

method is sensitized emission based on a change in the ratio of acceptor to donor 

fluorescence intensity.  If FRET occurs, the donor emission decreases and the acceptor 

signal increases.  Alternatively, FRET efficiency can be measured via donor or acceptor 

photobleaching.  When there is FRET, energy is transferred from the donor to the 

acceptor, which accelerates the rate of bleaching of donor fluorescence.  In contrast, 

acceptor photobleaching measures the “de-quenching” of donor fluorescence.  Another 

more sophisticated approach is the fluorescence lifetime imaging technique, which 

measures the donor fluorescence in the presence and the absence of the acceptor at a high 

temporal resolution.    

 

1.1.2.4. Piezoelectric/Mass sensitive  

 Piezoelectric biosensors take advantage of the “piezoelectric effect” phenomenon.  

When an external pressure is applied to a piezoelectric material, it causes a mechanical 

stress or deformation in the material, resulting in a positive or negative displacement of 

the electrical charges.  The change in electrical charges produces an internal potential 

difference, known as piezoelectricity; its intensity is directly influenced by the applied 

pressure 
92

.   Many materials exhibit the piezoelectric effect, including quartz, tourmaline, 

topaz, and DNA.  The electrode surface is immobilized with bio-functional probe 
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molecules.  Binding of the analyte to the immobilized probe increases its mass, which in 

turn changes the resonance oscillation frequency of the piezoelectric material and can be 

measured electrically 
55, 92, 93

.  Advantages of piezoelectric biosensors are that they are 

inexpensive, small, robust, and produce a rapid response.  They also have the ability to 

measure very small changes in mass, on the order of picograms 
94

.  However, major 

drawbacks include immobilization procedure, interference from environmental conditions, 

and the difficulty of sensing analytes in solution.  

 

1.1.2.5. Calorimetric 

 Many enzyme catalyzed reactions are accompanied by the absorption 

(endothermic) or release (exothermic) of heat, which alters the temperature of the 

reaction medium.  This is the basis for the measurement of reaction rate and analyte 

concentration using calorimetric biosensors.  The biosensor is usually composed of a bed 

of immobilized enzymes packed within an insulated column with constant temperature 

control.  The stream of sample passes a reference thermistor prior to entering the 

bioreactor.  The change in electrical resistance, and hence the temperature of the reaction 

is detected by a second thermistor exiting the bioreactor.  The total heat change is 

proportional to the molar enthalpy of the reaction (ΔH) and the total number of molecules 

in the reaction 
55

, subsequently enabling the entropy (ΔS) and the Gibbs free energy (ΔG) 

for a reaction to be calculated.  The advantages of calorimetric biosensors are that they do 

not require frequent recalibration, and they are independent of the optical and 

electrochemical properties of the sample 
64

.   Nonetheless, it can be challenging to 

maintain a constant temperature (+ 0.01 
o
C) for the sample stream.  
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1. 2. Conventional Biosensors  

Conventional biosensor technologies are too varied to enumerate here.  Instead we 

will only highlight a few of the most prominent technologies, namely the continuous 

blood glucose monitor and the surface plasmon resonance technology.   

 

1. 2. 1.  Continuous Blood Glucose Monitors  

The first biosensor concept was reported by Clark and Lyons in 1962, in the form 

of a glucose enzyme electrode 
95

.  The device, further developed by Updike and Hicks 
96, 

97
, consists of a thin layer of glucose oxidase (GOX) entrapped over a thin layer of oxygen 

electrode.  GOX is a dimeric protein with the cofactor flavin adenine dinucleotide (FAD) 

tightly bound within its buried active site 
98

.  Due to the large hydrodynamic size of the 

enzyme, direct electron transfer between FAD and the electrode surface becomes 

kinetically unfavorable 
99, 100

.  For efficient oxidation, the enzyme is affixed to the 

electrode surface and the catalytic reaction is monitored via H2O2 production in the 

presence of O2, as described by the following reactions:   

 C6H12O6 + FAD  FADH2 + C6H10O6    [1] 

 FADH2 + O2  FAD + H2O2      [2] 

 H2O2  O2 + 2H
+
 + 2e

- 
        [3] 

Glucose oxidase catalyzes the oxidation of glucose to gluconolactone, which is then 

further hydrolyzed to gluconic acid 
100-102

.  The reaction involves the reduction of FAD to 

FADH2.  Subsequently, the flavin group is re-oxidized back to FAD through the 

reduction of O2 into H2O2.  The electroactive peroxide can then be electrochemically 
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converted at the surface of the electrode to oxygen and water.  The measured current 

resulting from the H2O2 flux is proportional to the amount of glucose oxidized.   

Amperometric measurements of H2O2 require a relatively high overpotential at the 

working electrode.  At such high potential, however, interference from endogenous redox 

species in the biosensor setup could compromise the selectivity and accuracy of the 

measurement 
100, 101

.   The second generation glucose biosensor replaces the O2 with a 

synthetic redox mediator to shuttle electrons from the FAD redox center of the enzyme to 

the electrode.  This enables the use of a low operating potential, eliminating the 

undesirable effect of interference.  Nonetheless, immobilized mediators often result in the 

low stability of biosensor, impeding their further development 
58

.   

Consequently, development of the third generation glucose biosensor is motivated 

by the need for a reagentless system that operates at low potential.  This is achieved by 

the direct electron transfer from glucose to the electrode via the enzyme redox center.  As 

discussed earlier, the active site of GOX is spatially remote and difficult to access; 

therefore successful mediatorless designs must overcome this challenge.  Several 

technologies for efficient electronic coupling of GOX have been exploited, such as the use 

of conducting organic salt electrodes e.g. tetrathiafulvalene-tetracyanoquinodimethane 

(TTF-TCNQ) 
103, 104

.  Nonetheless, better charge transport complexes between FAD and 

electrode are still being explored 
100

.  

 

1. 2. 2.  Surface Plasmon Resonance 

Surface plasmon resonance (SPR) has become an essential tool for quantifying 

binding affinities and rates since its commercialization in the 1990s.  SPR biosensors 
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employ a variety of conventional binding domains such as proteins, peptides and nucleic 

acids.  These molecules are attached to a metal surface using one of several coupling 

chemistries.  As the ligand is infused over the immobilized receptor, the surface is probed 

with polarized light fixed at the resonant angle.  Binding is detected in real time by the 

change in the refractive index brought about by the increase in mass density at the 

liquid/surface boundary.  

  The major advantages of SPR are primarily that the recognition domain need not 

undergo any conformational change upon binding, and secondarily that it requires only 

minimal modification to affix to the sensor surface.  The modification typically consists 

of attaching an affinity tag such as biotin or poly-histidine to the binding domain (ideally 

at one of its ends to avoid perturbing the structure, folding, or binding site) in order to 

couple it to an avidin or nickel-decorated sensor chip, respectively.  These modest 

requirements allow a broad assortment of recognition elements to be compatible with 

SPR.  Another attribute of SPR is that it obtains on- and off-rates as well as equilibrium 

binding constants, and it does so with superior sensitivity over a range of analyte 

concentrations (extending to nM and below) 
105

.  Innovations in technology continue to 

emerge, particularly in SPR imaging (SPRi), which couples the attractive features of SPR 

measurements with the capability of visualizing the entire chip surface allowing 

interactions to be monitored continuously and simultaneously in a multi-array fashion 
106

.  

One of the chief disadvantages of SPR is the requirement for surface adsorption 

of the binding element.  Attaching a biological macromolecule to a solid surface 

potentially compromises its function.  Nonspecific binding of other molecules to the 

sensor can be significant, especially in impure samples.  Another limitation is that the 
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output signal is proportional to the change in mass; consequently, small analytes are 

considerably more difficult to detect than large ones.  

 

1. 3.  Protein Switch-Based Biosensors  

Although blood glucose monitors and SPR exemplify successful biosensor 

technologies on the market, their development is not trivial, often requiring several 

rounds of design optimization.  Motivated by a vast prospective market, ranging from 

clinical diagnoses and drug development to forensics, military, and environmental 

protection, current endeavors concern the search for less complicated biosensor 

technologies that are transferable amongst different applications.   

Nature has already equipped us with many proteins that function as molecular 

switches.  Many biological pathways rely on proteins to accurately detect a signal and to 

transduce it to orchestrate downstream signaling cascades, feedback loops, and crosstalk 

with other pathways.  The remarkable performance of these natural biosensors has 

inspired significant efforts to exploit this phenomenon that abounds in nature for the 

design of artificial sensors.  Proteins are excellent scaffolds for biosensor engineering 

because of their impressive specificity and affinity for biomolecular recognition.  The 

binding specificities of several proteins can be further diversified by rational design, 

directed evolution, or computational means to recognize virtually all biological and 

chemical targets.  Importantly, the capacity of proteins to switch conformation can be 

harnessed to integrate binding and output in the same biomolecule for the ultimate 

miniaturization and simplification.   
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There are several advantages for incorporating protein switches in the design of 

biosensors 
107

.  First, the binding-induced conformational change is ligand specific. The 

protein-ligand binding interface is defined by the concerted contribution of many weak, 

non-covalent interactions (such as hydrogen bonding, hydrophobic effect, and van der 

Waals forces) that cover extensive, three-dimensional surfaces. These interactions are not 

easily mimicked by contaminants that may be present within the complex sample matrix.  

Second, in many cases the switching mechanism is rapid and reversible, which allows for 

real-time molecular detection.  Third, protein switches are very versatile. They can be 

readily coupled to robustly transduce binding events into output signals.  There are 

already an abundance of binding proteins in nature; the fact that many protein scaffolds 

are also amenable for the engineering of new binding specificities, affinities, and 

functions provide the possibility of detecting a vast landscape of targets.  Finally, the 

conformational equilibrium of protein switches is dictated by target concentration and the 

switching thermodynamics. This offers an effective platform for the rational optimization 

of dynamic range 
108, 109

 and detection limit 
110

 via affinity tuning, without compromising 

binding specificity.  

 

1.3.1. Naturally Occurring Protein Switches 

Perhaps the most influential paradigm for a switch-based biosensor is the 

cameleon calcium sensor 
111

.  Cameleon is built on the calmodulin (CaM) scaffold, a 

protein that undergoes a unique conformational change upon calcium binding.  In the 

presence of Ca
2+

, CaM adopts a dumb-bell shape in which an extended but flexible α-

helix separates its two metal-binding head domains.  This structural change exposes a 
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binding site for a number of regulatory peptides.  The two heads wrap tightly around the 

target peptide, resulting in a compact, globular complex.  In cameleon, this 

transformation is converted into an optical output by fusing the M13 peptide to the end of 

CaM and placing cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) at 

the amino and carboxy termini of the protein, respectively.  Calcium binding is detected 

by the increase in Förster resonance energy transfer (FRET) from the CFP donor to the 

YFP acceptor, as cameleon embraces the M13 peptide and the distance between its 

termini closes.  

Cameleon embodies several of the qualities most desired in a biological sensor.  

First, it is fully genetically encoded, meaning that it can be introduced into specific 

locations within cells without cofactors and by genetic means.  Second, the use of 

fluorescence makes detection sensitive as well as amenable to a variety of instruments 

ranging from simple benchtop fluorimeters to sophisticated single molecule platforms.  

Finally, the ratiometric nature of FRET ensures that the output response is independent of 

sensor concentration.  

Yet for all of calmodulin’s enabling conformational gyrations there is one 

overwhelming weakness: nature has provided us with only one of its kind.  The great 

majority of proteins do not change their structures appreciably upon interaction with 

ligands, and calmodulin’s singular mechanism cannot be readily transferred to other 

binding proteins.  How then can one generate new biosensors for other targets of choice, 

based on the cameleon archetype?  
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1.3.2. Designing Switchable Proteins: Strategies for Engineering Signal 

Transduction  

Design strategies for artificial switchable proteins can be achieved by two 

complementary approaches.  The first approach is to diversify the binding specificities of 

existing naturally occurring switches, such that they recognize new targets of interest.  

The other approach is to introduce a switching mechanism into a binding protein where 

none previously existed.   

Hellinga and coworkers created a family of protein switches based on the 

bacterial superfamily of periplasmic binding protein (PBP) scaffolds 
112, 113

.  

Conveniently, members of the PBP superfamily share a characteristic fold, where two 

globular domains are connected via a flexible hinge region in an open conformation in 

the apo state 
114

.  Target binding occurs within the cleft at the domain interface and is 

typically accompanied by a large-scale hinge bending motion, reorienting the two 

domains closer together about the hinge 
115

.   This ligand-induced, hinge-bending motion 

allows PBP to be readily converted into a fluorescent biosensor for maltose 
116, 117

.  Other 

PBPs with natural target diversity were harnessed for the sensing of glucose 
118, 119

, ribose 

112
, arabinose 

112
, glutamine 

112
, glutamate 

112
, histidine 

112
, Fe (III) 

112
, Ni (II) 

120
, 

phosphate 
112, 121, 122

, sulfate 
112, 123

, and dipeptides 
112

.   

Using computational algorithms, the binding site of several existing PBP 

scaffolds had also been redesigned to recognize various novel targets, ranging from small 

molecules to inorganic ions 
113, 124, 125

.  For example, fluorescent sensors had been 

reported with  serotonin and L-lactate specificity based on the arabinose binding variant, 

L-lactate and pinacolyl methyl phosphonic acid (PMPA) binding to the galactose/glucose 
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binding variant, and trinitrotoluene (TNT) for  the ribose binding variant.  It is of note 

however, that binding of these computationally designed PBPs were determined 

indirectly based on changes in fluorescence emission intensity of the covalently attached 

environment-sensitive fluorescence probes.  When these designer PBPs were 

characterized on the structural level, no apparent ligand binding could be detected using 

techniques that directly probe for binding 
126

.  Related crystallographic studies of the 

serotonin sensor further verified that while the overall side-chain interactions of the 

redesigned binding site resemble that of the predicted model, the protein remained in the 

open conformation with no serotonin bound.  Therefore, the re-engineering of binding 

specificities into existing biomolecular switches remain a complicated and laborious task.  

Nonetheless, we have witnessed tremendous improvements to many computer-aided 

protein designs in the past decade 
127-129

.   Directed evolution techniques have also 

successfully created binding interfaces never before seen in nature 
130

.  Thus, protein 

redesign using a combination of computational, combinatorial, and rational methods 

would offer great promise.  

On the other hand, natural proteins have evolved to exhibit high binding 

specificities for a complex range of ligands that would sometimes be challenging to 

engineer de novo 
131

.  Despite the myriad of naturally occurring binding proteins, the 

majority of them lack the conformational switching allostery in response to target binding.  

Accordingly, significant efforts have been made by protein engineers to devise creative 

ways for introducing switching activity into arbitrary binding proteins.  These strategies 

include modular design and folding-based switches (Figure 1.2), which will be discussed 

below. 
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Figure 1.2.  Schematic depiction of artificial switchable protein design strategies. (A – C) 

Modular designs.  (A) In the semisynthetic SNAP-tag technology, the binding protein 

(blue) is covalently tethered to a FP (peach) and a SNAP-tag (pink).  The SNAP-tag is 

labeled via O
6
-benzylguanine linkage with a fluorescent acceptor and a chemical analog 

of the ligand for the binding protein.  Ligand binding displaces the intramolecular analog, 

and as a result, the protein switches from the closed (left) to the open (right) 

conformation.  (B) In affinity clamp technology, the binding protein (blue) is covalently 

fused to an enhancer domain (pink).  Binding affinity of the domain interface is enhanced 

via directed evolution, such that ligand binding to the interface causes a clamp-like 

movement of two recognition domains.  (C) Domain insertion.  (i) In allosteric enzyme 

coupling, an enzyme (pink) is fused to a binding protein (blue).  The catalytic activity of 

the enzyme is allosterically modulated by the binding of ligand to the binding protein.  (ii) 

In mutually exclusive folding, a guest protein (pink) with long N-to-C distance is inserted 

into a host binding protein (blue) in such a way that both proteins cannot be folded 

simultaneously.  Ligand binding induces folding of the binding protein, which in turn 

unfolds the guest protein.  (D – F) Binding-induced folding sensors.  (D) Proteins can be 

engineered to exhibit IDP properties by mutations that favor the unfolded state.  The free 

energy gained from ligand binding is used to drive folding of the binding protein.  (E) In 

the alternate frame folding approach, a portion of the protein’s sequence is duplicated and 

is fused to one of the termini.  This creates an alternate fold that the protein can populate. 

Introducing a binding mutation to the native fold abolishes its binding capacity.  

Therefore, in the presence of the ligand, binding will drive the equilibrium towards the 



 
 

31 

 

alternate fold.  (F) The protein fragment exchange is analogous to alternate frame folding, 

except that the switching process occurs in trans.  
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1.3.2.1. Modular Approach  

 As exemplified by switches of the PBP superfamily, large-scale domain 

movement is the most straightforward strategy for engineering signal transduction 

mechanisms into binding proteins for biosensor development.  In a similar manner, by 

combining or tethering two or more unrelated protein domains together, ligand binding 

may also serve to trigger the open-to-closed rigid-body domain movement analogous to 

that of PBPs.   

 Modular design enables the robust construction of switches using a diverse 

combination of protein domains.  The switching activity of modular proteins is regulated 

by two distinct modes of allostery – steric and conformational 
132

.  In steric allostery, the 

binding site of the recognition domain is physically occluded by a second (“inhibitory”) 

domain, the latter of which can be displaced upon target/effector binding.   In 

conformational allostery, the switching conformational equilibrium between the active 

and inactive states is modulated by the target.   

 

Semisynthetic SNAP-Tag Sensor 

 An example of steric switching allostery is demonstrated by Johnsson’s 

semisynthetic sensor based on the SNAP-tag labeling technology.  SNAP-tag is a small 

protein tag engineered from the human O
6
-alkylguanine-DNA alkyltransferase (hAGT) 

protein that specifically and covalently reacts with O
6
-alkylguanine (BG) derivatives 

carrying a variety of different synthetic fluorophores 
133

.  The protein part of the sensor is 

composed of end-to-end fusion of three proteins: SNAP-tag, fluorescent protein, and a 

binding protein 
134, 135

 (Figure 1.2A).  The SNAP-tag is labeled using BG derivatives with 

a synthetic molecular tether containing a fluorescent acceptor group and a ligand that 
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binds intramolecularly to the binding protein.  The sensor is in the closed state in this 

arrangement, where the FRET pairs are in close proximity.  Target binding displaces the 

intramolecular ligand from the binding protein, inducing an open conformation that 

spatially separates the FRET pairs.  As a result, a change in FRET efficiency is observed 

upon ligand binding.   

  

Affinity Clamp 

 Consistent with the PBP switch architecture, modular proteins with target 

recognition site located at the domain interface also exhibit conformational allosteric 

coupling through large-scale rigid-body domain movement.  Through domain 

combination, the Koide laboratory established the affinity clamp mechanism, taking 

advantage of the extensive interface interaction between two linked domains optimized 

via directed evolution to bring about domain movement upon target binding.  In this 

approach, an existing erbin PDZ domain, which binds a short peptide substrate with low-

micromolar affinity, was genetically fused to a functionally inert FN3 monobody domain 

that serves as an enhancer domain 
136

 (Figure 1.2B).   The domain interface was 

subsequently optimized by combinatorial phage display library selection of diversified 

FN3 surface loops to extensively interact with both the target peptide and the PDZ 

domain.  The combinatorial optimization process dramatically expanded the peptide 

binding surface, thereby enhancing the binding affinity of the erbin PDZ domain to low-

nanomolar range with exceptionally high specificity.  The resulting binding interface of 

the chimeric protein is distinctively different from either of the starting domains.  

Importantly, this synergic target binding induces a large change in the relative orientation 
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of the two domains, which can be exploited to report on the binding event by attaching a 

FRET pair to each of the domains 
137

.   

 

Domain Insertion 

 Aside from the canonical conformational allostery, as illustrated by PBP switches 

and the affinity clamp technique, the functional coupling of both domains in modular 

designs can also be used to establish synthetic allostery.  Although end-to-end domain 

fusion usually comes to mind when one thinks of modular design, an interesting alternate 

is domain insertion.  In domain insertion, a “guest” protein is fused genetically within a 

surface loop of a “host” protein; the wide variation of geometric configurations it can 

achieve may therefore provide an effective inter-domain functional coupling strategy.   

 Ostermeier and co-workers have constructed a family of enzyme-based switches 

by inserting the E. coli maltose binding protein (MBP) into TEM1 β-lactamase (BLA) to 

create effector-sensitive BLAs that are allosterically regulated by maltose (Figure 1.2Ci).  

This strategy was achieved combinatorially through random domain insertion by varying 

both BLA insertion and MBP bisection sites 
138, 139

.  Further selection by random domain 

insertion and circular permutation resulted in maltose-dependent switches with up to 600-

fold increase in catalytic activity 
140

.  It was also demonstrated that the switching 

platform can be further evolved to respond to other novel effectors, namely sucrose 
140

 

and zinc 
141

.  

An alternative way of achieving synthetic allostery is through functional coupling 

in a mutually exclusive manner.  Long linkers have been extensively employed by 

researchers to covalently connect two protein domains when functional independence of 
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the domains is desired.  Familiar examples include the covalent attachment of a 

fluorescent protein to a particular protein of interest for imaging or FRET studies, and the 

use of protein-based affinity tags for protein purification. Therefore, a straightforward 

method to functionally couple two domains would be to increase the spatial proximity 

between them.  

In the mutually exclusive folding (MEF) strategy developed by our lab, a bi-

functional hybrid protein was created by domain insertion in a manner opposite to 

Ostermeier’s approach.  Rather than circularly permuting the “guest” protein, by fusing 

the original termini and creating new adjacent N- and C- termini by cleaving elsewhere in 

the protein, the MEF approach deliberately incorporates a “guest” protein with N-to-C 

distance exceeding the loop distance of the “host” protein (Figure 1.2Cii).  This 

architecture imposes geometric constraints on the fusion protein, such that both domains 

cannot be folded simultaneously.  MEF was demonstrated using the unstructured GCN4 

DNA binding domain (N-to-C distance = 75 Å) as the “guest” protein and the 

ribonuclease barnase (loop distance = 10 Å) as the “host” protein 
142

.  The catalytic 

activity of barnase is negatively modulated by the DNA binding-induced folding of the 

GCN4 domain.   

Mutual exclusivity was similarly demonstrated by inserting human ubiquitin (N-

to-C distance = 38 Å) into barnase (BU) 
143

.  Barnase is more stable than ubiquitin at low 

temperature, and is therefore the predominantly folded domain.  Conversely at higher 

temperature, ubiquitin becomes the more stable domain and its folding is coupled with 

the unfolding of the barnase domain.  Besides temperature, the switching allostery of the 

BU fusion protein can also be regulated by the binding of barstar (an inhibitor of barnase), 
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which stabilizes the folded barnase conformation to drive ubiquitin unfolding.  Functional 

coupling of the MEF switch is directly dependent on the length of peptide linker 

connecting the two domains 
144, 145

.    A decoupling effect was observed with long linkers, 

where the individual domains were independently folded and functionally active. 

Progressive shortening of the linkers restored mutual exclusivity, to the point where 

conformational strain was relieved via three-dimensional domain swapping when linker 

length was shortened to less than two residues 
145

.  

 

1.3.2.2. Folding-Based Switches 

 The most recent endeavor focuses on the development of a specific class of 

protein switch-based biosensors that involve binding-induced folding.  The folding-

unfolding transition is arguably the most dramatic conformational change that all proteins 

share.  By exploiting the inherent thermodynamic coupling between ligand binding and 

folding, most binding proteins, in principle, could be readily converted into binding-

dependent switches.  Binding-induced folding is therefore a more general strategy for 

converting any arbitrary binding protein into a biosensing conformational switch.  

 

Engineered Intrinsically Disordered Proteins 

The prevailing protein structure-function paradigm conventionally accepted for 

many decades has been that proteins need to adopt a well-defined tertiary fold in order to 

carry out their function.  It is now recognized, however, that a significant fraction of 

proteins that perform critical cellular functions do not adopt a well-folded structure.  

These intrinsically disordered proteins (IDPs) have evolved to lack stable secondary and 

tertiary structure and only fold in the presence of their cognate ligands.  IDPs are 
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considerably prevalent in nature; in fact, it has been estimated that over a third of 

eukaryotic proteins contain at least a 30-residue region of intrinsic disorder 
146, 147

.  

Proteins that are enriched in IDPs include transcription factors and signaling proteins 
148-

150
.   

Compared to globular proteins of similar length, the  unstructured regions offer 

IDPs an extensive binding interface and the conformational flexibility to interact with 

their ligands 
151, 152

.  Furthermore, IDPs have the ability to interact with multiple ligands, 

each with tailored specificity through defined regions of the protein.  For example, the 

1863-residue breast cancer type I susceptibility protein (BRCA1) is composed of two 

folded domains, the N-terminal RING domain (residues 1 – 103) and the C-terminal 

BRCT domain (residues 1646 – 1863), and a largely disordered region. This unstructured 

region is responsible for the binding of various ligands including Rad 50 (at residues 360 

– 758), Rad51 (at residues 758 – 1,057), and p53 (at residues 219 – 498) 
153

.   The 

binding-induced folding attribute of IDPs allows them to be readily converted into 

biomolecular sensors.  By attaching environmentally-sensitive fluorophores at 

appropriate positions in BRCA1, it was possible to detect a fluorescence change upon 

binding p53 
153

.   

In principle, any well-folded binding protein can be rationally engineered to 

exhibit IDP behavior.  For any given protein, it constantly samples between the native (N) 

and the unfolded (U) conformations (Eqn. 4). If the protein is sufficiently destabilized 

(e.g. via point mutations or truncation), such that its free energy of folding becomes 

unfavorable, then the equilibrium would be driven towards the U conformation.  If the 

binding free energy is much greater than the unfavorable free energy of folding, the 
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energy gained from ligand (L) binding will overcome the thermodynamic barrier, in 

which case a folded protein-ligand complex (NL) will be formed (Eqn. 5).  

U  N   (Kfold)    [4] 

N + L  NL   (Kbind)    [5] 

Kohn & Plaxco demonstrated this principle by incremental carboxy-terminal 

truncation of the otherwise cooperatively folded Fyn tyrosine kinase SH3 domain (57 

amino acids).  Removal of four amino acids was sufficient to destabilize and unfold the 

domain.  Binding of SH3 to the proline-rich p85α-2 ligand restores the equilibrium to the 

folded state (Figure 1.2D).  This binding-induced folding switching mechanism can be 

monitored by using fluorescence quenching 
154

.   

Nature has already successfully evolved and demonstrated numerous examples of 

naturally occurring IDPs that are functional and can undergo ligand-induced refolding.  It 

is relatively straightforward to modify a natively well folded protein to an IDP via 

destabilizing mutagenesis.  Nonetheless, with engineered IDPs, the protein is deliberately 

destabilized to populate the unfolded conformation in the apo state, and is therefore 

susceptible to misfolding, aggregation, or even degradation.   In fact, numerous 

aggregation-related diseases stem from the destabilization of natively folded proteins.  

Naturally occurring IDPs, on the other hand, are devoid of this challenge, particularly 

because they have evolved specific sequences that feature unusually high percentage of 

charged groups with limited number of hydrophobic residues 
151

.  The truncated Fyn SH3 

domain employed in Plaxco’s study is relatively small; it remained monomeric and 

soluble at concentration > 100 µM, and degradation was not apparent 
154

.  Further studies 
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will need to be done to determine whether these qualities are also attainable when 

modifying larger or multidomain proteins into IDPs.  

 

Alternate Frame Folding (AFF) 

Our laboratory has recently established the alternate frame folding (AFF) 

mechanism for protein switch design.  The strategy involves duplicating a segment of 

amino acid sequence from one of the termini of a full length binding protein and tethering 

it to the opposite end using a polypeptide linker.  The resulting hybrid AFF construct will 

be preferentially folded in one of the two possible conformations: the native, wildtype 

conformation (N), in which the duplicated segment is unstructured, or in an alternate, 

circularly permuted conformation (N´), where the duplicated segment from the native 

frame becomes unstructured (Eqn. 6).  Since the core residues of the AFF protein are 

unduplicated, the N and N´ frame cannot be folded simultaneously.  Instead, the 

duplicated segments each compete to complement with the core residues, in a manner 

similar to the MEF model, where the more thermodynamically stable conformation 

dominates.  Mutation is then introduced into the more stable frame (N) to knock out its 

binding capacity.  If the binding free energy is greater than the cost of folding, then 

ligand binding will stabilize the binding-competent alternate frame (N´) and the 

equilibrium will now shift in favor of N´L complex formation (Eqn. 7, Figure 1.2E).  

This allosteric control is what makes AFF a useful switching platform.  Accordingly, the 

change in conformational population upon ligand binding can be readily coupled to 

reporter output signal. 

   N  N´   (Kunf)    [6] 
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   N´ + L  N´L  (Kbind)     [7]   

We have successfully demonstrated that AFF can be used to convert calbindin D9K and 

RBP into fluorescent sensors for calcium 
155-157

 and ribose 
158

, respectively.  The AFF 

switching mechanism can be further harnessed to achieve functional regulation, as 

exemplified by the work of Mitrea et al. to convert barnase into an artificial zymogen 
159

.   

 AFF is an attractive approach in that the protein is stable and is folded in one of 

two conformations at any one time.  Since only a small stretch of amino acids is unfolded, 

it therefore minimizes concerns regarding solubility and degradation compared to the 

engineered IDP approach.  Ligand binding affinity can be rationally tuned via 

mutagenesis.  The site of fluorophore placement is obvious, as it follows inherently from 

the AFF design, i.e. at the site of permutation and the duplicated peptide-containing 

terminus.  However, since AFF design consists of only a single polypeptide chain, 

obtaining 1:1 donor-to-acceptor labeling on the same construct becomes more difficult.   

Additional consideration when designing AFF switches is to choose binding 

proteins that both tolerate circular permutation and contain no disulfide linkages.  The 

latter criterion is important because disulfide bonds physically impede switching between 

the two conformations.  Potential protein candidates for AFF lacking disulfide bonds 

could easily be identified by consulting PDB structures.  On the other hand, circular 

permutation is not as straightforward.  In circular permutation, the choice of linker length 

and the site of permutation have a major influence on the protein as it dictates folding, 

stability, binding capability, as well as the topology of the protein.  To date, there are no 

rules for successfully designing a circular permutant with the desired attributes.  Instead, 

linker length and permutation site are generally selected by estimation based on 
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previously determined 3D structures or intuition.  Protein engineers have spent great 

efforts to study and devise rules for circular permutations.  But until a design guideline 

with guaranteed success is formulated, finding a viable circular permutant that is 

monomeric, stable, and functional for the AFF design requires extensive screening and 

optimization.  These concerns will be highlighted in Chapters Two and Three of this 

dissertation.  

 

Protein Fragment Exchange (FREX) 

In Chapter Four of this dissertation, a new generation of the binding-induced 

folding class of protein-switch based sensors design will be discussed.  This approach, 

termed Fragment Exchange (FREX), is likewise based on the thermodynamic 

relationships between ligand binding and protein stability.  The concept of FREX is 

straightforward; it is analogous to the AFF mechanism without the need for circular 

permutation.  First, an N- or C- terminal stretch of polypeptide containing the ligand 

binding site is duplicated from a native binding protein.   Next, mutations are introduced 

to the full-length protein so as to compromise its ligand binding ability.  The full-length 

protein is then tuned via introducing destabilizing mutations to the duplicated region such 

that it is significantly destabilized, although still sufficiently stable to assume the folded 

conformation in the apo state.  However, since the full-length construct lacks the 

capability to bind its ligand, the presence of ligand will induce a conformational change 

where the duplicated polypeptide carrying the critical binding residues exchanges 

position with the corresponding segment of the full-length construct, in a manner similar 

to protein reconstitution (Figure 1.2F).  The resulting ternary complex can be detected by 
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FRET simply by placing fluorescent reporter groups on the full-length protein and the 

polypeptide fragment.   

The idea of FREX can be modeled systematically according to three 

thermodynamic steps as follows. Full-length protein exists in an equilibrium between the 

native (N) and unfolded (U) state (Eq. 8).  N contains a binding mutation that abolishes 

binding to ligand (L).  U can then refold by exchanging with the duplicated peptide (P) 

(Eq. 9).  The binary complex (N*) can then bind L to form the ternary complex (N*L) 

(Eq. 10).  In the absence of L, the protein is predominantly in the low-FRET N state.  

Addition of L triggers conversion to the high-FRET N*L state.  Conversion of N to N*L 

is facilitated by introducing destabilizing mutations into N that increase Kunf  (Eq. 1).  

N*L formation is thus driven by binding energy as well as the restoration of normal 

packing interactions afforded by swapping of mutant residues with WT residues when the 

fragments exchange.  Importantly, U and N* are not significantly populated during this 

process. 

N  U   (Kunf)    [8] 

U + P  N*  (Kexch)    [9] 

N* + L  N*L (Kbind)    [10] 

As with the other binding induced folding designs, affinity tuning can be achieved 

in FREX by selectively altering the stability of the full-length construct or by varying the 

duplication site, without affecting its specificity.  As compared to the engineered IDP 

approach, the fragment used in FREX can be very short and can be covalently attached to 

other solubility tags without compromising the switching efficiency of the system, 

thereby solving the solubility and degradation issues.  FREX also eliminates the need for 
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circular permutation, which could be a limiting step in the design of AFF switches.  More 

importantly, since reporter groups can now be placed on two separate molecules, FREX 

offers the advantages of selective donor and acceptor labeling for 100 % labeling 

specificity, a robust FRET signal resulting from intermolecular folding, and the capability 

for genetic encoding.   

 

1.4. Understanding Sequence Determinants of Protein Folding and Stability for 

Designing Protein Conformational Switches 

Proteins have been highly selected and optimized throughout evolution to encode 

a set of complex properties such as stability, structure, function, and folding kinetics, etc, 

that are unique to each protein.  Protein engineering efforts, particularly that of 

switchable protein designs, is currently limited by our incomplete understanding of these 

general, universal properties of proteins.  The sequence space is infinitely vast, and so is 

the potential design space.  Without a comprehensive understanding of how protein 

sequences relate to, for example, the factors that contribute to the preferential 

stabilization of one conformation over an alternate fold in a conformational switch, these 

properties could complicate our designs.  As a result, we are limited to trial and error, 

empirically determining these properties and optimizing our designs on a case by case 

basis.   

The information gained from molecular studies of model proteins can be 

insightful, but they only serve to illuminate a few interesting regions of sequence space 

that are worth exploring (e.g. permuting or inserting a domain at the surface loops of a 

protein rather than within its secondary structural elements).  The switching activity 
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landscape in these regions can sometimes be very rugged, rendering the construction of a 

desirable switch to be a complex task.  In fact, many successful examples of engineered 

protein switches involved extensive screening and characterization, such as variation in 

linker length and variation in fusion, circular permutation, or protein reconstitution site.  

These existing studies have shown that very often, subtle modification in one domain can 

result in dramatic alteration on the structure or function of the same or even an attached 

domain in an unpredictable manner that is not yet fully understood.  

As illustrated by the MEF studies, the propensity of MEF for dimerization or 

higher order oligomerization can be quite puzzling.  Cutler et al. first showed that when 

very short interdomain peptide linker (< 2 Gly) was used to introduce ubiquitin into one 

of the surface loops of barnase at position 66, the resulting fusion protein bypassed the 

dynamic intramolecular tug-of-war intended for the design, and instead favored dimer 

and higher order oligomer formation, probably through three-dimensional domain 

swapping 
145

.  The subsequent insertion of ubiquitin into barnase at six different surface 

loops (positions 22, 36, 47, 66, 79, and 103) also resulted in dimers, trimers, tetramers, 

and other higher order oligomer formation, consistent with the previous observations 
160

.   

The X-ray structure of the BU103 insertion variant revealed a long, linear, 

asymmetric polymer composed of domain-swapped BU103 subunits with the swapping 

interface formed by the first four β-strands (residues 1 – 103) of one barnase subunit with 

the fifth β-strand (residues 104 – 110) of the adjacent barnase subunit 
160

.  The structure 

of the swapped barnase domain is virtually identical to its non-swapped monomer.  The 

conformational strain imposed by ubiquitin insertion was relieved by barnase unfolding 

and the subsequent intermolecular refolding with similarly unfolded barnase subunits.  
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Through oligomerization, therefore, the native interactions of barnase are restored 

without any conformational stress.   

Since MEF is essentially a modular design, one would expect that any host 

domain, with loop length significantly shorter than the N-C distance of its guest domain 

in a short linker MEF system, should exhibit a similar forced domain swapping 

phenomenon.  The fact that all six insertion variants of BU showed similar domain 

swapped features further supported this assumption 
160

.  However, this was not the case.  

Peng & Li engineered a MEF hybrid by inserting a W34F mutant of the 27
th

 Ig domain of 

titin (I27w34f)  into the surface loop of the GB1-L5 (GL5) protein using a two amino 

acid linker (Leu-Gly) 
161

.  Real time kinetic evidence for conformational equilibrium and 

coupling dynamics was observed between the two mutually exclusive conformations.  

However, the subsequent domain swapping event of GL5 was not evident.  Therefore, the 

underlying factors that determine whether a MEF switch will also trigger self-assembly 

remains elusive.  

Like three-dimensional domain swapping, the phenomenon of protein fragment 

complementation (often used interchangeably with the term protein reconstitution) also 

results in the restoration of native interactions and structures that are akin to 

intramolecular folding.  Proteolytic fragments of some enzymes have long been shown to 

spontaneously and non-covalently refold to recover their native structure and catalytic 

activity 
162, 163

.  In fact, segments that undergo three dimensional domain swapping in 

numerous proteins are often the same segments observed to reconstitute 
164, 165

 (Figure 

1.3).   
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Although the phenomena of domain swapping and fragment complementation are 

not yet fully understood, one common feature between them is their ability to refold 

intermolecularly to resemble the native protein structure.  Therefore the connectivity of a 

protein’s primary sequence is certainly not the crucial factor required for protein folding, 

structure, and function.  This notion is further supported by the phenomenon of circular 

permutation, which demonstrates that proteins are capable of folding and regaining native 

contacts despite rearrangement to their linear sequence order.  Moreover, the bisection 

sites that have produced high affinity complementing fragments have also been shown to 

represent sites that can tolerate circular permutation 
166, 167

 (Figure 1.3).  Accordingly, it 

is reasonable to infer that perhaps sequence topology is also not the major factor in the 

determination of a protein’s fold.  The remarkable structural resemblance among the 

native, complemented, permuted, and domain swapped proteins (Figure 1.3), therefore, 

implies that a network of non-covalent interactions is critical for structure and function.  

Given that the AFF and FREX approaches – the focus of this dissertation – 

employ aspects of circular permutation and protein fragment complementation in the 

design, it is therefore appropriate to examine these two processes (and perhaps three-

dimensional domain swapping) in greater detail.  Understanding these processes in terms 

of naturally occurring complemented/permuted/domain-swapped proteins, their evolution 

and function, and engineering attempts could enhance our insights on many 

contemporary unsolved protein-folding problems.  
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Figure 1.3.  Comparison of fragment-complemented, circular-permuted, and domain-

swapped proteins with the native fold reveals structural similarity among the three 

phenomena.  Published protein structures are indicated by their PDB IDs.  For 

reconstituted or permuted proteins where high resolution structures were not determined, 

the point of discontinuity of the polypeptide chain is indicated by the arrow.  References: 

(1) Berggard et al. (2002) 
168

; (2) Stratton et al. (2008) 
155

; (3) Smith & Matthews (2001) 

169
.  
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Protein Fragment Complementation 

The phenomenon of protein fragment complementation, classically illustrated by 

the ribonuclease S-protein 
163

 and β-galactosidase 
170

, demonstrates that many proteins 

often tolerate discontinuity in their amino acid sequence without any loss of information 

that codes for the native structures.  The protein fragments non-covalently associate to re-

establish native contacts comparable to that of native intramolecular folding.  Monellin, a 

naturally sweet-tasting protein from the fruit of the tropical plant Dioscoreophyllum 

cumminsli (serendipity berry), is an example of a naturally complemented protein.  

Isolated monellin consists of two polypeptide chains, the A chain (44 amino acids) and 

the B chain (50 residues) 
171

, that non-covalently associate to form a single globular 

domain upon mixing 
172

.  The structure of the natively complemented monellin, 

composed of a perpendicular α-helix at the concave side of a five-stranded anti-parallel β-

sheet, correlated very well with an engineered single-chain monellin variant formed by 

fusing the two chains of monellin 
173

.   

Protein fragments with a highly variable extent of foldedness ranging from 

complete lack of structure to native-like folds have been shown to efficiently complement 

174-178
.  Therefore, structure is not a prerequisite for complementation, as the reaction is 

generally accompanied by the simultaneous folding of unstructured fragments into native 

structures.  On the other hand, residual structures within isolated fragments often 

correspond to the protein’s folding nucleation sites or transition states 
175, 178-181

.   

A single amino acid or a side chain can be regarded as the smallest “fragment” 

size that is capable of complementing 
165

.  Tryptophan repressor, TrpR, is a regulator for 

the de novo biosynthesis of tryptophan in response to changes in the intracellular 
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concentration of its corepressor, L-tryptophan.  The helix-turn-helix (hth) motif of TrpR 

is unique in that a Gly85 residue replaces the aromatic residue (usually found in other 

bacterial hth repressors) in the hydrophobic tryptophan binding pocket.  The TrpR apo-

repressor hth motif is relatively dynamic.  Binding of L-tryptophan to the binding pocket 

activates the repressor, and the hth motif becomes more ordered.  Replacement of Gly85 

with tryptophan mimics the binding of corepressor L-tryptophan to the binding pocket, 

and results in a constitutively activated repressor 
182

.  Therefore in this naturally 

occurring example, evolution exploited destabilizing mutations to couple folding (or 

“complementation”) with ligand binding.   

The association of multiple protein fragments into native-like structures can also 

be facilitated by the binding of ligand.  The Ca
2+

 binding protein, Calbindin D28K, for 

example, is composed of six subdomains of highly conserved helix-loop-helix motifs 

know as EF-hands.  Six 33-residue synthetic peptide fragments corresponding to each EF 

hand were shown to reassemble into native-like structure only in the presence of calcium 

183
.  As expected, folding of the subdomains occur concomitantly with fragment 

association.   

Although only very few examples of naturally complementing proteins have been 

reported, the extensive demonstration of protein fragment complementation in vitro 

strongly suggests that it is a common property of all proteins.  Fragment 

complementation has been widely used as a tool to understand the mechanism of protein 

folding 
176-178, 181

 and in vivo protein-protein interactions 
184-188

.   

In principle, almost any protein can be bisected into complementing fragments.  

The identification of suitable bisection site in the protein of interest is crucial for the 
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successful association of complementary fragments.  But despite the seemingly simple 

task, the process can sometimes be challenging and difficult to predict.  For instance, 

identification of bisection sites in firefly luciferase by incremental truncation revealed 

that the optimal fragments contained an 18-amino acid overlap 
189

, while bisection is very  

well tolerated at multiple locations in the FNfn10 domain 
174

.  Nonetheless, one can 

expect that disrupting an α-helix or a β-sheet will significantly destabilize the native fold, 

whereas numerous studies have shown that bisecting a surface loop or turn often results 

in successful complementation.  Consistent with this claim, Ostermeier et al. have 

illustrated through combinatorial screening of the Escherichia coli enzyme, glycinamide 

ribonucleotide formyltransferase (PurN), that permissible bisection sites primarily 

clustered in surface loops 
189

.  However, surface loops and turns can sometimes 

participate in interactions that are critical for the overall stability of small, single-domain 

proteins, and are therefore not suitable for bisection 
174, 190

.  Surprisingly, studies have 

also shown that even active sites could be bisected in some cases 
189

.  Therefore, the 

knowledge of suitable bisection sites is a valuable asset for protein engineering, 

particularly for protein switch design, because such sites represent a potential position in 

the protein that can tolerate modification.  

 

Circular Permutation  

Conceptually, circular permutation is the rearrangement of the polypeptide 

sequence in which the native amino- and carboxyl-termini of a protein are covalently 

connected and new termini are internally relocated through the cleavage of an existing 

peptide bond.  A substantial number of naturally occurring circular permutants (CPs) has 
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been reported, suggesting that circular permutation may be an important evolutionary 

mechanism through which new proteins have emerged from existing stable folds.  CPs 

have been widely postulated to evolve through posttranslational modification or gene 

rearrangements processes that involve either duplication/deletion or fission/fusion events.  

Evidence in support of both mechanisms has been reported 
191

.  Exon shuffling, a less 

common mechanism, has also been hypothesized.   

Sequence comparison of concanavalin A (Con A) and lectin flavin revealed 

circular homology between the two proteins that possibly arose from post-translational 

transposition, ligation, and deletion events within the original polypeptide 
192, 193

.  On the 

other hand, saposin-swaposin homology reflects permutation by a duplication mechanism 

at the genetic level.  Functional glycoprotein saposins are proteolytic cleavage products 

of the prosaposin precursor, which consists of four tandem repeats of the saposin domains.  

The order of the four α-helices of saposin is permuted to 3-4-1-2 in the aspartic 

proteinase swaposin domain 
194

.  An example of the fission/fusion model is illustrated by 

the transhydrogenase family of proteins.  The enzyme is composed of three functional 

units (I, II, and III) that exist in different arrangements in bacteria, protozoa, and higher 

eukaryotes 
191

.  In higher eukaryotes, the three functional units are encoded on a single 

gene as I-II-III (or chain α-β).  In bacteria, these units are separated into two genes, I-IIα 

on the first and IIβ-III on the second gene (or chains α and β).  For protozoa, the three 

units are encoded on a single gene, but in reverse order in the form of IIβ-III-I-IIα (or β-

α).  

Despite rearrangement to the protein backbone, many CPs (if properly designed) 

will maintain the parent protein’s native structure and biological function.  Therefore, 
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artificial circular permutation has become an attractive tool for many protein engineering 

endeavors. Successful CPs are critically dependent on the design of a suitable 

polypeptide linker that covalently connects the native protein termini.  Accordingly, both 

linker length and composition are equally important to the overall design.  As a general 

rule, the appropriate linker length can be estimated at about 3 - 3.5 Å per amino acid for a 

fully relaxed, flexible random coil, and approximately 4.5 – 5 Å for a rigid, fully 

extended random coil.  Although glycine residues are typically the go-to choice in linker 

design, its flexibility may significantly impact the overall protein stability if the N-to-C 

distance of the protein is greater than ~ 20 Å by increasing entropy.   In such cases, more 

sophisticated linker composition may be advantageous.   

Linker design can be further improved by native terminus truncation strategy.  

Many proteins are tolerant of the removal of a few amino acids from either the amino or 

carboxyl terminus.  Therefore, in many cases, truncating the original terminus can 

considerably shorten the N-to-C distance and thus the required linker length needed to 

connect the two.  For example, Lutz and coworkers initially created a CP library of 

Candida antarctica lipase B (CALB) using a six-amino acid linker (GGTSGG) 
195

.  The 

variant cp283 had the highest enzymatic activity, but exhibited significantly reduced 

stability compared to the native protein.  The native N- and C- termini of CALB contain 

poorly structured regions of 12- and 30-residues, respectively.  These residues 

compounded with the glycine-rich linker were believed to form a flexible loop region 

with highly unfavorable entropy that contributed to the overall destabilization of the 

protein fold.  Subsequently, the cp283 variant was screened via incremental truncation to 

study the impact of decreasing linker length on the overall structure and function of 
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CALB.  The study demonstrated that the catalytic activity of cp283 was maintained with 

truncation of up to 11 amino acids, which include the original hexapeptide linker plus 

five additional residues from the native carboxyl terminus 
196

.  Truncation compensated 

for the loss of secondary structure within the loop region of the original cp283 variant 

and an increase in overall protein stability was observed.  Unexpectedly, however, the 

gain in stability was accompanied by domain swapping of the N-terminal segment to 

form a closed dimer.  The study highlights the formidable challenge with regards to the 

designing suitable linkers for successful CPs.  

Aside from linker design, selecting the location for the new N- and C-termini can 

be equally tricky.  Certain regions are more tolerant to permutation than others.  Cleaving 

the peptide backbone at the loop regions is expected to have the least effect on the overall 

protein structure.  However, as mentioned in the earlier section, critical folding elements 

can sometimes be found at surface loops.  There are also cases where placing the new 

termini within secondary structural elements resulted in the most active CP 
197

.   

 Given that the degree of protein folding and function is directly related to the 

position of cleavage sites, artificial circular permutation is a very useful approach to 

identify the functional elements of a protein and to study the protein folding pathways.   

Nakamura and Iwakura employed a systematic circular permutation strategy to map the 

functional element distribution of an active site flexible M20 loop of Escherichia coli 

dihydrofolate reductase (DHFR).  A functional element is defined as the minimum 

peptide backbone connectivity that is required for catalytic activity.  The study found two 

such regions, Met16 – Met20 and Leu24 – Asp27, that are vital to the catalytic efficiency 

of the enzyme 
198

.  In contrast, the Leu8 – Ile14 region is critical for the folding of the 
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protein, and therefore constitutes the folding element.  In a later study, Iwakura et al. 

found that the position of folding elements within DHFR is independent of structural 

features, such as secondary structure or active site 
199

.  

The above examples illustrate that the degree to which a protein can tolerate 

disruption in chain connectivity by circular permutation is case specific.  Many 

laboratories are now employing a more comprehensive approach to generate CPs by 

randomization.  The process generally involves connecting the native N and C-termini of 

the protein with a suitable linker, followed by the generation of a library of CP genes by 

DNaseI digestion.  Nonetheless, this is often a time consuming endeavor and often 

requiring rounds of screening and characterization.  Therefore, protein engineers would 

benefit greatly if better rules were available to help with the rational prediction of 

permutation sites from a given structure.    

 

Three-Dimensional Domain Swapping 

Three-dimensional domain swapping is the process by which two identical protein 

chains exchange a portion of their identical structural elements to form a dimer or high-

order oligomer whose subunits recapitulate the native structure of the monomer.  The 

subunits within the domain-swapped oligomer are structurally identical to the native fold, 

with the exception of the unique “hinge-loop” region that connects the exchanging 

domain with the rest of the protein.  The unique structural contacts formed as a result of 

the exchange are referred to as the open interface, whereas the interactions that are 

present in both the monomer and the oligomer are the closed interface.  In order to be 

considered as bona fide three-dimensional domain swapping, both monomer and domain 
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swapped oligomer versions of the protein need to have been observed.  In cases where 

only the domain-swapped form of a protein is observed without a structure of the closed 

monomer, the protein is considered a “candidate” for domain swapping.  If only the 

homolog of a closed monomer is observed, then these domain swapped proteins are 

classified as “quasi domain swapped” 
200

.  

The swapped domains can be mutually reciprocated to produce a closed dimer, or 

non-reciprocated in a multimeric fashion.  The diversity of secondary structures involved 

in chain exchange ranges from a single or several α-helices or β-strands to a mixture of 

the two 
201

.  The swapped region of the protein is typically composed of either the N- or 

C-terminus of the monomer polypeptide sequence.  But in cases where half of the protein 

is swapped, such as in βB2-crystallin 
202

 and calbindin D9K 
203

, it becomes unclear with 

regards to which half constitutes the swapped domain.  

The phenomenon of three-dimensional domain swapping has been widely 

exploited to study protein folding and molecular recognition.  Despite over 60 published 

domain swapped structures in the PDB 
204

, the driving force and mechanism of domain 

swapping remains elusive.  There have been speculations that the unique hinge loop plays 

a potential role in controlling the swapping process.  In the closed monomer fold, the 

hinge loop partakes in the native intramolecular interaction of the protein.  In the domain-

swapped conformation, it is capable of assuming a variety of secondary structures, 

ranging from extended random coils to β-strands or α-helices 
201

.  A more rigid α-helix or 

β-strand hinge loop can favor swapping by disfavoring a compact monomeric fold, but a 

flexible hinge can also promote swapping by increasing the entropic penalty of the 

monomer and favor its opening 
165

.   
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Analogous to the MEF mechanism, shortening of the hinge loop also sterically 

disfavors the closed monomer conformation, in which case the exposure of residues 

normally buried in the closed interface promotes domain swapping 
205

.  The deletion of 

six amino acids from the surface loop preceding the C-terminus of staphylococcal 

nuclease was shown to promote the spontaneous swapping of its C-terminal α-helix to 

form a very stable dimer 
206

.  On the other hand, increasing the hinge length of the 

domain swapping dimer of Cro repressor protein from bacteriophage λ facilitates 

monomer formation 
207

.  An alternative approach to alter the equilibrium of swapping is 

via mutations that either destabilize the closed monomer fold by steric or electrostatic 

clashes or promote hinge opening by controlling the possible conformational alternatives 

(e.g. proline or glycine, respectively) 
205

.  The eye lens protein βB2-crystallin can form 

homodimers or hetero-oligomers, whereas the structurally similar γ-crystallins are 

exclusively monomeric.  βB2-crystallin differs from γ-crystallin in that it contains two 

acidic residues at position 87 and 106 in its hinge loop, which would electrostatically 

repel each other in the closed monomeric conformation 
208

.  Replacement of the βB2-

crystallin hinge loop with that of γ-crystallin’s effectively transforms βB2-crystallin into 

monomers  
209

.   

It has been commonly speculated that the presence of proline in the hinge loop 

may play a potential role in controlling the domain swapping propensity of a protein.  

Proline is structurally unique among the natural amino acids in that its distinctive cyclic 

imino structure limits the available conformational freedom of the peptide bond, which 

may increase rigidity along the backbone.  For example, the cell cycle regulatory protein, 

p13suc1, contains two proline residues in its hinge loop, Pro90 and Pro92, that serve to 
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antagonistically control the equilibrium between the monomer and domain swapped 

dimer forms of the protein 
210

.  Pro90 has a destabilizing effect on the monomer 

conformation by introducing strain into the fold, but it has a stabilizing effect on the 

dimer.  In contrast, Pro92 has no net effect on the monomer fold, but it destabilizes the 

dimer considerably by increasing the conformational strain of its hinge loop.  By 

modulating the strain on the hinge loop using mutations, the swapping equilibrium can be 

shifted to generate all monomeric or dimeric p13suc1.  

Although evidence of domain swapping under physiological protein 

concentrations and solution conditions are relatively rare, the above examples suggest 

that many proteins contain regions with hinge-like features and it may therefore be 

feasible to stimulate swapping simply by making a few mutations (e.g. amino acid 

substitution or truncation).  The biological and evolutionary relevance of domain 

swapping has been questioned, but it seems plausible that the relative simplicity with 

which the domain swapped conformation can be stabilized suggests that it could be a 

mechanism for the evolution of large, complex molecular machineries and protein 

interaction networks from smaller, simpler monomer folds.  Modular sensor design 

approaches such as domain insertion and affinity clamp also hinted that domain swapping 

may be advantageous in terms of allosteric control, enhancing the local concentration of 

active sites, expanding target binding surfaces, and evolving new active sites at the open 

interface.   
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 1.5. Dissertation Overview 

The overall goal for the research presented in this dissertation is two-fold.  The 

principle objective is to rationally engineer conformational switching allostery into 

arbitrary binding proteins using the knowledge of protein folding and thermodynamics 

for biosensing applications.  By doing so, we attempt to offer insights into native protein 

structure and folding, such as how switching is reconciled with classical views of protein 

folding, and what have we learned about protein fragment complementation and circular 

permutation that may further our understanding of protein structure-function correlations.  

 

Chapter 2 describes the utilization of the alternate frame folding mechanism to engineer 

a biosensor for the recognition of ATP.  ATP is involved in numerous essential cellular 

processes.  Its intracellular levels are strictly regulated; alterations to the global cellular 

ATP level are fundamentally linked to many disease pathologies.  Therefore, an effective 

approach for monitoring ATP levels in cells is essential for not only improving our 

understanding of cellular communication and disease mechanisms, but also serves as a 

high throughput drug screening strategy.  The design and characterization of an ATP 

sensor based on the human sulfiredoxin (hSrx) scaffold will be discussed here.  This 

work underscores the complex task of identifying a suitable circular permutant construct 

for the AFF design. 

 

Chapter 3 describes the design of an alternate frame folding based biosensor for the 

recognition of a larger target.  The sensor platform and its subsequent characterization are 

based on the versatile tenth human fibronectin type III domain (FN3).  This chapter 

highlights the challenges faced by circularly permutating FN3, where the extent of 
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tolerance to chain connectivity is largely cleavage site dependent.  The goal of this 

chapter is to further the understanding of protein folding and structure through the use of 

various AFF constructs.  

 

Chapter 4 describes the development of a novel mechanism, protein fragment exchange 

(FREX) for engineering allosteric controls into an arbitrary binding protein.  FREX 

addresses the challenges faced by the AFF design by bypassing the need for finding a 

suitable CP construct.  At the same time, the related mechanism of protein fragment 

complementation is exploited to enrich our basic understanding of the general processes 

underlying protein folding and native structure.  
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2.1. Abstract 

 Adenosine-5’-triphosphate (ATP) is the primary source of energy in biological 

systems.  It plays an important role in a diverse number of vital cellular processes, 

including metabolism and signaling pathways.  Many diseases affect the baseline ATP 

concentration in living systems, thus ATP is a potentially important biomolecule 

(biomarker) to monitor cell viability and cellular stress.  As such, the determination of 

ATP concentration is essential in basic research for the understanding of normal cellular 

events and in clinical diagnoses. Although several methods for determining ATP 

concentration have been described, an accurate and robust ATP detection method is still 

highly desirable.  In the present study, we applied the Alternate Frame Folding (AFF) 

mechanism to the ATP binding protein, human sulfiredoxin (hSrx), for the creation of an 

ATP biosensor.  AFF is a mechanism for engineering allosteric control into a binding 

protein.  The strategy involves partial amino acid sequence duplication and mutation of 

key binding residue(s) in one of the shared segments.  Such modifications allow the 

resulting protein to interconvert between two mutually exclusive conformations: the wild-

type (N) structure or a circularly permuted (N’) fold, in a ligand-dependent manner.  

Incorporation of fluorophores allows the switching event to be harnessed to produce an 

output signal.   The study presented here using the hSrx scaffold highlights a major 

design consideration of AFF, i.e. finding a permissible circular permutation site.   
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2.2. Introduction 

 Adenosine 5’-triphosphate (ATP) is the universal currency for bioenergetics in 

living cells.  The hydrolysis of ATP into adenosine diphosphate (ADP) and adenosine 

monophosphate (AMP) is an indispensible reaction that drives essentially all energy-

dependent cellular functions, such as extra- and intracellular signaling, metabolic 

processes, active transport, and movement.  Living cells require a continuous supply of 

ATP, the level of which is strictly regulated.  The intracellular concentration of ATP 

typically ranges from 1 – 10 mM for cells with very low rates of energy expenditure to 

cells with very high energy needs 
1
.  In contrast, extracellular ATP exists in the nano- to 

low micromolar concentration range 
2
.  Therefore ATP level is an indicator of cellular 

energy capacity.  

Certain cellular conditions can be assessed by the varied ATP (and ADP) levels 
3, 

4
.  Cell proliferation is generally associated with a markedly elevated ATP level with no 

significant increase in ADP, whereas cells undergoing growth arrest show no change or 

only a slight increase in ATP with consistent ADP level.  On the other hand, apoptosis 

typically correlates with reduced ATP and increased ADP levels, while necrosis is 

characterized by considerably lowered ATP and elevated ADP levels.  Therefore, cell 

viability is closely correlated with ATP levels.  Immediately following the disruption of 

mitochondrial membrane integrity in apoptosis, cells cease to synthesize ATP.  At this 

point, endogenous ATPases begin to deplete any reserve ATP molecules.  With a limited 

lifetime of just a few seconds 
2, 5

, the level of ATP decreases abruptly 
6
.  Nonetheless, the 

molecular mechanisms for many modes of ATP release are not yet fully understood.   
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Global changes in cellular ATP level have been shown to play a fundamental role 

in pathology.  Ischemia 
7, 8

, hypoxia 
9, 10

, hypoglycemia 
10

, and oxidative stress 
11, 12

 have 

been associated with a low ATP levels, whereas an increase in ATP level has been linked 

to cystic fibrosis 
13

.  Alterations in ATP level have also been identified in diseases such 

as asthma 
14

, acute respiratory distress syndrome 
15

, and overactive bladder 
16, 17

.  Recent 

Huntington’s disease studies have also shown an increase in ATP level in brain tissues 
18

, 

elucidating on a correlation between ATP level and disease manifestation.  ATP is also 

implicated in many insulin-related diseases.  ATP-sensitive potassium (KATP) channels 

are vital for glucose homeostasis: Insulin is secreted when the channels are closed and 

vice versa.  An elevated intracellular ATP level can block KATP channels, which can 

potentially lead to diabetes when the channels fail to close despite increased metabolism.  

In contrast, congenital hyperinsulinism occurs when the channels remain open when 

insulin level is low 
19

.  In many cancer cell types, ATP levels tend to decline rapidly in 

response to oxidative stress 
20-22

.  Therefore, ATP sensors are very helpful for the early 

detection of various diseases.   

In addition to disease detection, quantification of cellular ATP level also 

facilitates the elucidation of cellular communication 
23

 and could uncover mechanisms 

crucial for understanding pathologies.  Furthermore, monitoring ATP level in cells is 

essential for the development of targeted pharmacological treatments, such as high 

throughout pharmaceutical drug screening for cytotoxic substances.  For example, as the 

ratio of ATP/ADP can be used to differentiate between apoptosis and necrosis, an 

accurately determined ATP level is a useful determinant for the manifestation of cell 

death in drug discovery 
24

.  



90 
 

 Evidently, an accurate and robust ATP detection method is highly desirable.  

Several ATP sensors have been developed to date.  One of the earliest (and perhaps the 

most well known) approach is the luciferin-luciferase assay 
25, 26

.  Luciferase is an ATP 

consuming enzyme that produces bioluminescence upon binding to its substrate, luciferin, 

in an ATP dependent manner.  Since ATP is expended in the process, this method of 

detection may not be entirely accurate due to possible perturbation of cellular metabolism.  

In addition, luminescence can also be limited by factors such as luciferase concentration.  

 ATP level can also be indirectly monitored through cytosolic Mg
2+

 influx.  

Although there is an abundance of magnesium ions in the cell, the bulk of these ions are 

either bound or are compartmentalized within organelles.  The free Mg
2+

 concentration 

therefore is relatively low.  In addition, the cytosolic Mg
2+

 concentration is generally kept 

constant under normal conditions due to the inherently slow transmembrane flux of Mg
2+

.  

Notably, there is a strong preference for Mg
2+

 to bind ATP with high affinity.  In fact, a 

large population of cellular Mg
2+

 exists in the form of MgATP
-
.  In contrast, Mg

2+
 

exhibits considerably less affinity for ADP and AMP.  Upon MgATP
-
 hydrolysis, the 

previously bound Mg
2+

 is released into the cytosol.  This increase of cytosolic Mg
2+

 and 

the subsequent measurement of Mg
2+

 using small molecule indicators can be exploited to 

determine cellular ATP levels 
27-29

.  Nonetheless, other ATP-independent changes in 

Mg
2+ 

levels can also influence the overall measurement thereby affecting its accuracy.  

Amperometric ATP sensors represent alternative methods of ATP detection.  One 

approach utilizes coupled enzymatic reactions involving glucose oxidase (GOx) and 

hexokinase (HEX) in the presence of glucose 
30

.   GOx normally catalyzes the conversion 

of glucose and O2 into gluconic acid and H2O2.  In the presence of ATP, HEX competes 
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with GOx for the substrate glucose to generate glucose-6-phosphate and ADP, resulting 

in a decrease in H2O2 production.  The reduction in H2O2 level can be measured as a 

change in current and is proportional to the ATP concentration.  In another approach, 

sequential enzymatic reactions involving glycerol kinase (GK) and glycerol 3-phosphate 

oxidase (G3POx) are employed 
31, 32

.  GK catalyzes the reaction of ATP with glycerol to 

produce ADP and glycerol-3-phosphate, the latter of which is subsequently oxidized via 

G3POx to form glycerone phosphate and H2O2.  By immobilizing the two enzymes on a 

polarized platinum electrode, the concentration of ATP can be determined by measuring 

the electrical current as a function of H2O2 oxidation on the Pt surface to oxygen and 

water.  Like Mg
2+

-based measurements, the accuracy of these types of amperometric 

sensors can be obstructed by interference with other nonspecific electroactive compounds 

naturally existing in biological samples.  

Other methods have been developed utilizing the ATP-dependent K
+
 channels 

33, 

34
.  In this approach, the K

+
 channel is assembled in a patch clamp setup.  Opening of the 

channel in response to ATP release is used to generate an output signal change.  This 

method is limited to measurements near the cell surface, which can have a different ATP 

concentration than the bulk cytoplasm.   

Another group constructed a genetically encoded indicator of cellular ATP/ADP 

ratio by fusing a circularly permuted fluorescent protein (cpFP) with an ATP-binding 

domain Glnk1 
35

.  Mg-ATP binds to Glnk1with very high affinity, where the reaction is 

accompanied by a dramatic conformational change.  ADP also binds to GlnK1, but it 

does not induce a change in Glnk1 conformation.  The competition between ATP and 

ADP for Glnk1 binding site is ideal for reporting the free cellular ATP/ADP ratio. The 
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sensor, known as Perceval, has been shown to respond to dynamic changes in the 

adenylate nucleotide ratio in mammalian cells upon inhibition of cellular metabolism.  

The reported sensor can only detect a relatively low ATP/ADP ratio of <1; its application 

is therefore only limited to cells with energetic challenges.  As with all cpFP-based 

probes, the response of Perceval is sensitive to fluctuations in intracellular pH.  Therefore, 

corrections to the output signal is necessary via the co-measurement of signal changes as 

a function of multiple pH using a spectrally compatible indicator dye 
35

.   

Here we apply the previously reported Alternate Frame Folding (AFF) 

mechanism 
36-39

 for the construction of an ATP sensor based on the ATP-binding protein, 

sulfiredoxin (Srx).  Srx belongs to a class of cysteine sulfinic acid reductases that 

selectively reduce and regenerate over-oxidized peroxiredoxins (Prx) in an ATP-

dependent manner.  The structure of Srx consists of five-stranded β-sheets and three α-

helices (Figure 2.1).  The ATP binding pocket of Srx is composed of a conserved active 

site motif 
96

P(G/S)GCHR
101

, a signature of all Srxs 
40

.  Srx serves as an ideal protein 

scaffold for the design of adenine nucleotide sensor for many reasons.  Srx is a small, 

137-residue protein, so it can be easily manipulated.  It is relatively soluble under a wide 

range of conditions and is very well expressed in E. coli.  Most importantly, wild type 

human Srx (hSrx) binds to ATP with a Kd of 6 µM 
41, 42

.  As the intracellular ATP level is 

in the millimolar range, the affinity of Srx for ATP can be easily reduced to suit a large 

dynamic range under different cellular conditions.  In addition, implementing a C99A 

mutation, which has been shown to abolish the ATP hydrolysis capacity of hSrx 
43

, will 

ensure that the sensor will not consume ATP for better accuracy in the detection of ATP 

level.   
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2.3. Results 

2.3.1. Srx Structure & Choice of Mutants 

The AFF design integrates two modifications into the binding protein of interest 

(a schematic representation of AFF is shown in Chapter 3, Figure 3.1B using the 

fibronetic scaffold).  First, a segment of amino acid sequence encompassing the critical 

binding site is duplicated from one of  the termini and  is fused to the opposite end of the 

protein using a short peptide linker.  The resulting fusion protein shares a common 

unduplicated region, allowing it to fold into one of two frames – the wild-type (WT or N) 

or the circularly permuted (CP or N’) fold – in a mutually exclusive manner.  Next, a 

mutation is introduced to the more stable native frame to eliminate target binding.  The 

CP frame still carries the critical binding residues; therefore ligand binding facilitates the 

conformational change from the native to the permuted frame. This switching event can 

be exploited to report on target binding by fluorophore labeling of the fusion protein.  In 

this work, we apply the AFF mechanism to hSrx for the creation of an ATP biosensor.   

The X-ray crystal strucutre of hSrx in complex with ATP is shown in Fig 2.1.  

The first 37 N-terminal residues of hSrx are glycine-rich and are mostly unstructured.  

Consequently, two truncated versions of native hSrx have been reported: the trypsin 

truncated (TT) hSrx (residues 38 – 137) and the engineered truncated (ET) hSrx (residues 

32 – 137).  The TT version of hSrx is employed in this study (unless otherwise noted) to 

minimize possible unfavorable entropy caused by the unstructured N-terminal region, 

especially in the circular permutant constructs. The conserved Cys99 residue (light blue) 

is essential for the enzyme to hydrolyze ATP 
44

.  The C99A mutation, incorporated in all 
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the constructs in the current study, has been reported to completely eliminate ATP 

hydrolysis 
43

.   

We first focus on the critical ATP contact residues to design mutations that would 

knock out ATP binding.  Residues of interest are K61, H100, and R101, which interact 

with the γ-phosphate and S64 and T68, which interacts with the adenosine ring (Figure 

2.1., blue).  Consequently, we generated the T68A, S64A/T68A, H100E/ R101E and 

K61E/H100E/R101E mutants.   
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Figure 2.1. X-ray crystal structure of human sulfiredoxin (hSrx) in complex with ATP 

(orange) (Mg
2+

 not shown; PDB ID: 3CYI).  The engineered truncated (ET) version of 

hSrx, consisted of residues 32 – 137, is shown here. The trypsin truncate (TT) variant of 

hSrx (residues 38 – 137; removal of residues preceding the β1 strand) was used in this 

study.  Residues in blue are those with direct contact to ATP. The conserved Cys99 

residue is shown in light blue.  Arrow indicated the point of discontinuity in the 

polypeptide chain where the new N- and C- termini are introduced in the CPs constructs.  
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2.3.2. Thermodynamic and Functional Consequences of hSrx Binding Mutants 

The effects of mutating various critical ATP-binding residues on the stability and 

function of TT-hSrx were determined by equilibrium urea-induced unfolding.   All data 

fits well to the two-state equation ΔG = ΔG
H20

 – m[urea], where ΔG
H20

 is the folding free 

energy and m is the cooperativity parameter.  Thermodynamic parameters are 

summarized in Table 2.1.  Wildtype TT-hSrx is adequately stable, with a midpoint of 

transisition Cm = 2.37 M (ΔG
H2O

 = 4.09 kcal/mol) in the apo state, and appears to bind 

ATP, as evidenced by the shift in unfolding transition to higher urea concentration (Cm = 

3.30 M) in the presence of ATP (Fig 2.2A).  The intrinsic tryptophan fluorescence is 

quenched by approximately 33 % in the presence of ATP.  

The T68A (Cm = 2.82 M) and S64A/T68A (Cm = 3.24 M) mutations, which target 

the adenosine ring, increased the stability of hSrx in the apo state while ATP binding 

capacity is retained (Fig 2.2B and C, Table 2.1).  In contrast, the K61E/H100E/R101E 

variant significantly destablized the protein.  Binding to ATP was negligible both in 

terms of intrinsic tryptophan fluorescence (Fig 2.2D) and secondary structure as 

monitored by CD (Fig 2.3B).  The H100E/R101E variant also abolished ATP binding, 

but hSrx was stabilized (Cm = 3.38 M) (Fig 2.3A, Table 2.1).   

The functional consequences of the these mutants were futher confirmed by 

monitoring their binding to the fluorescent ATP analog, TNP-ATP.  TNP-ATP is non-

fluorescent in buffer; it fluoresces only upon binding to certain ATP-binding proteins, 

including hSrx.  Upon excitation at 408 nm, fluorescence emission at 550 nm was 

analyzed as a function of TNP-ATP concentration. Figure 2.4 shows the binding curves 

hSrx variants to TNP-ATP fitted to a one-site binding equation.  Consistent with the 
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reported ATP binding affinity 
41, 42

, we measured a Kd of 4.3 µM for WT TT-hSrx. The 

T68A and S64A/T68A variants yielded a slightly lower ATP binding affinity of 15 µM 

and 10 µM, respectively, whereas no binding was detected for the H100E/R101E and 

K61E/H100E/R101E mutants.  
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Table 2.1. Thermodynamic parameters for folding of TT-hSrx variants.  Cm is the 

midpoint of urea-induced unfolding.  Asterisk (*) denotes data collected using CD.  
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Figure 2.2.  Thermodynamic characterization of hSrx variants.  Urea-induced 

denaturation of (A) WT TT-hSrx, (B) T68A, (C) S64A/T68A, and (D) 

K61E/H100E/R101E as monitored by fluorescence.  The apo state is shown in blue. Red 

represents data collected in the presence of 200 µM ATP.  Lines are best fit of the data to 

the linear extrapolation equation ΔG = ΔG
H20

 – m[urea], where ΔG
H20

 is the folding free 

energy and m is the cooperativity parameter.    
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Figure 2.3.  Thermodynamic characterization of hSrx variants.  Urea-induced 

denaturation of (A) H100E/R101E and (B) K61E/H100E/R101E as monitored by CD 

ellipticity at 209 nm.  The apo state is shown in blue. Red represents data collected in the 

presence of 200 µM ATP.  Lines are best fit of the data to the linear extrapolation 

equation ΔG = ΔG
H20

 – m[urea], where ΔG
H20

 is the folding free energy and m is the 

cooperativity parameter.     
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Figure 2.4.  TNP-ATP binding to TT-hSrx variants.  WT (black), T68A (light blue), 

S64A/T68A (blue), H100E/R101E (burgundy), K61E/H100E/R101E (red), and cp75 

(green) in the presence of 13 µM TNP-ATP (excitation = 408 nm, emission = 550 nm).   

Lines are best fit to the one site binding equation.  
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2.3.3. Structural, thermodynamic, and functional characterization of hSrx CPs.   

Next, we focus on the identification of a suitable circular permutant frame that is 

functional without major stability consequences.  Placement of the new termini at a 

surface loop/turn is expected to be the least unfavorable to a protein’s structure and 

function.   Due to the fact that hSrx is a fairly small protein, we elected to permute at all 

five of its surface loops/turns, specifically at positions 55, 75, 88, 89, 98, and 111 (Figure 

2.1, black arrows).  The stability and activity of the permutants were determined by urea-

induced denaturation.  In the case of cp55 and cp75, the protein is already partially 

unfolded under native conditions.  While these permutants are still able to bind ATP, the 

presence of 1mM ATP is not sufficient to restore the folded structure (Figure 2.5A and B).  

With a Kd of 39 µM, cp75 exhibits 10-fold less affinity to TNP-ATP than WT TT-hSrx 

(Figure 2.4).  In contrast, cp98 is completely unfolded under native conditions and does 

not appear to bind ATP (Figure 2.5C).  Like cp 55 and cp75, cp111 also retained some 

residual structure without any denaturant, however, its ATP binding ability is severely 

compromised (Figure 2.5D).  Since no natively folded proteins were populated, we are 

unable to report any thermodynamic parameters for these permutants.   

Both cp88 and cp89, having the new termini distal to the ATP binding pocket, 

exhibit natively folded structure in the presence of 1 mM ATP (ΔG
H2O

  = 1.22 kcal/mol; 

Cm = 0.68 M and ΔG
H2O

  = 1.25 kcal/mol; Cm = 0.71 M, respectively) (Figure 2.6A and B, 

Table 2.1).  Despite their retained functionality, both proteins are only about 60  - 70 % 

folded in the apo (Figure 2.6D and E), non-denaturing state and therefore do not meet the 

stability requirement for AFF construction.  Re-examination of the crystal structure 

revealed a possible cause for the reduction in stabilty of hSrx CPs.  The surface loop 



104 
 

formed by residues 86 – 90 that connects the β3 and β4 strands is projected outward 

(Figure 2.1).  We speculate that this loop likely results in steric clashes with the linker 

that connects the orignial N- and C- termini in the CP constructs.  Consequently, we 

created the cpΔ86–90 variant by deleting the loop residues entirely such that amino acids 

(Met)Lys85 and Asp91 are now the new N- and C- termini.  Nonetheless, urea-induced 

denaturation experiments of cpΔ86–90 revealed similar behavior as cp88 and cp89.   In 

the apo, non-denaturing state, cpΔ86–90 is also partially unfolded, but to a higher extent 

than cp88 and cp89 (Figure 2.6C and F).   Near-native structure is recovered in the 

presence of 1 mM ATP.  However with ΔG
H2O

  = 0.95 kcal/mol and Cm = 0.53 M, ATP 

stablizes the variant to a lesser extent (Table 2.1).  
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Figure 2.5.  Permuting near the ATP binding site significantly alters the stability and  

functionality of hSrx circular permutants.  (A – D) Urea-induced denaturation of hSrx 

cp55, cp75, cp98, and cp111, respectively, as monitored by fluorescence.  The apo state 

is shown in blue. Red represents data collected in the presence of 1 mM ATP.  Lines are 

best fit of the data to the linear extrapolation equation ΔG = ΔG
H20

 – m[urea].  (E – H) 

CD wavelength scans of hSrx cp88, hSrx cp89, and hSrx cp Δ86 – 90, respectively.  Apo 

protein is shown in blue.  Data collected in the presence of 1 mM ATP are shown in red. 
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Figure 2.6.  Permuting away from the ATP binding site retains functionality in hSrx 

circular permutants.  (A – C) Urea-induced unfolding of hSrx cp88, hSrx cp89, and hSrx 

cp Δ86 – 90, respectively, in the apo state (blue) as well as in the presence of 1 mM ATP 

(red). Lines are best fits of the data to the linear extrapolation equation ΔG = ΔG
H2O

 – 

m[GdnHCl], where ΔG
H2O

 is the folding free energy in the absence of denaturant and m is 

the cooperativity parameter.  (D – F) CD wavelength scans of apo (blue) and 1 mM ATP-

bound (red) hSrx cp88, hSrx cp89, and hSrx cp Δ86 – 90, respectively.  
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2.3.3. Effect of Artificial Stabilizing Agents on CPs 

Certain inorganic salts such as chlorides, sulfate, and phosphates are effective 

stabilizers of protein’s native fold through preferential exclusion from the protein-solvent 

interface, a process known as the “salting-in effect” 
45

.  The stabilizing effect of sulfate is 

generally more potent  than chlorides 
46

.  In fact, the ionic strength of a Na2SO4 solution 

is three-fold higher than NaCl at any given concentration 
47

.  Accordingly, we studied the 

effect of Na2SO4 on the overall stability and function of hSrx CP variants.    

To determine the optimal concentration of Na2SO4 needed to stabilize hSrx, we 

measured the far-UV CD spectra and thermal-induced unfolding of WT ET-hSrx at a 

series of Na2SO4 concentrations.  In the presence of 0.25 M, 0.5 M, 0.75 M, and 1 M 

Na2SO4, the unfolding of ET-hSrx by 6 M urea is reversed and the protein adopts a 

structure identical to the native fold (Figure 2.7A).  WT ET-hSrx is considerably stable, 

with a melting temperature (Tm) of 58 
o
C, which is further increased upon the addition of 

Na2SO4.  The increase in WT ET-hSrx stability is proportional to the concentration of 

Na2SO4 added, up to 0.75 M (Figure 2.7B).  At 1 M, the stabilizing effect of Na2SO4 

becomes less effective.  Subsequently, we tested the effect of 0.75 M Na2SO4 on the 

stability of all the hSrx CPs.  

Despite the presence of 0.75 M Na2SO4, hSrx cp111 remains mostly unfolded, 

whereas cp55, cp75, and cp98 are only partially folded (Figure 2.7C).  These results are 

in agreement with the urea-induced denaturation findings that permuting near the target 

binding site is deleterious to the overall protein structure and function.   In contrast, cp88 

and cp89 adopt native structure and stability comparable to that of the WT protein 

(Figure 2.7C – E).  The Na2SO4-induced improvement in cp89 stability, however, is 
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accompanied by the complete elimination of ATP binding activity (Figure 2.8A).  The 

binding of the negatively charged ATP to hSrx is typically mediated by attraction to the 

positively charged Lys51, Lys61, and Arg101 residues lining the binding pocket.  Excess 

SO4
2-

 neutralizes these charges, resulting in the interference or inhibition in ATP binding 

48
.  Subsequently, we eliminated the 0.75 M Na2SO4 from the reaction buffer and increase 

the concentration of NaCl to 0.5 M instead.  0.5 M NaCl stabilizes cp89 such that under 

native conditions, the protein is almost entirely folded.  However, the stabilizing effect of 

NaCl is significantly weaker than Na2SO4 and ATP binding is not recovered (Figure 

2.8B).  Lowering the experimental temperature from 20 
o
C to 4 

o
C using the original 

buffer condition (100 mM NaCl, no M Na2SO4) did not improve CP properties (data not 

shown).  
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Figure 2.7.  Effects of Na2SO4 on stabilizing hSrx CPs.  (A) Far-UV CD spectra and (B) 

thermal-induced denaturation of WT ET-hSrx at varying concentrations of Na2SO4. (C – 

D) Far-UV CD spectra of hSrx CPs in the presence of 0.75 M Na2SO4. (E) Thermal-

induced denaturation of 0.75 M Na2SO4-stabilized hSrx CPs.  
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Figure 2.8.  The effects of SO4
2-

 and Cl
-
 on ATP binding capacity of hSrx CPs.  Urea-

induced denaturation of hSrx cp89 in the presence of (A) 0.75 M Na2SO4 and (B) 0.5 M 

NaCl.   
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2.4. Discussion  

Selection criteria for optimal permutation sites are still lacking.  The process is 

not always straightforward; structural inspection and intuition in this case was proven 

unsuccessful for the most part.  Although in conventional practice cleaving within 

secondary structures are often avoided, creating new termini at surface loops does not 

always guarantee permutants with desired traits.  In the case of hSrx, cleaving loops 

proximal to the ligand binding site resulted in unpredictable consequences ranging from 

significant destabilization of the native fold (cp55 and cp75) to a complete loss of 

structure (cp98) and/or function (cp111).  Targeting surface loops distant from the active 

site unfortunately has also proven unsuccessful in the case of hSrx.  Cp88, cp89, and 

cpΔ86–90 all display reduction in stability in which the permutants are only about 70 % 

folded under native conditions.   

It is surprising that none of the CPs tested in this study tolerated breakage in the 

polypeptide chain since simply targeting surface loops distant from the active site was 

sufficient in previous AFF studies using T. tengcongensis RBP 
39

 and calbindin D9K 
36

.  

Notably, the starting proteins used in our previous studies exhibit exceptionally high 

stability: E. coli RBP (Tm > 100 
o
C) 

39
 and calbindin D9K (Tm = 85 

o
C; Cm (urea) = 5.3 M) 

49
.  It is therefore advantageous to permute proteins with high intrinsic stability in order to 

maximize the chances of success (further discussion in Chapter 5).  Another option is to 

optimize CP stability by modulating the length and/or sequence composition of the linker 

as successfully demonstrated by Iwakura et al 
50

 and Ostermeier et al 
51

.  In other 

instances, however, stable and functional permutants with new termini within secondary 
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structural elements are difficult to predict without generation of systematic CP libraries 
52, 

53
.  

Although we have not yet identified a stable permutant of hSrx, it may still be 

feasible to incorporate and rationally tune the current constructs and mutations for the 

purpose of AFF construction.  An advantage of binding-induced folding-based biosensors 

like AFF is that its switching properties can be readily optimized using well-established 

thermodynamic principles.  Consider the N  N’ conformational change for the AFF 

switching mechanism.  For efficient switching activity, the N conformation should be 

more stable than the N’ conformation in the off state, and the switch populates the N fold.  

In the presence of the ligand, the free energy gained from binding, if sufficiently greater 

than the folding free energy difference between the N and N’ conformations, will 

facilitate the conversion to the N’ conformation.   For hSrx, its N frame variants are 

significantly more stable (ΔG
H2O

 = 2.61 – 5.77 kcal mol
-1

) than the N’ frame variants 

(unfolded) in the absence of ATP.  In contrast, the folding free-energy of the N’ frame, 

even in the presence of ATP, falls significantly below that of the apo N frame (ΔG
H2O

 = 

0.95 – 1.25 kcal mol
-1

).  Under these conditions, N  N’ conversion will not occur.  

Therefore, rational thermodynamic tuning of hSrx-AFF is necessary based on the 

currently available constructs.  Tuning would comprise of: 1) stabilizing the N’ frame 

and/or 2) destabilizing the N frame.   

In our binding mutation studies, we have identified the S64A/T68A mutation, 

which stabilize hSrx by 0.87 M in Cm value.  Importantly, since this mutation does not 

affect ATP binding ability of hSrx, it can be exploited to increase the stability of the N’ 

frame.  Upon binding ATP, the ΔΔG
H2O

 between the wild-type and the S64A/T68A 
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variant is 1.79 kcal mol
-1

.  Incorporating the S64A/T68A mutation into the N’ construct 

(cp89 variant) will yield a folding free energy in the holo state of 3.04 kcal mol
-1

.  On the 

other hand, the K61E/H100E/R101E mutation has been shown to destabilize the N-frame 

[ΔG
H2O

 = 2.61 kcal mol
-1

 (apo); 2.70 kcal mol
-1

 (holo)] and to knock out ATP binding.  

Accordingly, without ATP the K61E/H100E/R101E N-frame variant is more stable than 

the N’ frame variant (cp89
S64A/T68A

), and the switch will populates the N-conformation.  

In the presence of ATP, cp89
S64A/T68A

 becomes more stable than K61E/H100E/R101E.  

Consequently, the AFF switch will be driven towards the N’-conformation.   

The results presented in this study represent a promising foundation towards the 

construction and optimization of an AFF-based fluorescent probe for ATP detection 

based on the hSrx scaffold.  We anticipate that the hSrx-AFF sensor would contribute as 

a novel tool for the spatial and temporal measurements of cellular energy, thereby 

enhancing our understanding of metabolic variations that may occur during normal cell 

growth and signaling, as well as in times of cellular stress and pathological situations.  
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2.5. Experimental Methods 

Cloning. The WT ET- and TT-hSrx constructs were gifts from W.T. Lowther 

(Wake Forest University).  Both genes did not contain the amino-terminal sequence; the 

coding sequence begins with Ser32 and Ile38, respectively. Using the TT- version of WT 

hSrx, the following binding mutants were cloned: T68A, S64A/T68A, H100E/R101E, 

and K61E/H100E/R101E.  The following circular permutants were cloned by ligating 

two halves of the TT-hSrx gene: cp55, cp75, cp88, cp89, cp98, cp111, and cpΔ86–90.  

The number denotes the point of cleavage of TT-hSrx.  A nine-amino acid linker (GGS3) 

was used to connect the original amino and carboxy termini of all permutants. An 

additional permutant construct cp89(6L) was also cloned using a six-amino acid linker 

(GGS2).  All constructs were cloned via PCR into the pET19b vector with multiple 

cloning sites between NdeI and BamHI and contains a His10 tag at the amino terminal of 

the protein.  

Expression and Purification. Plasmids were transformed into E. coli C41 (DE3) 

strain.  The cells were grown in liquid LB or YT media with ampicillin selection at 37 
o
C.  

Protein expression was induced with 20 mg/L isopropyl-β-D-thiogalactopyranoside 

(IPTG) at 20 
o
C.  After harvesting, cell lysate was checked by SDS-PAGE for expression.  

All the N frame constructs were expressed in the supernatant, while all permutants were 

in inclusion bodies.  Proteins were purified using a nickel nitrilotriacetic acid affinity 

resin. Soluble proteins were purified under native condition while those in inclusion 

bodies were purified under denaturing conditions in 6 M urea.  After purification the 

proteins were refolded by dialysis and the His10 tag was removed via PreScission 

protease cleavage. The extent of cleavage was confirmed by SDS-PAGE at various time 
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intervals.  Fully cleaved proteins were further purified on a Q-Sepharose column and 

were either lyophilized or frozen at -80 
o
C for long term storage.  

Urea-Induced Denaturation. Stock protein solutions were prepared by dissolving 

lyophilized proteins in 6 M urea.  Working solutions were then prepared by rapid dilution 

into cold 20 mM Tris (pH 8.0), 100 mM NaCl, 1 mM MgCl2, and also into the same 

buffer containing 4 – 7 M urea (final protein concentration = 2 – 10 µM).  For proteins 

stored at -80 
o
C, the stock proteins were thawed and diluted into the above buffer to 

desired final working concentration.  Samples were made by mixing the two 

buffer/protein solutions using a Hamilton 500B diluter.  For ATP binding experiments, a 

final concentration of 200 µM ATP was added to both buffers prior to mixing.  Final urea 

concentrations were measured by index of refraction.  Samples were incubated at 20 
o
C 

for 2 – 3 h prior to fluorescence measurements.  Data were collected on a Horiba 

Fluoromax-4 fluorimeter at 20 
o
C (280 nm excitation, 250 – 350 nm emission; band pass: 

excitation = 2 nm, emission 3 nm).  Data were fitted to the linear extrapolation equation 

ΔG = ΔG
H20

 – m[urea], where ΔG
H20

 is the folding free energy and m is the cooperativity 

parameter, using Kaleidagraph (version 4.03, Synergy software).  

TNP-ATP Binding.  Samples were prepared by serial dilution of stock protein 

(directly thawed from -80 
o
C or refolded from lypophilized protein) into binding buffer 

containing 13 µM TNP-ATP.  Experiments were performed on a Horiba Fluoromax-4 

fluorimeter, where scans were collected from 500 – 650 nm with excitation wavelength 

of 408 at 20 
o
C.   Emission at 550 nm was plotted as a function of protein concentration 

and fitted to the Hill equation (Y = A + B[TNP-ATP]
n
/([TNP-ATP]

n
 + (Kd)

n
)), where A 

is the initial fluorescence, B is the amplitude, and n is the Hill coefficient.   
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Circular Dichroism. Wavelength scan and thermal denaturation measurements 

were carried out on a Model 420 circular dichroism spectrometer (AVIV Biomedical, 

Inc.).  Protein samples were prepared through direct thawing/dilution or refolding into 10 

mM sodium phosphate (pH 7.0), 100 mM NaCl, 1 mM MgCl2.  The sample buffer may 

also contain 6 M urea, 200 µM ATP, and/or 0.25 – 0.75 M Na2SO4 as stated.  Samples 

were transferred to the CD instrument and allowed to equilibrate at 20 
o
C for 10 – 15 min 

prior to data collection. Scans were collect in a 2 mm path length cuvette.  For thermal 

denaturation experiments, 60 s scans were collected at every 2 
o
C interval between 30 – 

90 
o
C.  Equilibration time of 60 s was included prior to each temperature step.  
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Engineering a Signal Transduction Mechanism Into a Fibronectin 
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3.1. Abstract 

Biomolecular sensors are powerful analytical tools with growing biomedical and 

biotechnological significance.  Innovative biosensor design ideas are rapidly emerging, 

with increasing emphasis in incorporating protein binding domains as the bio-recognition 

element.  What is needed is a general approach that converts an ordinary binding protein 

into a biosensing conformational switch or, even more desirable, a biosensor platform 

with customizable specificity.  To that end, we introduce conformational switching 

allostery into the tenth human fibronectin type III (FN3) domain using the Alternate 

Frame Folding (AFF) mechanism.  FN3 is a small, stable immunoglobulin-like protein 

devoid of disulfide bonds.  Importantly, the relative ease with which the binding 

specificity of FN3 can be modified by directed evolution makes it an attractive scaffold 

for a customizable AFF-based biosensor.  AFF employs partial amino acid sequence 

duplication to create two frames in which FN3 can fold.  The first frame results in the 

wild-type fold (N), and the second frame yields a circularly permuted structure (N’). 

Introducing a binding mutation into N sets up the condition where ligand binding induces 

an allosteric conformational change from N to N’.  This switching event can be harnessed 

to produce a binding specific output signal.  A challenge with the AFF approach is to 

identify circular permutants that are stable, soluble, and functional.  As demonstrated in 

this study using a FN3 variant previously evolved to bind the Src homology 2 (SH2) 

domain 
1
, the site of permutation is an important consideration in optimizing the AFF 

biosensor.   
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3.2. Introduction 

The remarkable intrinsic molecular recognition specificity of biosensors have 

enabled their prevalent application in modern science, revolutionizing diverse disciplines 

spanning basic and industrial research, clinical diagnoses, environmental and agricultural 

monitoring, and beyond.  Novel biosensor design strategies are continually evolving.  

Protein binding domains, with their inherent ability to bind targets with high affinity and 

specificity, remain the most extensively utilized recognition domains in biosensor 

engineering.  In recent years, protein conformational switches have received increasing 

attention as they represent an ideal solution toward miniaturized, versatile, reagentless 

biosensor architectures capable of continuous, real-time detection.   

Traditional design approaches rely on the intrinsic ability of a binding protein to 

undergo a large-scale ligand-dependent conformational change, making it possible to 

report on the allosteric transition using fluorescent reporter probes.  The Ca
2+

 sensor 

Cameleon, constructed from the C-terminal fusion of the M13 peptide to the Ca
2+

 binding 

protein calmodulin (CaM), is a classic example 
2
.  Ca

2+
 binding induces a dramatic 

conformational change in the fusion protein, such that it converts from an extended, 

flexible configuration in the apo state to a compact, globular Ca
2+

-bound complex.  

Fluorescent donor and acceptor placement at the N- and C- termini of Cameleon 

effectively produces a Ca
2+

 -dependent fluorescence resonance energy transfer (FRET) 

output.    

Unlike the Cameleon prototype, however, the majority of binding domains do not 

undergo large-scale conformational change in response to target binding.  For these 

proteins, structural redesign is necessary in order to convert them into conformational 
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switches for biosensing purposes.  Several design strategies have been reported to date, 

for example the affinity clamp technology 
3, 4

, the semisynthetic sensor based on SNAP-

tag technology 
5, 6

, Mutually Exclusive Folding (MEF) 
7-10

 and the β-lactamase (BLA) -

maltose binding protein (MBP) fusion switch 
11-13

 (Chapter 1, Section 1.3.2.1.).  Despite 

the success of these and other biosensor designs, biosensor engineering remains a 

daunting task that often involves trial-and-error, large library screening, or extensive 

characterization and optimization for each protein-ligand combination.  As a result, each 

sensor design is unique, idiosyncratic to a specific target, and may not be applicable to all 

protein scaffolds or ligands.  Therefore, a general strategy for converting ordinary 

binding proteins into allosteric switches is needed.   

In terms of generality, the unfolding-folding reaction is undoubtedly the most 

drastic alteration in conformation that all proteins experience.  Given that the unfolded 

state of proteins is typically accompanied by the loss of function (representing the off-

state), the intrinsic coupling of ligand binding and folding thus serve as a convenient, 

general strategy for converting arbitrary binding proteins into ligand-dependent switches.   

Kohn & Plaxco demonstrated this concept by using fluorescence quenching to monitor 

the binding-induced folding of the Fyn tyrosine kinase SH3 domain, which they 

engineered to be unfolded in the absence of ligand via C-terminal truncation 
14

.  Although 

in this specific example the destabilized SH3 domain appeared to be well-behaved, the 

challenges with unfolded proteins is their tendency to misfold, aggregate and/or degrade.    

Our previously reported Alternate Frame Folding (AFF) mechanism, 

schematically shown in Figure 3.1, addresses these concerns.  AFF involves the partial 

duplication of amino acids from one of the termini to create two possible folding 
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conformations.  The N frame corresponds to the wild-type sequence whereas the N’ 

frame assumes a circularly permuted fold.  Both frames share a common unduplicated 

stretch of sequence, and as a result, the N and N’ conformations are mutually exclusive.  

Next, a critical ligand binding residue is mutated in the more thermodynamically stable 

frame (in most cases, N) to knock out binding; wild-type binding residues are preserved 

in the N’ conformation.  In the presence of ligand, the energy gained from binding 

facilitates the conversion of N to N’.  The switching event, in turn, can be reported as a 

change in optical output signal via the strategic placement of fluorescent groups at the 

permutation site and terminus of the duplicated segment.   

Similar to Kohn and Plaxco’s approach, AFF exploits the general phenomenon of 

binding-induced folding for switch construction.  However, AFF is distinct in that the 

protein assumes its native conformation in the off state, while ligand binding stabilizes an 

alternate (N’) conformation.  The incorporation of a second folding frame allows for the 

selective thermodynamic tuning of one or both frames of AFF in a more straightforward 

manner than Plaxco’s single folding frame design 
15

.  Furthermore, although a segment of 

the AFF protein is unstructured in both N and N’ conformations, it is often short and 

covalently attached to the folded frame thereby minimizing its susceptibility for 

misfolding, aggregation, and degradation.  As previously demonstrated, AFF is a 

versatile mechanism that is applicable to both small (e.g. calbindin D9K; 75 amino acids) 

16-18
 and large (e.g. ribose binding protein; 277 amino acids) 

15
 protein domains for the 

detection of targets ranging from inorganic ions (Ca
2+

) 
16-18

 to small molecules (ribose) 
15

, 

respectively.  Aside from biosensing, it is also feasible to engineer functional regulation 
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into a protein using the AFF switching mechanism, as demonstrated using barnase (110 

amino acids) 
19

.   

Although the application of AFF can be extended to numerous existing protein-

ligand pairs, there is an equally high demand for a versatile biosensor platform with 

customizable binding specificity.  A related drawback with biosensor design is that the 

target binding repertoire of natural proteins is inadequate to cover the expansive range of 

desirable targets.  Antibodies, with diversifiable target binding sites, are thus very 

appealing for this purpose.  While they have been broadly utilized as tools for 

understanding protein-protein interactions and cellular pathways, they are large proteins 

and are therefore difficult to express and engineer 
20, 21

.  Recent advances have enabled 

the generation of much smaller recombinant antibody alternative, such as the Fab and 

single-chain Fv domains, with diverse recognition specificities 
22

.  Similarly, antibody 

mimics, such as the tenth human fibronectin type III domain (FN3), have also shown 

considerable promise as alternatives to antibodies 
23

.    

 There are several attributes that make the FN3 monobody an attractive scaffold 

for biosensor design.  It is a small (~100 amino acids) immunoglobulin (Ig)-like protein 

with high thermostability, solubility, and expression level in E. coli 
20, 24

.  Unlike Ig 

domains, FN3 lacks cysteine residues and is suitable for both oxidized and reduced 

conditions.  Importantly, its BC, DE, and FG surface loops (Figure 3.1) are analogous to 

the complementarity-determining regions (CDRs) of antibodies and can be readily 

diversified through directed evolution strategies to acquire novel target recognition 

specificities 
4, 20, 24-29

.    
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FN3 – possessing the exceptional affinity and specificity of antibodies, coupled 

with the biophysical properties of smaller protein domains – would therefore represent an 

ideal customizable biosensor platform: its hydrophobic core serves as the main sensor 

framework, while the small variable loop regions dictate specificity.  This architecture 

can be readily transferred to the binding of other targets simply by grafting binding loops 

from other known FN3 variants thereby simplifying the optimization process.  

Furthermore, as an antibody mimic, FN3 is amenable to directed evolution strategies.  

This approach will enable the generation of other related biosensors which could 

recognize even targets for which no naturally occurring binders have been identified.  

Like Ig domains, FN3s do not undergo a large conformational change upon target binding.  

As proof-of-principle, we apply the AFF switching mechanism to a FN3 variant for the 

construction of a core biosensor platform with potential to be tailored to bind a diversity 

of unrelated targets.  
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3.3. Results 

FN3 Structure and Choice of Mutants.  

In this work, we chose the HA4 variant of FN3 as the parent scaffold to confer 

AFF switching characteristics.  FN3-HA4 has been previously evolved via phage display 

to selectively bind the SH2 domain of human Abl kinase 
1
.  The X-ray crystal structure of 

FN3 (blue) in complex with SH2 (silver) is shown in Figure 3.1A.  Interaction with SH2 

occurs mainly through the FG loop and moderately through the BC loop of FN3.  Notably, 

a significant contributor to binding is residue Tyr87 of the FG loop, which forms cation-π 

interactions with Arg194 and Arg153 and polar interaction with Ser181 of the SH2 

domain 
1
 (Figure 3.1A).  The Y87A mutation has been shown to reduce SH2 binding 

affinity by >1000 fold 
1
.  Consequently, we incorporated Y87A as the binding mutation 

in this study.  For the N’ frame, we chose to permute FN3 between Ser68 and Pro69 of 

the EF loop (cp69) (Figure 3.1A) for the following reasons: 1) it produces one of the 

shortest duplicated segments for the final AFF construct, 2) it contains the critical Tyr87 

binding residue, and 3) the EF loop is spatially distant from the SH2 binding site.   

We first studied the effect of the Y87A mutation and that of the permutation at 

position 69 on the overall stability of FN3-HA4 using guanidinium hydrochloride 

(GduHCl)-induced denaturation.  All data fit well to the two-state equation ΔG = ΔG
H20

 – 

m[GduHCl], where ΔG
H20

 is the folding free energy and m is the cooperativity parameter 

(Figure 3.2A; Table 3.1).  WT FN3-HA4 is moderately stable, with ΔG
H2O

  = 5.44 kcal 

mol
-1

 and midpoint of transisition Cm = 3.50 M.  The Y87A mutation (ΔG
H2O

 = 9.41 kcal 

mol
-1

; Cm = 3.31 M) did not alter the stability of FN3-HA4 significantly.  On the other 

hand, cp69 (ΔG
H2O

 = 4.21 kcal mol
-1

; Cm = 1.94 M) is less stable than both wt FN3-HA4 



134 

 

and the Y87A mutant.  However, this is not unexpected since circular permutation 

sometimes destabilizes proteins.  

Far-UV CD spectra did not indicate any significant structural alteration in either 

the Y87A mutant or cp69 when compared to wt FN3-HA4.  All constructs displayed a 

weak, broad minimum at around 215 nm that is characteristic of β-sheet structures 

(Figure 3.3A).  Consistent with the GduHCl-induced unfolding data, the thermal stability 

of the Y87A mutation (Tm = 53 
o
C) is comparable to that of wt FN3-HA4 (Tm = 50 

o
C).  

In contrast, cp69 appears to melt at a lower temperature, but form a β-rich species that is 

likely an aggregate (Figure 3.3B).  

As a control, we studied the oligomeric state of wt FN3-HA4 using size exclusion 

chromatography.  To our surprise, wt FN3-HA4 eluted primarily as an equal ratio of 

monomer and dimer, with a small fraction in the void volume, indicative of a larger 

oligomeric species (Figure 3.4).  Re-examination of the X-ray structure revealed a 

possible dimer interface formed by the N-terminal-most residues of β-strand A by two 

FN3-HA4 molecules in an anti-parallel fashion 
1
.  Upon substitution of the first four 

amino acids 
1
GSSV

4
 with 

1
YGGG

4
, the dimer population is completely eliminated and 

the protein eluted almost exclusively as a monomer (Figure 3.4A) without significant 

changes to its secondary structure as confirmed by CD (Figure 3.4B).  We therefore 

incorporated the 
1
GSSV

4
  

1
YGGG

4
 mutation in all of our subsequent constructs, which 

will be simply referred to as FN3 instead of FN3-HA4 from this point on.  

All N frame constructs were stabilized by the 
1
GSSV

4
  

1
YGGG

4 
mutation by 

about 1 M in Cm value (Figure 3.2B; Table 3.1).   The Y36A mutation (ΔG
H2O

 = 5.86 

kcal mol
-1

; Cm = 4.23 M), previously reported as also lacking SH2 binding capability 
1
, 
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exhibited comparable stability as wt FN3 (ΔG
H2O

 = 5.72 cal mol
-1

; Cm = 4.51 M) and the 

Y87A variant (ΔG
H2O

 = 4.83 kcal mol
-1

; Cm = 4.16 M).  The Y36A binding mutation is 

compatible with the creation of AFF constructs where the amino-terminal is duplicated 

and appended to the carboxy-terminal of the protein.  The cp69 variant remained 

destabilized as compared to wild-type (ΔG
H2O

 = 5.55 kcal mol
-1

; Cm = 2.53 M), although 

it was stabilized by the 
1
GSSV

4
  

1
YGGG

4  
mutation by about 0.5 M in Cm value.  
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Figure 3.1.  FN3 structure and AFF schematics. (A) X-ray crystal structure of FN3-HA4 

in complex with c-Abelson SH2 domain (silver) (PDB ID: 3K2M).  FN3 is composed of 

seven β-strands (blue) arranged in an immunoglobulin-like fold.  The three solvent 

exposed loops on the N-terminal side of the FN3 (cyan) can tolerate extensive mutations, 

allowing FN3 to be readily tailored to recognize a diverse array of novel targets.  The 

critical SH2 binding residues, Tyr36 and Tyr87, are shown in gold.  Permutation sites are 

indicated by black arrows.  Hydrogen bonding between the conserved Tyr73 residue and 

Ser68 in the “tyrosine corner” motif is circled in orange.  (B) A schematic representation 

of FN3-AFF as demonstrated by AFF48N.  A segment of polypeptide from the carboxy 

terminal of FN3 (dark blue) is duplicated and fused to the N-terminus using a linker of 

appropriate length (grey).  The critical binding residue Tyr87 is mutated to Ala in the N 

frame (orange “X”), but is retained in the N’ frame.  Without SH2, the protein is 

predominantly in the N conformation and the duplicated segment (light blue) unfolds and 

extends from the amino terminal.  In the presence of SH2, the gain in binding energy 

drives the shift from N to N’. The amino terminal segment (light blue) becomes part of 

the N’ fold, while its twin segment (dark blue) is unfolded and extends as a carboxy 

terminal tail.  Placement of fluorescent reporter groups (yellow stars) at the amino 

terminal and at the permutation site allows for the detection of the switching event.  
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Figure 3.2. Guanidinium hydrochloride-induced denaturation of FN3 variants as 

monitored by Trp fluorescence. (A) FN3-HA4 and (B) the 
1
GSSV

4
  

1
YGGG

4 
mutants.  

Data were normalized to the fraction of protein folded as a function of GduHCl 

concentration. Lines are best fit of the data to the linear extrapolation equation ΔG = 

ΔG
H20

 – m[GduHCl], where ΔG
H20

 is the folding free energy and m is the cooperativity 

parameter.   
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Table 3.1.  Thermodynamic parameters for folding of FN3 variants.  Cm is the midpoint 

of GduHCl-induced unfolding.   
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Figure 3.3. Biophysical characterization of FN3-HA4 by CD.  (A) Background corrected 

far-UV CD spectra and (B) thermal-induced denaturation of FN3-HA4 variants.   
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Figure 3.4. Low-resolution structural comparison of wt FN3-HA4 (grey) and the 
1
GSSV

4
 

 
1
YGGG

4 
mutant (black) via (A) size exclusion chromatography using a Superdex-75 

column (GE Healthcare) and (B) far-UV CD spectra.   
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Kinetic Analyses of SH2 Binding 

Binding kinetics of FN3 variants to SH2 were studied using Biolayer 

Interferometry (BLI).  Biotinylated SH2 were immobilized onto streptavidin (SA) sensors, 

and introduced into sample wells containing a series of FN3 concentrations.  Association 

and dissociation kinetics were then monitored.  WT FN3 exhibited very fast binding to 

SH2, and achieves near saturation binding within the first 60 s; its dissociation rate was 

moderate (Figure 3.5A).  Consistent with the reported value 
1
, we measured a Kd of 9 nM 

for the reaction. The 
1
GSSV

4
  

1
YGGG

4 
mutation therefore did not affect FN3 binding 

of SH2.  As expected, the binding mutants Y36A (Figure 3.5B) and Y87A (Figure 3.5C) 

completely abrogated SH2 binding.   

In contrast, cp69 binds to SH2 more slowly than WT, and exhibits a significantly 

slower off rate (Figure 3.5D).  Complete dissociation of SH2 was not observed.   

AFF69N, created by C-terminal duplication of the polypeptide beginning at residue 

Pro69 and appending it to the N-terminus of FN3 Y87A using a 9-amino acid linker 

(GGS)3, also exhibited similar kinetic behavior (Figure 3.5E).  Since SH2 dissociated 

almost entirely from wt FN3, we speculate that the slow, incomplete dissociation is 

unique to the N’ frame, and specifically due to permutation at Pro69.   

As hinted by our earlier temperature denaturation study of FN3-HA4 cp69, it is 

possible that cp69 and AFF69N both exist as higher oligomeric species.  One explanation 

is that if one molecule of FN3 (cp69 or AFF69N) dissociates from SH2, it remains non-

covalently associated with another FN3 molecule, which might still be bound to SH2.  

This spatial constraint compels the dissociated FN3 to re-bind SH2 by the laws of mass 

action.  As a result, little/no change in the BLI response profile, which detects shifts in 
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interference pattern based on the optical thickness of the sensor tip, is observed 
30, 31

.  To 

confirm, we visualized cp69 and AFF69N using transmission electron microscopy.  

Figure 3.6 shows that a significant population of both constructs displayed long, extended 

fiber-like structures, consistent with the formation of larger oligomeric species.  Taken 

together, these results suggest that permuting FN3 at Pro69 significantly destabilized the 

protein’s native fold.   

In an all-β structure like the Ig-fold, the hydrophobic core is stabilized by long-

range interactions, whereas the formation of local structure is localized exclusively within 

surface exposed loops and turns.  Clarke and colleagues have previously reported, using a 

related FN3 domain (FNfn10), that the EF loop is comprised of  highly conserved 

interactions that stabilize a Δ5 type tyrosine corner motif 
32-34

.  In fact, while the current 

study was underway, Koide and collegues published the X-ray structure of the FN3-HA4 

monobody, confirming the involvement of EF loop residues in maintaining the tyrosine 

corner motif.  Based on this new set of evidence, it is not so surprising that permuting 

FN3-HA4 at Pro69 disrupted these stabilizing interactions. To relieve the high 

unfavorable entropy and cost of assembly, cp69 and AFF69N most probably adopt a 

configuration with a lower global energy minima, i.e. via intermolecular refolding with 

another identical cp69 or AFF69N monomer.  
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Figure 3.5. Binding and dissociation kinetics of FN3 variants to SH2. Biotinylated SH2 

was immobilized onto streptavidin sensors.  At time zero, each sensor was transferred 

from binding buffer to a sample containing varied concentration of the following 
1
GSSV

4
 

 
1
YGGG

4 
FN3 variants: (A) WT, (B) Y36A, (C) Y87A, (D) cp69, and (E) AFF69N.  

Grey lines indicate the point at which each sensor was transferred from FN3 samples into 

binding buffer only.   
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Figure 3.6.  Negative-stain transmission electron microscopy of (A) cp69 and (B) 

AFF69N showing oligomeric species.  Two images presented in each panel represent two 

different snapshots of the same sample.  Scale bar: 100 nm.  
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Characterization & Stability Tuning of AFF Mutants  

The failure of Pro69 to serve as a permissible permutation site has prompted us to 

identify alternate bisection points within FN3 for AFF construction.  We focused on the 

DE loop, as it produces one of the shortest duplicated segments (besides the EF loop) for 

the final AFF fusion protein.  We selected four bisection points, located at Tyr57, Ser58, 

Ser59, and Ser60.  Both carboxy (C) and amino (N) terminal-fusion AFF analogues were 

created for each bisection point, except Ser60 in which only the N-terminal fusion was 

created.  The resulting AFF variants are named according to the position at which the 

sequence was duplicated (permuted).  The C analogue consists of amino terminal 

duplication of FN3, and the duplicated segment is fused to the carboxy terminal, and vice 

versa for the N analogue.  For example, for AFF57C, residues 1 – 56 were duplicated and 

attached to the C-terminal of FN3, while in AFF57N, residues 57 – 100 were copied and 

attached to the N-terminal of FN3.  For the C analogues of AFF, Y36A is incorporated as 

the binding mutation, whereas Y87A was used for the N analogues.  A 12-residue 

polypeptide linker (GGS GGS GSI HSG) was used to connect the duplicated segment 

with full length FN3.  

The viability of these AFF variants was screened based on their over-expression 

level in E. coli.  No expression is typically an indicator of overwhelming instability; AFF 

variants with low or no expression were therefore discarded.  All seven AFF mutants 

were transformed and grown in E. coli.  Protein expression was induced using isopropyl 

β-thiogalactopyranoside (IPTG) at either 37 
o
C for 3 – 5 h or at 20 

o
C for 12 – 18 h.  Only 

the AFF60N variant was expressed at 20
 o
C.  The AFF57C and AFF58C variants were 

expressed at 37 
o
C (Figure 3.7).  Notably, all three proteins were expressed as inclusion 
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bodies.  The remaining AFF variants had either no expression or expressed very poorly, 

and were thus excluded from further characterizations.  

The oligomerization states of AFF57C, AFF58C, and AFF60N were determined 

using size exclusion chromatography (SEC).   Protein samples used for SEC experiments 

were ~60 – 70 % pure and nucleic acid-free as judged by SDS-PAGE and 

spectrophotometric analysis.  The same protein concentration (20 µM) was used for all 

AFF variants.  Figure 3.8 shows the elution profiles of AFF57C and AFF58C.  Both 

proteins eluted with a higher molecular weight peak, corresponding to the void volume of 

the column, and mostly likely containing a mixture of oligomeric species as well as 

impurities.  A second peak with an apparent molecular mass of 15 – 17 kDa also eluted 

indicating that both AFFs are mostly monomeric.  A similar elution profile was also 

observed for AFF60N (data not shown).   

We next studied the ability of these AFFs to bind SH2.  We incubated the same 

concentration of AFF samples as above with 2-fold excess of SH2 (40 µM) for at least 4 

h prior to loading onto the column.  SH2 binding was not apparent in either AFF57C 

(Figure 3.9A), AFF58C (Figure 3.9B), or AFF60N (data not shown).  The fact that none 

of the AFF variants bind SH2 suggests that they remained in the binding-incompetent N 

conformation, and did not undergo binding-induced fold switching.  For the AFF switch 

to work it must possess the correct thermodynamic properties, i.e. 1) the N frame should 

be relatively more stable than the N’ frame (positive ΔΔG
H2O

N-D
 ) and 2) the binding energy 

should be greater than the free energy difference between these two conformations 

(ΔGBind > ΔΔG
H2O

N-D
 ).  Under these conditions, the N  N’ conformation switching is 

driven by the gain in binding free-energy in the presence of ligand.  
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As shown by GduHCl studies of cp69, circular permutation can sometimes 

destabilize a protein.  If the degree of destabilization is high, such that ΔΔG
H2O

N-D
  > ΔGBind, 

then the available binding energy is insufficient to overcome the thermodynamic barrier 

of N  N’ transition.  Accordingly, we used stability tuning to modulate the relative 

stabilities between the two folds.  We have found that the I75A mutation destabilizes wt 

FN3 sufficiently to drive conformational switching by Protein Fragment Exchange 

(FREX; Chapter 4).  Therefore, we incorporated this mutation into AFF60N to create a 

destabilized version of the AFF protein (AFF60N
d
, superscript “d” denotes destabilized 

mutant).  In addition, the AFF48N
d
 variant was also created by bisecting at Ser48 in the 

CD loop.  Since the FREX analogues of AFF48N
d
 and AFF60N

d
 produced functional 

switches, we anticipate that these AFF variants will also exhibit efficient switching 

activity.    

We used SEC to first determine the effect of I75A destabilizing mutation on the 

oligomerization state of AFF48N
d
 and AFF60N

d
.  AFF60N

d
 eluted as ~ 60 % monomer, 

while AFF48N
d
 was ~30 % monomeric (Figure 3.8). Addition of 2-fold excess of SH2 to 

AFF48N
d
 (Figure 3.9C) and AFF60N

d
 (Figure 3.9D) both resulted in the disappearance 

of the monomeric AFF peak and the emergence of a new peak with an apparent 

molecular mass corresponding to the AFF-SH2 complex.  Binding appears to be saturated 

at 40 µM SH2.  Ongoing work in this study involves the purification of the double 

cysteine variants of AFF48N
d
 and AFF60N

d
 (cysteine inserted at the N-terminus and at 

the permutation site of the AFF proteins), and subsequently labeling with chemical 

fluorescent dyes (Bodipy-FL) to monitor the SH2-induced switching event in vitro 

(steady state and kinetic parameters).    
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Figure 3.7. Expression test for FN3-AFF variants. Upper panel: protein expressions were 

induced with IPTG at 20 
o
C for 12 – 18 h; Lower panel: induction at 37 

o
C for 3 – 5 h.  

FN3-AFF over-expression bands are indicted by black arrows.  
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Figure 3.8.  Size exclusion chromatography of FN3-AFF oligomerization states.  Data 

were collected using a Superdex S200 size exclusion column (GE Healthcare).  

Superscript “d” denotes destabilized mutants.  Protein concentrations used were 20 µM 

FN3-AFF.  
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Figure 3.9. Size exclusion chromatography of SH2 and (A) AFF57C, (B) AFF58C, (C) 

AFF60N
d
, and (D) AFF48N

d
.  Data were collected using a Superdex S200 size exclusion 

column (GE Healthcare).  Protein concentrations used were 20 µM FN3-AFF and 40 µM 

SH2.  
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3.4. Discussion 

 The primary objective of this work is to introduce the AFF-based binding-induced 

conformational switching mechanism into FN3, a versatile antibody-like scaffold that 

does not naturally possess the ability to change conformation.  The structural and 

thermodynamic principles governing AFF switching were previously defined using 

calbindin D9K 
16-18

 and the T. tengcongensis ribose binding protein 
15

.  Building up on our 

previous AFF work, the study presented here (as well as in Chapter 2) highlights another 

important consideration when designing AFF switches, i.e. finding a permissible 

permutation site within the parent protein at which to duplicate the sequence.   

 As previously shown in Chapter 2 using hSrx, the process of identifying a viable 

circular permutation site by rational design can sometimes be a difficult and laborious 

task.  Without a set of clearly defined rules, structural-guided intuition can only direct us 

to certain regions of the protein (i.e. loops and turns) while avoiding others (i.e. 

secondary structural elements).  In principle, any surface loop or turn should be able to 

serve as a permissible permutation site, with the additional criterion that it should not 

comprise the ligand binding site.  It is now clear, however, that permuting away from the 

binding site may not always be fruitful.   

 Ser68 and Pro69 are solvent exposed residues located in the EF loop of FN3, 

opposite to the SH2 binding site (Figure 3.1A).  By simple structural inspection, they 

represent a promising bisection site. Nonetheless, permuting FN3 between Ser68-Pro69 

leads to significant changes in the protein.  Compared to the wild type, cp69 is 

destabilized (by 1 – 1.75 M in Cm(urea)), has a lower SH2 binding affinity, and exists as 

oligomeric species.  These consequences can be explained by comparing FN3 with other 
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fibronectin type III (fnIII) domains.  Naturally occurring fnIII domains are ubiquitous and 

can be found in approximately 2 % of all animal proteins 
35

.  Despite lacking sequence 

homology and conserved functions, all fnIIIs adopt a common structure with highly 

conserved backbone conformation and hydrophobic core packing.  Notably, a tyrosine 

residue in the F β-strand is the only amino acid that is conserved throughout all fnIIIs 
33, 

34, 36
.   

Amino acids are evolutionarily conserved for two reasons: function or structure 

(e.g. stability, folding kinetics, folding nucleus) 
37, 38

.  For fnIII, this conserved tyrosine is 

involved in local structure formation of the “tyrosine corner” motif 
a
, a signature feature 

of Greek key motif β-barrel and β-sandwich proteins.  The tyrosine corner motif is 

critical for bridging the two β-sheets (formed by β-strands ABE and DCFG) at the EF 

loop of fnIII domains (Figure 3.1A), and is therefore important for maintaining stability.  

In fact, the most conservative mutation, tyrosine to phenylalanine (Y  F), which 

eliminates backbone hydrogen bonding while preserving the hydrophobic packing of the 

aromatic ring was sufficient to incur an energetic penalty of up to 3 kcal mol
-1

 in the fnIII 

domain, TNfn3 
33

.  Complete removal of the hydrophobic side-chain, via mutations to 

alanine (Y  A) or leucine (Y  L), resulted in drastic destabilizing consequences 

where both mutants were partially unfolded with ΔG
H2O

 of <1 kcal mol
-1

 
33

.  

In FN3-HA4, the Δ5 type tyrosine corner is comprised of the residues 

67
LSPGVDY

73
 found within the EF loop and the F strand.  Specifically, hydrogen 

                                                           
a
  A tyrosine corner is formed as a result of hydrogen bonding between the OH group of a tyrosine residue 

near the end of an antiparallel β-strand and the backbone NH or CO of a residue in the -3, -4, or -5 position.  

The Δ4 type tyrosine corner, in which Tyr hydrogen bonds with the -4 residue, is the most prevalent.  The 

consensus sequence for this type of tyrosine corner is LxPGxY.  The glycine and proline in the -2 and -3 

positions facilitates the bending of the polypeptide backbone up around the Tyr ring, while leucine in the -5 

position contributes to the hydrophobic packing.  Natural or engineered FN3s exhibit a Δ5 type tyrosine 

corner motif, where an additional residue is present between the glycine and tyrosine, i.e. LxPGxxY, 

forming a β-bulge. (Reference: Hemmingsen, J.M. et al., 1994 
32

). 
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bonding is mediated by the Tyr73 side-chain OH group interacting with the backbone NH 

group of Ser68 in the adjacent EF loop.  The EF loop is one of the three critical surface 

loops that connect the two β-sheets of FN3 to form a β-sandwich fold.  This local 

conformational restraint offers significant stability to the overall FN3 fold.  Therefore, 

although the side-chains of Ser68 and Pro69 are not directly interacting, permuting 

between the two residues physically separates the two FN3 β-sheets and the hydrogen 

bonding Ser68 – Tyr73 pair: Ser68 now resides in β-sheet ABE and Tyr73 in β-sheet 

DCFG.  This separation most likely results in the loss of hydrogen bonding and an 

increase in entropy, thereby increasing the folding free energy.  Consequently, the cp69 

and AFF69N variants are destabilized.  Because more of the binding energy is used to 

refold the protein, the apparent affinity is reduced correspondingly (Figure 3.5D and E).  

To compensate for the unfavorable energy penalty, these variants adopt an alternate 

conformation with a lower free-energy minima, by intermolecularly refolding with an 

identical monomer that is likewise destabilized (Figure 3.6).  In retrospect, a better 

permutation site within the EF loop would be between Ser65 – Gly66, where neither of 

the residues are involved in any side-chain/backbone interactions (Leu67 hydrogen bonds 

with Thr19). More importantly, the tyrosine corner hydrogen bonding residues Ser68 and 

Tyr73 will be on the same β-sheet even after bisection.      

Like the EF loop, the DE loop is another region where the two FN3 β-sheets are 

connected (the other being the BC loop, which is part of the binding site).   There are no 

local interactions found within the DE loop, except at Ser59 where its backbone NH 

group hydrogen bonds with the adjacent backbone CO of Pro56.  Not surprisingly, out of 

all the AFF variants created via bisecting the DE loop, only position 59 did not produce 
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viable mutants (Figure 3.7).  Permuting at position 57, 58, and 60 produced monomeric 

and functional (AFF60N) AFF variants.  By the same analogy, AFF48N is monomeric 

and binds SH2, most likely because the CD loop is completely devoid of any local 

interactions.  High resolution structural characterization would further inform our 

understanding of the structural and stability consequences of permutation on the 

molecular level.   

Circular permutation has been widely exploited to study the folding pathway of 

proteins and to correlate the structure and function relationship at a given permutation 

site.  Several studies have demonstrated that permuting within the folding nucleus altered 

the position of the folding nucleus and folding transition state resulting in dramatically 

slower folding speed, whereas permuting away from folding elements retained the 

original folding nucleus 
39-43

.  It has been proposed that FN3 folds via a nucleation-

condensation mechanism, i.e. long range interactions constitute the folding nucleus, 

followed by the cooperative formation of secondary and teritary structures 
34

.  Clarke and 

colleague have systematically probed the critical stabilizing contacts for the folding 

pathway of the third fnIII domain of human tenascin (TNfn3) using phi (ϕ)-value analysis 

b
.  TNfn3 exhibited two-state folding kinetics, where the central strands B, C, E and F 

form core of the folding nucleus along with the formation of the D strand and EF loop; 

subsequently the two terminal strands A and G forms 
44

.  Correlating this finding with our 

                                                           
b Φ-value measures the degree of  structure formation in a protein-folding pathway based on changes in the 

free energies of denaturation  (ΔΔG
H2O

D-N
  ) upon mutation:  

Φ = 1 – (ΔΔG‡-N / ΔΔG
H2O

D-N
  ) 

Φ-values of 0 (ΔΔG‡-N = ΔΔG
H2O

D-N
  ) indicate the residue is not involved in stabilizing early structure 

formation, where as a ϕ-values of 1 (ΔΔG‡-N = 0) indicates complete structure formation.  (Reference: Cota, 

E.C. et al. 2001 
34

).   
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results, the observed increase in entropy and topological changes of cp69 and AFF69N 

may be a consequence of folding variation introduced by circularly permuting FN3 

within its structurally important EF loop (folding nucleus).   

Although not comprehensive, the CP and AFF variants used in this study offer 

important insights towards understanding of protein sequence-structure-folding 

correlation, particularly with regards to FN3.  Our observations may be applicable to 

other Ig-like folds.  These insights, in turn, can better guide us in our search for viable 

CPs.   

We have shown that the engineered alternate conformation of FN3-AFF is 

capable of binding SH2.  In the short term, optimization to FN3 AFF48N
d
 and AFF60N

d
 

would involve 1) ensuring that the sensor does not adopt the N’ conformation in the 

absence of ligand, and that SH2 binding is strictly associated with N  N’ transition, 2) 

the kinetic characterization of the sensor, and if needed, kinetic tuning to optimize switch 

response, and 3) genetic encoding for intracellular applications.   

To our knowledge, FN3-AFF represents the first protein-based conformational 

switch architecture that fulfills all the desired characteristics that supports the creation of 

a customizable biosensor – a built-in signal transduction mechanism for miniaturization 

and simplification coupled with a binding site capable of evolving a diverse target 

binding landscape – which until now have proven to be a rather difficult task.  Hellinga 

and colleagues attempted this undertaking by constructing a family of fluorescent sensors 

using the periplasmic binding protein (PBP) superfamily 
45-47

.  Although the binding sites 

of several PBPs were redesigned by computational means, validation of novel target 

binding specificity failed on the structural level 
48

.  Furthermore, PBPs have only been 
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shown to bind small targets such as inorganic ions, amino acids, peptides, and mono-

/oligosaccharides, therefore, its capacity to bind larger targets, such as proteins, remain to 

be proven.  In contrast, FN3 proves to be a promising versatile alternative to the antibody 

scaffold, with customizable binding loops that have been successfully evolved to bind a 

diverse array of targets, including large protein domains (e.g. estrogen receptor α 
49

, 

maltose binding protein 
50

, epidermal growth factor receptor 
51

, etc.).   

We are optimistic that FN3-AFF would be fully customizable in terms of binding 

specificity simply by grafting or diversifying the FG loop.  Furthermore, an intriguing 

future direction for the FN3-AFF switching platform would involve individual 

customization of binding specificities of the two FG loops, such that both N and N’ 

conformations are capable of independently recognizing and binding separate targets in a 

mutually exclusive manner, thereby serving as a bifunctional switch.   
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3.5. Experimental Methods 

Cloning. FN3-HA4 and c-Abl SH2 plasmids were gifts from S. Koide (University 

of Chicago).  His-affinity purification tags and Prescission protease cleavage sites were 

deleted from the original genes.  Site directed mutagenesis was used to introduce the 

1
GSSV

4
  

1
YGGG

4
, Y36A, Y87A, and I75A mutations into the N frame constructs.  

The circular permutant cp69 was cloned by ligating two halves of the FN3 gene.  A nine-

amino acid linker (GGS3) was used to connect the original N- and C- termini.  AFF 

variants were constructed by ligating appropriate duplicated segments with the full length 

construct containing Y36A, Y87A, and/or I75A mutations.  

Protein Purification. E. coli BL21 (DE3) cells were transformed with the above 

plasmids and cultures were grown in Luria-Bertani medium at 37 °C.  After induction, 

cells were allowed to express for 18 h at 20 °C (or 3h at 37 °C for AFF57C, AFF58C, and 

AFF48N
d
 variants) then harvested by centrifugation.  Soluble proteins were purified 

under native conditions while those in inclusion bodies were purified under denaturing 

conditions in 6 M urea.  Protein purity was assessed using SDS-PAGE.  Proteins purified 

using 6M urea were refolded by dialysis.  Purified proteins were either lyophilized or 

frozen at -80 
o
C for long term storage.  

Guanidium Hydrochloride-Induced Denaturation. Stock protein solutions were 

prepared by dissolving lyophilized proteins in 7 M urea.  Working solutions were then 

prepared by rapid dilution into cold 20 mM Tris (pH 8.0), 100 mM NaCl, 1 mM MgCl2, 

and also into the same buffer containing 6 – 7 M GduHCl (final protein concentration = 2 

– 10 µM).  Samples were made by mixing the two buffer/protein solutions using a 

Hamilton 500B diluter.  Final GduHCl concentrations were measured by index of 

refraction.  Samples were incubated at 20 
o
C for 2 – 3 h prior to fluorescence 
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measurements.  Data were collected on a Horiba Fluoromax-4 fluorimeter at 20 
o
C (280 

nm excitation, 250 – 350 nm emission; band pass: excitation = 2 nm, emission 3 nm).  

Data were fitted to the linear extrapolation equation ΔG = ΔG
H20

 – m[GduHCl], where 

ΔG
H20

 is the folding free energy and m is the cooperativity parameter, using Kaleidagraph 

(version 4.03, Synergy software).  

Circular Dichroism. Wavelength scan and thermal denaturation measurements 

were carried out on a Model 420 circular dichroism spectrometer (AVIV Biomedical, 

Inc.).  Protein samples were prepared through direct thawing/dilution or refolding into 10 

mM sodium phosphate (pH 7.0), 150 mM NaCl.  Samples were transferred to the CD 

instrument and allowed to equilibrate at 20 
o
C for 10 – 15 min prior to data collection. 

Scans were collect in a 2 mm path length cuvette.  For thermal denaturation experiments, 

60 s scans were collected at every 2 
o
C interval between 20 – 80 

o
C.  Equilibration time 

of 60 s was included prior to each temperature step. 

Size Exclusion Chromatography. FN3 cell pellets were lysed using a 

combination of lysozyme and sonication. DNase was added to the cell lysate to break up 

nucleic acids. After centrifugation, the cell pellet was washed once with 20 mM sodium 

phosphate pH 7.0, then with 20 mM sodium phosphate pH 7.0, 0.3 M NaCl, and again 

with 20 mM sodium phosphate pH 7.0. The pellet is then dissolved in 6 M urea, 20 mM 

sodium phosphate pH 7.0, and dialyzed against 7 L of 10 mM sodium phosphate pH7.0 to 

refold the protein. The final concentration of the refolded protein was measured using 

spectrophotometric analysis and its purity assessed using SDS-PAGE.  After performing 

the above steps, the resulting protein is typically about ~60 – 70 % pure and nucleic acid-

free. For SEC experiments, FN3 was prepared by direct dilution into 20 mM sodium 
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phosphate pH 7.0, 0.15 M NaCl, 2 mM EDTA using final concentrations of 20 M FN3 

AFF and 40 μM SH2.  Samples were incubated >4 h at 4 
°
C to ensure that equilibrium 

had been reached.  The samples were then injected onto a Superdex S200 column using a 

Bio-Rad DuoFlow chromatography system.   

Biotinylation and Biolayer Interferometry (BLI). For biotinylation, SH2 (C-

terminal Cys) was dissolved in 6 M urea, and rapidly refolded into cold binding buffer 

(20 mM sodium phosphate pH 7.0).  The protein was reduced by incubating with 20 mM 

DTT at 4 
o
C.  DTT was removed after 30 min by passing the sample through a 10DG 

desalting column equilibrated with the binding buffer.  A 2-fold excess of biotin-HPDP 

was immeidately added to the desalted protein.  The reaction was allowed to proceed for 

2 h at room temperature. Samples were desalted as above to remove the excess biotin.  

A FortéBio Octet Red system was used to study the binding and dissociation 

kinetics of FN3 variants to biotinylated SH2.  Reaction samples were prepared by serial 

dilution of FN3 variants into 200 µl reaction buffer per well, which also contained 0.5 

mg/ml BSA to minimize nonspecific binding of proteins to the sensors.  5 – 25 µg/ml of 

biotinylated SH2 were immobilized onto the streptavidin-coated (SA) sensors for about 

300 s.  Typical biotinylated SH2 capture level were between 0.5 and 3 nm; variability 

within a set of eight reactions did not exceed 0.1 nm.  A 200 – 300 s sensor washing step 

was applied prior to the binding step to remove any excess/unbound SH2.  Subsequently, 

the binding and dissociation kinetics were recorded via the transfer of SH2-bound sensors 

first into FN3 and then into binding buffer.  A reference sensor with immobilized SH2 

but incubated without FN3 during the binding step was included in each run to correct for 

any systematic baseline drift and nonspecific binding to the sensors.  All assay steps were 
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carried out at 30 
o
C at a standard measurement rate of 5 s

-1 
and stirring rate of 1000 rpm.   

Reference subtraction, data analysis, and curve fitting were performed using the FortéBio 

analysis software.  Steady-state kinetic analyses were performed on every data set to 

calculate the Kd using the estimated response at equilibrium for each analyte 

concentration rather than the kon and koff values.  

Electron Microscopy. Protein samples (10 – 50 µg/ml) were applied to glow-

discharged, carbon-coated copper grids.  After rinsing with double-deionized water, the 

sample was stained with 1 % uranyl acetate solution and was allowed to air dry.  A JEM-

2100 transmission electron microscope (JEOL, Tokyo, Japan) operating at 200 kV was 

used for this experiment.  Electron micrographs were recorded on a 4096 x 4096 pixel 

CCD camera (TVIPS F415-MP) in minimum dose mode at an electron optical 

magnification of 40,000 x and a defocus of -1.5 µm.  
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4.1. Abstract 

Biosensors can be used in applications ranging from identifying disease 

biomarkers to detecting spatial and temporal distribution of specific molecules in living 

cells.  A major challenge facing biosensor development is how to functionally couple a 

biological recognition domain to an output module so that the binding event can be 

transduced to a visible and quantifiable signal (e.g. Förster resonance energy transfer, or 

FRET).  Most designs achieve coupling by means of a binding protein that changes 

conformation upon interacting with its target.  This approach is limited by the fact that 

few proteins possess such natural allosteric mechanisms, and for those that do, the 

conformational change is frequently not extensive enough to produce a large distance 

change between FRET donor and acceptor groups.  Here, we introduce protein FRagment 

EXchange (FREX) to address both problems.  FREX employs two components: a folded 

binding protein and a fragment duplicated from it, the latter of which can be chosen from 

many possible fragments.  The system is rationally tuned so that addition of ligand 

induces a conformational change in which the fragment exchanges positions with the 

corresponding segment of the binding protein.  Placing fluorescent donor and acceptor 

groups on the binding protein and fragment reduces FRET of the unbound sensor to near 

zero, resulting in a ratiometric FRET response that is expected to be strong and 

reproducible from protein to protein.  FREX is demonstrated using fibronectin III, a 

monobody binding scaffold that can be tailored to recognize multiple targets.  Sensors 

labeled with Alexa FRET pairs exhibit ratiometric FRET changes of up to 8.6-fold and 

perform equally well in buffer and in serum.  A genetically-encoded variant of this sensor 

is shown to be functional in mammalian cell cultures. 
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4.2. Introduction 

The development of biosensor technology in recent years has been motivated by a 

growing need to detect, quantify, and monitor biomolecule levels in biological, industrial, 

and medical fields.  Although a number of successful technologies have been introduced, 

for example, surface plasmon resonance and continuous blood glucose monitors, 

development of simpler and more general designs remains a pressing need.  

Most biosensors are composed of a biological recognition module (input) and a 

transducing element with which to convert binding to a visible signal (output).  Binding 

domains of proteins and Förster resonance energy transfer (FRET) have emerged as one 

of the most potent and widely used input/output combinations, respectively.  Protein 

interaction domains excel in the former role because they bind their cognate ligands with 

high affinity and specificity, and some can be engineered to recognize new targets.  

FRET is powerful because the output response is typically ratiometric and the 

donor/acceptor groups can be genetically encoded in the form of fluorescent proteins.  

The general approach is to attach donor and acceptor fluorophores to locations on the 

protein where they report on a distance change induced by ligand binding.   

There are two interrelated challenges with constructing biosensors based on the 

above design.  The first is to develop general mechanisms for introducing ligand-

dependent conformational changes into ordinary binding proteins, since the great 

majority of proteins do not exhibit these changes naturally.  Several strategies have been 

developed for this purpose.  One is to take advantage of the natural coupling between 

binding and folding using proteins that are either intrinsically disordered in the absence 

of ligand 
1
 or mutated to be so 

2
.  Another is to engineer a binding-dependent fold shift 
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from the native structure to a circularly-permuted fold (alternate frame folding) 
3-6

.  A 

third approach is to tether binding domains together such that interaction with ligand 

triggers open-to-closed rigid body movement, as in SNAP-tag based semisynthetic 

fluorescent sensor 
7, 8

 and affinity clamp 
9
 technologies.  All of these examples are single-

component sensors in which distance- or environment-sensitive fluorescent groups are 

attached to the same molecule. 

Although single-component sensors offer numerous advantages, their weakness is 

exposed by the second challenge of designing a FRET biosensor.  For maximum output, 

the change in donor-acceptor distance should not only be substantial but also span the 

Förster radius (R0; the distance at which energy transfer is 50 % efficient).  In other 

words, the donor-acceptor distance should be much longer than R0 in the free state and 

much shorter than R0 in the bound state or vice versa.  It is difficult to meet this condition 

when the groups are placed on the same molecule.  For example, folding is arguably the 

most dramatic conformational change that a protein can undergo, yet this reaction results 

in surprisingly small distance changes.  The radius of gyration of an unfolded protein 

increases roughly linearly from 30 Å to 70 Å for molecules of 100 to 400 amino acids in 

length 
10, 11

.  R0 of most FRET pairs falls in the same distance range.  Perhaps for this 

reason, sensors based on binding-induced folding and alternate frame folding have 

employed non-ratiometric means of detection (e.g. fluorescence quenching or excimer 

formation) rather than FRET.  With their larger-scale domain movements, affinity clamp 

and SNAP-tag sensors produce ratiometric FRET changes of up to 2.3-fold
7-9

 after 

tagging with donor and acceptor groups.  
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Here, we develop the protein FRagment EXchange (FREX) switching mechanism 

to address both challenges.  FREX can in principle be applied to many binding proteins to 

generate a consistent ligand-dependent conformational change.  FREX speaks to the 

FRET distance problem by placing donor and acceptor groups on separate components 

that only interact in the presence of the target.  The first component is the full-length 

native protein and the second component is one of any number of fragments duplicated 

from that protein.  The system is controlled by introducing two point mutations into the 

full-length protein: one to abolish its ability to bind ligand (binding mutation), and one to 

decrease its thermodynamic stability (packing mutation).  Wild-type (WT) residues are 

retained in the equivalent positions of the duplicated fragment.  In the ligand-free state, 

the full-length protein is of sufficient stability to assume its native conformation.  

Addition of target induces a conformational change in which the duplicated fragment 

exchanges position with its counterpart peptide on the full-length protein.  Ternary 

complex formation is thus driven by gains in binding energy and stability afforded by the 

restoration of WT side chain interactions at the remodeled binding and packing 

interfaces, respectively.  This mechanism is analogous to that of alternate frame folding 

except fragment exchange in FREX occurs in trans and the resulting structure is not 

circularly permuted.  The improvement in signal-to-noise over single-component sensors 

is attained by reducing FRET of the unbound state to near zero. 

As proof-of-principle we designed a FREX sensor for the detection of 

biologically-relevant targets in vitro and in vivo.  For the binding protein we chose the 

tenth human fibronectin type III domain (FN3; 100 amino acids), a minimal Ig-like 

binding scaffold. Also known as a monobody, FN3 has been adapted to recognize the c-
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Abl SH2 domain (resulting in the FN3-HA4 variant used in this study) 
12

 as well as over 

two dozen other targets including TNF-, hSUMO4, and EGFR 
13-16

.  FN3 is a versatile 

platform with which to build sensors because binding variants can be readily generated 

by modifying its three substrate interacting loops using high-throughput screening.  Like 

Ig domains, FN3 does not change conformation upon binding its target.  Our purpose is 

to introduce the core FREX switching mechanism into FN3-HA4.   
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4.3. Results 

FREX mechanism and simulations 

FREX, illustrated schematically in Figure 4.1A, can be modeled by the following 

coupled equilibria: 

𝑁 
Kunf
   𝑈      (Eq. 11) 

𝑈 + 𝑃 
Kex
  𝑁∗      (Eq. 12) 

𝑁∗ + 𝐿 
Ka
 𝑁∗𝐿     (Eq. 13) 

N is an arbitrary binding protein, U is the unfolded form of that protein, L is its cognate 

ligand, and P is a peptide duplicated from either terminus of N.  FRET donor and 

acceptor groups are placed on N and P.  N* is the binary complex in which P has bound 

to N, displacing the corresponding segment from N and causing it to extend as a tail from 

N* (Figure 4.1A).  L can only bind to N*, not to N, because N contains a binding knock-

out mutation that is replaced in N* by the WT binding residue (which came from P).  The 

binding mutation thus guarantees that ligand binding will exclusively produce the high-

FRET ternary complex.   

A protein need not globally unfold to undergo fragment exchange.  U is included 

to link the thermodynamic stability of N to the probability of forming N* and N*L.  To 

illustrate, mixing a protein with a fragment of itself will typically not result in formation 

of the binary complex, even if the affinity between protein and peptide is high.  The local 

concentration of the covalently-attached fragment (that would be displaced from N by  
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binding of P) will almost always be greater than the bulk concentration of P.  In addition, 

an entropic cost must be paid for intermolecular folding if the equivalent structure can be 

produced by intramolecular folding.  If these penalties are sufficiently high then ligand 

binding energy alone cannot generate the ternary complex necessary for FRET detection.  

Accordingly, we enable fragment exchange by preferentially destabilizing N relative to 

N* and N*L.  Destabilization can be achieved by introducing a packing mutation into the 

hydrophobic core of N.  The role of the packing mutation, which is selected to be distant 

from the binding site, is to decrease the stability of N (i.e. lower Kunf) without 

compromising the intrinsic affinity (Ka) or specificity for the ligand.  Formation of N*L is 

thus driven by the restoration of WT binding and packing interactions provided by the 

respective WT side chains in the fragment. 

The key result of the above design is that exchange is controlled by the severity of 

the packing mutation.  Adjusting the extent of destabilization allows one to populate the 

high-FRET N*L complex in the presence of ligand while minimizing the false-positive 

N* state in the absence of ligand.  As a demonstration we simulated FREX in three 

representative stability regimes of FN3: that of the WT protein (Kunf = 5 10
-5

), a 

destabilized yet folded mutant (Kunf = 0.02), and an unfolded variant (Kunf = 10).  We 

fixed Kex to 10
5
 M

-1
, Ka to the value measured for the interaction between WT FN3 and 

SH2 (10
8
 M

-1
) 

18
, and protein concentrations to those used in our experiments ([N] = [P] 

= 2 M).  Figure S4.1A and Fig S4.1B plot the fractions of N*L and N* as a function of 

ligand concentration.  SH2 does not bind appreciably to WT FN3 (Figure S4.1A) because 

the energy cost to unfold is too great.  The unfolded FN3 mutant lacks this barrier and 

therefore it binds SH2 most tightly; the apparent association constant (Ka,app; obtained by 
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fitting the data to the one-site binding equation) is 9.7 10
5
 M

-1
.  The tradeoff is that a 

significant fraction of FN3 (14 %) exists as the binary complex in the absence of SH2 

(Figure S4.1B).  The destabilized-yet-folded mutant offers the best combination of high 

affinity (Ka,app = 2.2 10
5
 M

-1
; Figure S4.1A) and low population of N* (0.39 %; Figure 

S4.1B).  Assuming that FRET efficiencies of N*L and N* are identical, the theoretical 

maximum signal-to-noise of the sensor can be calculated by dividing [N*L] at saturating 

[L] by [N*] in the absence of ligand.  These values are 257 and 7.4 for the destabilized 

and unfolded mutants of FN3, respectively. 
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FN3 structure and choice of mutants 

For the binding mutation we focused on the largest of the three surface loops 

(residues 79-90 in FN3-HA4) with which FN3 monobodies contact their targets.  Tyr87 

of FN3-HA4 makes critical cation- and polar interactions with SH2 (Figure 4.1B) 
18

.  

The same study reported that the Y87A mutant abolishes detectable ligand binding.  As 

insurance we also changed the adjacent amino acid Met88, which also contacts SH2, to 

Ala to create the Y87A+M88A binding-null mutant (FN3
BN

). 

The main choice to be made in the FREX methodology regards the identity of the 

fragment: whether to start at the N- or C-terminus of the parent protein and at what 

position to end.  The fragment must encompass Tyr87 and Met88 and should terminate at 

a surface loop.  We elected to generate three peptides, beginning at residues 48 (P48), 60 

(P60), and 69 (P69) and ending at the C-terminus (Figure 4.1B).  To aid in purification 

we expressed the peptides with an N-terminal maltose binding protein (MBP) tag. 

For the packing sites we selected the hydrophobic core residues Ile75 and Val77 

of FN3
BN

 (Figure 4.1B).  We introduced underpacking mutations in which methyl groups 

were progressively removed (I75V, I75A, I75G, V77A, and V77G).  All variants unfold 

cooperatively when denatured by guanidine hydrochloride (GdnHCl) (Figure S4.2) with 

the exception of I75G which failed to express.  Fitting the data to the two-state equation 

G = G
H2O

 – m[GdnHCl] finds that all of the mutations destabilize FN3
BN

 as judged by 

both G
H2O

 and Cm, the midpoint of denaturation (Table S4.1).  Comparison of Cm values 

yields a rank order of stability commensurate with the number of methyl groups removed.  

We singled out the I75A mutant (FN3
BN+I75A

) for further study because it is the least 
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stable by the Cm criterion and because its Kunf value of 0.021 is close to the value found 

to be reasonable in the simulations. 

For labeling FN3
BN

 with Alexa dyes we created two mutants in which Cys was 

inserted at the N-terminus or in place of Ser48 in a surface loop.  These Cys variants were 

used in FRET studies only; the Cys-free version was employed in all other experiments.  

Peptide constructs contain Cys in the middle of the 5-amino acid peptide used to link 

MBP to P48/P60/P69.  The genetically-encoded version of the P48 sensor was 

constructed by placing the CyPet and YPet fluorescent proteins 
19

 at positions equivalent 

to those of the Cys residues, i.e. at the N-terminus of  FN3
BN+I75A

 and in between MBP 

and P48, respectively. 

Of note, we found that WT FN3 dimerizes extensively in solution.  Size exclusion 

chromatography (SEC) showed approximately 50 % dimer formation at ~30 M protein 

concentration (Figure S4.3).  The X-ray structure suggests a possible dimer interface in 

which the first four residues (GSSV) of one FN3 form a short -strand which then adds 

on to the -sheet of the second molecule in a reciprocal fashion.  We changed GSSV to 

YGGG to disrupt this putative interaction.  The YGGG mutant eluted exclusively as a 

monomer in SEC experiments (Figure S4.3) and was significantly more stable than WT 

FN3 (not shown).  We therefore incorporated the YGGG mutation in all constructs. 
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Figure 4.1.  Schematic of FREX and X-ray structure of the FN3-HA4/SH2 complex.  (A) 

An N- or C-terminal segment (blue) of an arbitrary binding protein N (gray) is chosen 

such that it contains at least one critical ligand-binding residue.  The blue segment is 

duplicated to generate peptide P (red).  FRET donor and acceptor groups (stars) are 

attached to N and P at either terminus.  The ligand-binding residue is mutated in the blue 

sequence, along with a residue at the packing interface between the blue and gray 

regions.  The resulting protein (N) is destabilized but still folded; consequently, the 
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binary complex of N and P (N*) does not form to a significant extent.  Only in the 

presence of ligand (L) do the blue and red segments exchange to generate the ternary 

complex (N*L).  Formation of N*L is driven by the restoration of binding and packing 

interactions, supplied by the WT residues at those positions in P.  (B)  FN3-HA4 is 

shown with the starting positions of P48, P60, and P69 indicated by red spheres.  

Blue/gray color coding is the same as that in panel A; blue denotes the P60 segment.  

Side chains of binding (Tyr87) and packing (Ile75/Val77) residues are represented by 

blue spheres.  SH2 is shown in light green. 
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Binding tests by SEC 

We first performed negative controls in which SEC was used to determine 

whether binary complexes form in the absence of the third species.  FN3
BN+I75A

, peptide, 

and SH2 were mixed pairwise at concentrations of 5 M, 5 M, and 20 M, respectively.  

Figure 4.2A confirms that FN3
BN+I75A

does not form binary complexes with P48, P60, 

P69, or SH2.  FN3
BN+I75A

 (11.0 kDa) and SH2 (13.7 kDa) elute close to the same volume 

and the two peaks are not resolved; the peptides (~46 kDa) are the largest species present 

due to their MBP purification tags.  Likewise, P48, P60, and P69 do not bind SH2 (Figure 

4.2B).   

We next tested for formation of the ternary complex.  Mixing FN3
BN+I75A

, P48, 

and SH2 results in a higher molecular weight species (estimated to be 78-88 kDa) 

consistent with N*L (Figure 4.2C).  Binding appears to be almost saturated as evidenced 

by the near disappearance of the free P48 peak (the free SH2 peak remains because it is 

present in 4-fold excess over P48).  To determine whether the new peak is the expected 

N*L complex or a nonspecific aggregate, we identified the components in that peak by 

labeling FN3
BN+I75A

 with Alexa594 and P48 with Alexa488, the same dyes used in the 

FRET studies below.  The SEC experiment was then repeated using absorbance at 594 

nm and 488 nm to detect FN3
BN+I75A

 and P48, respectively.  Figure 4.2D confirms that 

the N*L peak contains both Alexa594 and Alexa488 whereas the P48 peak contains only 

Alexa488.  Mixing P60 with FN3
BN+I75A

 and SH2 also generates the ternary complex 

(Figure 4.2C).  The decreased peak ratio of N*L to free P60 suggests that the P60 sensor 

binds SH2 less tightly than does the P48 sensor.  These conclusions are supported by 
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SEC chromatograms of the Alexa-labeled proteins (Figure 4.2D).  In contrast to P60 and 

P48, P69 does not form the ternary complex (Figure 4.2C).   

The FREX mechanism stipulates that ligand binding is controlled by adjusting the 

severity of the packing mutation (Eq. 11).  To test that hypothesis we repeated the SEC 

experiments using P48, SH2, and FN3
BN

 (Kunf = 4.6 10
-5

) or FN3
BN+I75V

 (Kunf = 8.6 10
-

4
) (Table S4.1).  N*L is not detected in either case (Figure S4.4), suggesting that binding 

is too weak to be detected by SEC. 
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Figure 4.2.  Binding tests by SEC.  (A) The first set of binary complex controls consisted 

of mixing FN3
BN+I75A

 with P48 (blue), P60 (red), P69 (black), and SH2 (green).  (B)  The 

second set of binary complex controls consisted of mixing SH2 with P48 (blue), P60 

(red), and P69 (black).   (C) Ternary complex formation was tested by mixing 

FN3
BN+I75A

, SH2, and P48 (blue), P60 (red), or P69 (black).  (D) Components of the N*L 

complexes were identified by repeating the experiment in panel C using FN3
BN+I75A

 

labeled with Alexa594 and P48/P60 labeled with Alexa488.  The chromatogram of the 

P48-containing sample is shown with absorbance detection at 488 nm (dark blue) and 

594 nm (cyan).  The chromatogram of the P60-containing sample is shown with 

absorbance detection at 488 nm (red) and 594 nm (orange). 
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FREX biosensors  

 FREX biosensors were created by attaching Alexa488 donor to the N-terminus of 

FN3
BN+I75A

 and Alexa594 acceptor to the N-termini of P48, P60, and P69.  Using P48 we 

observed a ratiometric change in fluorescence intensity, with Alexa488 emission 

decreasing at 519 nm and Alexa594 emission increasing at 617 nm (Figure 4.3A).  All 

spectra converge at an isosbestic wavelength of 584 nm. The binding data fit well to the 

one-site binding equation with Ka,app = 2.52 (±0.2) 10
5
 M

-1
 and a 3.1-fold change in 

FRET ratio (Figure 4.3B and Table 4.1).  In agreement with SEC data, SH2 affinity of the 

P60 sensor (Ka,app = 7.20 (±1) 10
4
 M

-1
) is lower than that of the P48 sensor, but the 

FRET response of the P60 sensor (8.2-fold change) is substantially higher (Figure S4.5 

and Table 4.1). It is likely that poor labeling efficiency negatively affected the signal 

change in both cases.  Despite repeated trials we were only able to achieve 26 – 27 % 

donor labeling (Table 4.1).Very little SH2 binding is observed for P69 as presaged by 

SEC results.   

We next considered the possibility that the ratiometric fluorescence changes in 

Figure 4.3A and Figure 4.3B might be caused by quenching or other artifact rather than 

FRET.  We repeated the binding assay in Figure 4.3B except in one experiment we added 

SH2 to unlabeled P48 (and donor-labeled FN3
BN+I75A

), and in the other we added SH2 to 

unlabeled FN3
BN+I75A

 (and acceptor-labeled P48).  The donor and acceptor fluorescence 

values do not change (Figure 4.3C).  By contrast, when both FN3
BN+I75A

 and P48 are 

labeled, donor fluorescence decreases and acceptor fluorescence increases in an SH2-

dependent manner.  These results signify that the ratiometric changes observed in Figure 

4.3 arise from resonant transfer. 
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To test the effect of fluorophore placement on FRET response, we shifted the 

position of the donor from the N-terminus of FN3
BN+I75A

 to position 48.  Since P48 is 

labeled with acceptor at almost the same position, this arrangement might bring the 

fluorophores closer in the bound state of the P48 sensor.  The signal change of the P48 

sensor improves to 8.4-fold, but this appears to be due to higher donor labeling efficiency 

(83 %) , as evidenced by the increase in donor:acceptor emission ratio of the free sensor 

(Figure 4.3E and Table 4.1).  The FRET response of the P60 sensor decreases from 8.4-

fold to 5.9-fold despite the improvement in donor labeling efficiency.  This result 

suggests that the donor-acceptor distance is longer when the donor is at position 48 of 

FN3
BN+I75A

 compared to the N-terminus.  As expected, donor placement does not 

significantly change the affinity of the sensor for SH2 (Table 4.1). 
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Table 4.1.  Binding parameters of FREX sensors.  Errors are standard deviations of three 

independent experiments.  
a
Donor, acceptor are at N-termini.  

b
Ratios are volumes of 

CyPet-FN3
BN+I75A 

lysate to YPet-P48 lysate. 
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Figure 4.3.  SH2 binding to FREX sensors monitored by FRET.  FN3
BN+I75A

is labeled 

with donor at the N-terminus in panels A, B, C, and F.  FN3
BN+I75A

is labeled with donor 

at Cys48 in panels D and E.  (A) Unprocessed spectra of donor-labeled FN3
BN+I75A

 plus 

acceptor-labeled P48 are overlaid to show ratiometric changes in fluorescence intensity 
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as a function of increasing SH2 concentration, from zero (black) to 50 M (dark red) 

SH2.  (B)  Dependence of FRET ratio on SH2 concentration is plotted for the P48 (blue 

circles), P60 (red squares), and P69 (black triangles) sensors.  Lines are best fits of the 

data to the one-site binding equation.  Error bars are standard deviations of triplicate 

experiments.  (C)  Donor emission at 519 nm (filled green squares) and acceptor 

emission at 617 nm (filled purple circles), obtained from spectra in panel A, are plotted as 

a function of SH2 concentration.  When acceptor-labeled P48 is mixed with unlabeled 

FN3
BN+I75A

, acceptor fluorescence does not increase with SH2 concentration (open purple 

circles).  Similarly, when donor-labeled FN3
BN+I75A

is mixed with unlabeled P48, donor 

emission does not decrease with SH2 concentration (open green squares).  (D) 

Unprocessed spectra of donor-labeled FN3
BN+I75A

 plus acceptor-labeled P48 are 

superimposed to show the increase in FRET efficiency resulting from moving the donor 

to position 48 of FN3
BN+I75A

 from the N-terminus (c.f. panel A).  SH2 concentrations are 

identical to those in panel A.  (E) Ratiometric output of the P48 sensor (calculated from 

spectra in panel D) improves when the donor is moved to position 48 of FN3
BN+I75A

 from 

the N-terminus (c.f. panel B).  (F) Performance of the P48 sensor in 10 % (v/v) fetal 

bovine serum (closed circles) is comparable to that in buffer (open circles).  Error bars 

are standard deviations of triplicate measurements. 
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Kinetics of switching  

 To assess the temporal response of the sensors, test for reversibility, and gain 

insight into the mechanism of switching, we measured on- and off-rates by monitoring 

time-dependent changes in FRET.  For P48, association and dissociation data fit 

adequately to single exponential functions with kon = 5.68 (±0.6) 10
-4

 s
-1

 and koff = 3.58 

(±0.7) 10
-5

 s
-1

 (Figure S4.6A).  The FRET ratio returns to the theoretical limit (90 % of 

the original value) signifying that the switch is fully reversible.  Turning to the P60 

sensor, kon [5.38 (±0.7) 10
-4

 s
-1

] is identical within error to that of the P48 sensor (Figure 

S4.6B).  The off-rate of P60 [6.62 (±0.4) 10
-5

 s
-1

] is 1.8-fold faster, in agreement with 

the lower affinity of the P60 switch.  The FRET ratio of the P60 switch only returns to 

~2/3 of its original value.  One explanation may be that the ternary complex exhibits 

slightly greater affinity for donor-labeled FN3
BN+I75A

 than it does for unlabeled 

FN3
BN+I75A

. 

Association rates were found to be independent of SH2 concentration (Figure 

S4.6C).  Equation 11, Eq. 12, or a combination of both is therefore rate limiting.  This 

result is not surprising because the pseudo-first order association rate for Eq. 13, if 

diffusion-limited binding is assumed, is orders of magnitude faster than the observed kon 

values.  Observed on-rates do not change significantly when the concentrations of 

FN3
BN+I75A

 and P48 are lowered from 2 M (Figure S4.6A) to 0.5 M (Figure S4.6C), 

suggesting that the overall rate-limiting step for formation of the ternary complex is at 

least partial unfolding of FN3
BN+I75A

. 
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Sensor performance in real-world conditions and genetic encoding 

A major challenge facing any new biosensor design is that it must work in dirty 

environments rife with off-target binding decoys, proteases, quenchers, and other 

contaminants.  To test FREX performance in such conditions, we repeated the FRET 

binding experiment using FN3
BN+I75A

, P48, and SH2 in the presence of 10 % fetal bovine 

serum.  The resulting binding curve is very similar to that obtained in buffer (Figure 4.3F 

and Table 4.1).  Thus, the response of the FN3 FREX sensor appears to be robust and 

resistant to large amounts of contaminants. 

We created a genetically-encoded variant of the P48 sensor by fusing the CyPet 

and YPet genes to the 5ʹ ends of the FN3
BN+I75A

 and P48 genes, respectively.  To assess 

sensor performance in unpurified cell lysates, and to delineate the effect of differential 

expression of the components, two E. coli cultures were transformed separately, grown, 

and lysed, and the lysates were combined in several ratios.  Expression of YPet-P48 was 

roughly twice that of CyPet-FN3
BN+I75A

 as judged by fluorescence emission of the lysates 

(not shown).  We mixed CyPet-FN3
BN+I75A

 and YPet-P48 lysates at volume ratios of 1:1, 

2:1, and 4:1 to simulate up to two-fold excesses of donor or acceptor that might be 

encountered when co-expressing the components in vivo.  Purified SH2 was then added 

to each mixture.  Figure 4.4 shows fluorescence scans and fitted binding curves. Ka,app 

values are similar for the three samples (Table 4.1) and are in good agreement with those 

of the Alexa-labeled sensor obtained in buffer and in 10 % serum, indicating that CyPet 

and YPet do not interfere with ligand binding.  FRET output improves slightly with 

increasing acceptor:donor ratio, presumably because response is optimal when every 

donor sees an acceptor.  The ratiometric response of the genetically-encoded P48 sensor 
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in crude lysate is lower than that of its purified Alexa-labeled counterpart in buffer (Table 

4.1).  The reason is not clear although it may be due to incomplete maturation of CyPet 

and YPet chromophores (~50 %; data not shown).  The 1.3 to 1.8-fold FRET changes 

shown in Figure 4.4 are comparable to those of affinity tag and SNAP tag sensors.  

We next tested sensor performance in mammalian cell cultures.  We replaced 

CyPet and YPet with EGFP and mCherry, respectively, to be compatible with the optics 

on our fluorescence microscope.  To help ensure that both sensor components were 

present in every transfected cell, the mCherry-P48 and EGFP-FN3
BN+I75A

 genes were 

cloned, in that order, into the coding region of a bicistronic expression plasmid.  The SH2 

gene was placed on a second plasmid for co-transfection.  In-cell FRET experiments were 

performed by first acquiring fluorescent images of transfected and fixed Cos-7 cells in 

EGFP and mCherry channels (Figure 4.5, top row of images).  The lone criterion for 

choosing a cell for FRET imaging was that it exhibit moderate fluorescence in each 

channel at this stage, prior to the acceptor bleaching step by which FRET efficiency was 

determined.  This selection method was intended to eliminate untransfected cells as well 

as and those that expressed very high levels of one or both fluorescent proteins, which is 

known to produce FRET artifacts 
20

.  Once a cell was judged to meet this criterion it was 

bleached and imaged; no data were discarded thereafter.  FRET efficiency was estimated 

by bleaching the mCherry signal in a rectangular area within each cell (Figure 4.5, middle 

row of cells), and measuring the extent to which EGFP-FN3
BN+I75A

 emission in that 

rectangular area increased after the bleach (Figure 4.5, bottom row of cells).  Bleaching a 

defined region allows us to directly compare the EGFP intensity change inside and 



196 
 

outside the rectangle in the same cell, thereby reducing false-FRET caused by stage 

movement, pixel misalignment, etc. 

Figure S4.7 shows images of twelve representative cells transfected with EGFP-

FN3
BN+I75A

/mCherry-P48 alone (panel A; n = 20) and in combination with SH2 (panel B; 

n = 28).  For cells that were not transfected with SH2, EGFP intensities inside and 

outside the bleached rectangle are similar, indicating low FRET (Figure S4.7A).  The 

fold-change of FRET efficiency inside versus outside the rectangle is relatively constant 

at 1.6 ± 0.3.  This background FRET signal may result from random collisions between 

the donor and the acceptor fluorescent proteins.  By contrast, most cells co-transfected 

with SH2 display noticeably brighter EGFP fluorescence inside the rectangle (Figure 

S7B).  Of the 28 imaged cells, 25 % show high FRET efficiency (>3-fold change; red 

border around images), 39 % show moderate FRET efficiency (2 – 3 fold change; blue 

border), and 36 % show background levels of FRET (<2-fold change; purple border).  

Control transfections with SH2 plasmid alone revealed that transfection efficiency was 

~70 %.  It is therefore possible that the 36 % population of low-FRET cells represents 

those that were not successfully transfected with SH2.  
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Figure 4.4.  Performance of the genetically-encoded P48 sensor in unpurified E. coli 

lysate.  (A) Spectra of CyPet-FN3
BN+I75A

 + YPet-P48 as a function of SH2 concentration.  

Approximate molar ratios of CyPet-FN3
BN+I75A

 to YPet-P48 are indicated in each figure.  

Colors and SH2 concentrations are the same as in Figure 4.3A.  Spectra are normalized to 

the donor emission peak.  (B) Binding curves are shown below each figure in panel A.  

Lines are the best fit of the data to the one-site binding equation; fitted parameters 

indicated in Table 4.1. 
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Figure 4.5.  Performance of the P48 FREX sensor in mammalian cell cultures.  

Representative raw images of Cos-7 cells transfected with (A) EGFP-FN3
BN+I75A

 and 

mCherry-P48, and (B) EGFP-FN3
BN+I75A

, mCherry-P48, and SH2.  The top and middle 

rows show fluorescence before and after (respectively) bleaching the mCherry signal in 

the boxed area.  FRET efficiency is plotted using the indicated color scale in bottom row.  

The scale bar indicates 10 m. 
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4.4. Discussion 

The goals of this study are to develop a sensing mechanism that: (i) is capable of 

producing a consistently large donor-acceptor distance change upon target binding, and 

(ii) can potentially be applied to other binding domains.  To those ends, FREX combines 

the generality of the binding-induced folding (and alternate frame folding) mechanisms 

with the high FRET response afforded by a two-component design.  To our knowledge 

FREX is the first example of a biosensor based on a variation of protein fragment 

complementation.  FREX may appear to resemble protein-fragment complementation 

assays (PCAs) such as split GFP 
21

, split luciferase 
22

, split ubiquitin 
23

, and split 

DHFR
24

; however, the two technologies are fundamentally different as are their intended 

applications.  In PCA the split protein serves as a reporter only.  One piece is fused to a 

‘bait’ protein and the other to a ‘prey’ protein, and fragment complementation reports on 

whether bait and prey interact.  In FREX the fragment exchange reaction itself serves as 

the basis for molecular recognition. 

It is noteworthy that the FREX methodology employs fragment exchange rather 

than fragment complementation.  It is theoretically possible to build a sensor based on 

simple complementation by bisecting a binding protein and labeling each piece with a 

fluorescent reporter.  The problem is that it would be difficult to tune the 

thermodynamics of this system to make the switch respond to the ligand.  When proteins 

are bisected, some fragments exhibit tight binding (always on) while others fail to 

complement altogether (always off).  What would be needed is a pair of fragments that 

associate with just the right Kd such that they do not interact unless driven to do so by 

reasonable concentrations of ligand.  Tuning in this case would consist of experimentally 
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finding such fragments, since complementation affinity cannot be predicted reliably from 

cleavage sites. 

By contrast, FREX employs two copies of the same fragment.  Tuning can 

therefore be achieved using structural and thermodynamic principles that are both well 

established and readily quantifiable; namely by introducing into the full-length protein 

one mutation to abolish binding and another to destabilize the molecule.  The presence of 

a duplicate fragment bearing WT residues at those positions enables the FREX switch to 

be controlled in a manner not possible with simple complementation.  As a result, target 

affinity can be modulated gradually and predictably to match the needs of the application.  

Although Ka,app depends on both Kex and Kunf, in practice it is usually advisable to choose 

the fragments with the largest Kex (since our data suggest that even the highest affinity 

fragments will not exchange in the absence of ligand) and adjust Ka,app by varying the 

severity of the destabilizing mutation.  Importantly, target specificity is not likely to 

change because the packing position is chosen to be distant from the active site. The final 

advantage of FREX over simple complementation is that only one of the components of 

FREX is a fragment, with the other being a full-length, native protein.  This is expected 

to reduce potential aggregation and degradation problems associated with fragments and 

unfolded proteins. 

Nonetheless, FREX combines aspects of the binding-induced folding and 

fragment complementation mechanisms and as such it is subject to some of the same 

limitations.  Chief among them are reduced target affinity compared to that of the parent 

binding protein and the inability to predict Kex, respectively.  Ligand interaction energy is 

used to drive folding in binding-induced folding and to facilitate fragment exchange in 
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FREX.  Some reduction in target affinity is therefore inevitable with both mechanisms.  

For example, Ka,app of Kohn & Plaxco’s unfolded SH3 sensor
2
and our FREX sensors are 

both ≈100-fold lower than Ka of WT SH3 and WT FN3, respectively.  Nonetheless with 

FREX, it may be possible to increase Ka,app by further destabilization. Koide and 

colleagues addressed the second issue by bisecting a related FN3 (FNfn10) at six sites 

corresponding to positions 16, 28, 48, 58, 69, and 91 in FN3-HA4 
25

.  Cleavage at 

position 48 resulted in the tightest fragment complementation although the fragments 

lacked residual structure in isolation and aggregation was prominent.  Complementation 

was strong at positions 28 and 58, moderate at position 69, and too weak to be detected at 

positions 16 and 91.  Perhaps not surprisingly, the rank order of complementation 

strength correlates with Ka,app of our sensors.  PCA screening methods such as the yeast 

two-hybrid system have been employed to identify fragments that complement with high 

affinity 
25

.  It may be useful to apply these techniques to generate viable fragments for 

FREX, although structural inspection proved to be sufficient in the present case. 

 It should be noted, however, that the FN3 sensors respond to changes in target 

concentration more slowly than do some other existing designs.  The reason is that the 

rate-limiting step in FN3 switching appears to be an unfolding/dissociation event 

(displacement of the duplicate segment in FN3
BN

) rather than a binding or folding 

reaction as in most cases.  It may be feasible to improve the response time by increasing 

temperature or by employing a more destabilizing packing mutation.  FREX is expected 

be most useful for monitoring cellular processes that occur on the minutes to hours 

timescale, or when one needs to detect a scarce analyte, in which case a slow off rate is 

desirable for signal integration 
26

.  
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 FRET biosensors are expected to perform best when the levels of donor and 

acceptor are approximately equal.  FREX can easily achieve this condition when the 

application is to detect targets outside of the cell.  For in vivo uses, single-component 

sensors are convenient because the FRET pair can be encoded in the same gene.  

Nonetheless, two-component sensors like FREX can increase the dynamic range by 

reducing background FRET in the off state.  In this study we co-expressed the two FREX 

components from a single promoter using an internal ribosome entry sequence.  It is 

known that expression of the downstream gene (EGFP-FN3
BN+I75A

 in this case) is 

typically much lower than that of the upstream gene (mCherry-P48) 
27

.  In qualitative 

agreement, we found mCherry fluorescence to be greater than EGFP fluorescence for all 

cells examined (not shown).  It may be feasible to improve FRET output by equalizing 

donor and acceptor expression, e.g. by placing the components on separate plasmids (we 

avoided this strategy here because of the need to introduce the target ligand using a 

second plasmid). 

We have introduced the FREX switching mechanism into the FN3-HA4 binding 

scaffold.  When FN3 monobodies are modified to recognize different targets their cores 

are conserved, with structural differences largely limited to the three substrate recognition 

loops 
12, 28

.  Single mutations have been shown to disrupt binding of other engineered 

FN3s to their ligands, and these residues lie in the same loop that harbors the 

Tyr87/Met88 binding mutations in FN3-HA4 
18, 28

.  Thus, it is reasonable to speculate 

that the FREX mechanism can be transferred to other FN3 monobodies by using the same 

peptides and packing mutations employed in this study, with minimal optimization.  
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Future studies will reveal whether the FREX methodology can be applied to unrelated 

binding proteins to convert them into ligand-driven molecular switches. 
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4.5. Experimental Methods  

Gene construction and protein purification.  FN3-HA4 and c-Abl SH2 plasmids 

were gifts from S. Koide (University of Chicago).  We deleted all purification tags from 

the original genes and changed the first four residues of FN3-HA4 from GSSV to YGGG 

as described in the text.  For the FN3 variants used in Alexa fluorescence experiments, 

we either introduced a Cys codon after the codon for Met1 or mutated the Ser48 codon to 

a Cys codon.  P48, P60, and P69 were constructed by ligating the coding sequences of 

residues 48-100, 60-100, and 69-100 (respectively) to the 5′-end of the MBP gene using a 

linker that translates to GGCGG.  The genetically-encoded P48 sensor was created by 

fusing the CyPet gene to the 5′-end of the FN3
BN+I75A

 gene using a linker that translates to 

GGSGG.  For the peptide construct, the YPet gene was inserted between the 3′- and 5′-

ends of the MBP and P48 genes, respectively.  

A modified pCMV bicistronic vector (gift from P. Calvert, SUNY Upstate 

Medical University) was constructed for co-expression of mCherry-P48 and EGFP- 

FN3
BN+I75A

 in mammalian cell cultures.  EGFP- FN3
BN+I75A

 and mCherry-P48 genes were 

constructed as above.  The mCherry-P48 and EGFP- FN3
BN+I75A

 genes were then inserted 

upstream and downstream of the internal ribosome entry sequence, respectively.  

E. coli BL21 (DE3) cells were transformed with the above plasmids and cultures 

were grown in Luria-Bertani medium at 37 °C.  After induction, cells were allowed to 

express for 18 h at 20 °C then centrifuged. FN3
BN

 was purified from lysis supernatants, 

under native conditions (pH 7.0), using a Q-sepharose column (Bio-Rad).  FN3
BN

 

packing mutants expressed mostly in lysis pellets.  Pellets were solubilized in 6 M urea 

and the proteins were purified as above except in the presence of 6 M urea.  Proteins were 
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then refolded by extensive dialysis against 10 mM sodium phosphate (pH 7.0).  SH2 was 

purified by the same native-condition protocol described above, except an SP-sepharose 

column (GE Healthcare) was used.  P48, P60, and P69 were purified by passing the lysis 

supernatants (pH 7.5) through an amylose column (New England Biolabs) and eluting 

with 10 mM maltose.  The proteins were then passed through a Superdex-75 size 

exclusion column (GE Healthcare) to separate monomers from higher molecular weight 

species.  Samples were then dialyzed against 10 mM Tris (pH 7.5).  All proteins were 

judged to be >95 % pure by SDS-PAGE. 

Size exclusion chromatography. Samples were prepared in 20 mM sodium 

phosphate (pH 7.0), 0.15 M NaCl, 2 mM EDTA, 10 mM -mercaptoethanol using final 

concentrations of 5 μM FN3 variants, 5 M P48, P60, or P69, and 20 μM SH2.  Samples 

were incubated >16 h at 4 
°
C to ensure that equilibrium had been reached, then injected 

onto a Zenix SEC-300 7.8300 mm column (Sepax Technologies) using a Bio-Rad 

DuoFlow chromatography system.   

 Alexa labeling. Samples were reduced by 1 mM Tris (2-carboxyethyl) phosphine 

(TCEP).  TCEP was then removed by passage through a 10 DG desalting column (Bio-

Rad).  A 2-fold excess of Alexa488 C5-maleimide or Alexa594 C5-maleimide 

(Invitrogen) was immediately added and the reaction was allowed to proceed for 3 h (pH 

7.0).   Excess dye was removed by desalting as above.  Final protein concentrations and 

labeling efficiencies were calculated based on the molar absorptivities and correction 

factors (CF) of Alexa488 (488 = 72,000 M
-1

cm
-1

, CF280 = 0.11) and Alexa594 (ε594 = 

96,000 M
-1

cm
-1

, CF280 = 0.56).   
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In vitro FRET experiments.  All fluorescence data were recorded at 20 °C.  

Experiments carried out in buffer contained20 mM sodium phosphate (pH 7.0) and those 

performed with serum contained 10 % (by volume) fetal bovine serum (Gibco).  For cell 

lysate experiments, cultures were grown as described above, lysed by sonication, and 

centrifuged to obtain the soluble fraction.  Equilibrium binding studies were performed 

by adding various amounts of SH2 to a fixed final concentration of FN3 and P48/P60/P69 

(2 M each, except for cell lysate experiments).  Samples were incubated for 3 h prior to 

data collection.  Fluorescence data were recorded on a Horiba Fluoromax-4 fluorometer 

with excitation at 488 nm (1.5 nm/2 nm excitation/emissionbandpass) for Alexa samples 

and excitation at414 nm (1 nm/2 nm excitation/emissionbandpass) for CyPet and YPet 

samples.  FRET ratio is reported as donor emission divided by acceptor emission (519 

nm/617 nm for Alexa samples and 468 nm/527 nm for CyPet and YPetsamples).   

In-cell FRET experiments.  Cos7 cells were cultured in Dulbecco’s modified 

Eagle’s medium (Fisher Scientific) supplemented with 10 % fetal calf serum (Hyclone) 

and antibiotic/antimycotic solution (Applied Biological Materials).  10
5
 cells were plated 

into a 35mm glass bottom dish (MatTek) at 37 °C with 5 % CO2 the day before 

transfection.  Transient transfections were performed using JetPEI (Polyplus) transfection 

reagent with 3 ug total sensor DNA and 6 l of JetPEI in each dish.  Positive control 

dishes were co-transfected with 1 g FLAG-epitope tagged SH2 while negative control 

dishes were transfected with sensor DNA only.  After 18-20 h cells were fixed in 4 % 

paraformaldehyde/PBS at room temperature for 15 m.   

Cells were imaged in PBS using a Perkin-Elmer UltraView VoX spinning disk 

confocal system mounted on a Nikon Eclipse Ti microscope equipped with a 60x/1.49 
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NA APO TIRF objective, Hamamatsu C9100-50 EMCCD camera, and an environmental 

chamber to maintain cells at 37 °C.  Five images from EGFP (488 nm laser excitation 

line, 527/55W emission filter) and mCherry (561 nm laser excitation line, EM445/60W-

615/70W emission filter) channels were captured before and after photobleaching 

mCherry using 25 passes of the 561 nm laser at full power.  EGFP images acquired 

before and after photobleaching were merged to ensure that all pixels were aligned in 

each image prior to proceeding to subsequent FRET calculations.  Following background 

subtraction, FRET efficiency for individual pixels was calculated using the ImageJ 

software (Rasband, W.S., ImageJ, U.S. National Institute of health, Bethesda, Maryland, 

USA, http://imagej.nih.gov/ij/, 1997 – 2012) essentially following the protocol of Deakin 

et al. 
17

 using the following formula to calculate FRET efficiency:  FRETeff = 1-Dpre/Dpost, 

where Dpre is donor intensity before bleaching and Dpost is donor efficiency after 

bleaching.  Processed FRET efficiency images were smoothed and displayed on the color 

intensity scale shown in Figure 4.5.  The fold-change of FRET efficiency was calculated 

by measuring the mean EGFP intensity within the bleached rectangle, then dividing that 

figure by the mean EGFP intensity in the same sized rectangle placed in 3-5 locations in 

the cell that were unbleached.  
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4.8. Supplementary Table and Supplementary Figures 

 

 

FN3 variant G
H2O

 (kcal mol
-1

) m (kcal mol
-1

 M
-1

) Cm (M) 

FN3
BN

 5.79 ±0.7 2.02 ±0.3 2.78 ±0.04 

FN3
BN+V77A

 4.18 ±0.5 2.29 ±0.6 1.96 ±0.3 

FN3
BN+V77G

 4.50 ±0.1 2.80 ±0.1 1.61 ±0.04 

FN3
BN+I75V

 4.10 ±0.3 1.47 ±0.1 2.77 ±0.01 

FN3
BN+I75A

 2.25 ±0.1 2.05 ±0.1 1.11 ±0.03 

 

Table S4.1.  Stability parameters of FN3 variants (pH 7.0, 20 °C) obtained by fitting 

denaturation data to the equation G = G
H2O

 – m[GdnHCl].  Cm is the midpoint of 

denaturation.  Errors are standard deviations of triplicate experiments.  
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Figure S4.1.  Simulations of Eqs. 1-3 (see text) showing fractions of N*L (A) and N* (B) 

as a function of ligand concentration.  Data sets were generated using Kex = 10
5
 M

-1
, Ka = 

10
8
 M

-1
, and Kunf values of 5 10

-5
 (black circles), 0.02 (blue squares), and 10 (red 

diamonds).  Concentrations of N and P were set to 2 M each.  Lines in panel A are best 

fits of the simulated data to the one-site binding equation; fitted Ka,app values are 9.7 10
5
 

M
-1

 and 2.2 10
5
 M

-1
 for the red and blue data sets, respectively.  Simulations were 

performed using the Gepasi program [Mendes, P. (1997) Biochemistry by numbers: 

simulation of biochemical pathways with Gepasi 3.  Trends Biochem. Sci. 22, 361-363]. 
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Figure S4.2.  Guanidine hydrochloride (GdnHCl)-induced denaturation of FN3 variants 

monitored by Trp fluorescence.  For each emission spectrum (350 – 450 nm), the 

wavelength of maximum fluorescence (Fmax) was determined using the peak analysis 

package of the Igor Pro program (WaveMetrics).  These data were then fit to the two-

state linear extrapolation equation to generate the lines above.  Samples were prepared by 

mixing a solution of protein (5 – 10 M) in 20 mM sodium phosphate (pH 7.0) with an 

identical solution of protein in the same buffer plus 5 – 7 M GdnHCl, using a Hamilton 

Microlab 540B dispenser.  Samples were equilibrated for 3 h at 20 °C.  Data were 

collected on a Horiba FluoroMax-4 fluorometer with an excitation wavelength of 280 

nm.  Final denaturant concentrations were determined by index of refraction. 
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Figure S4.3.  Size exclusion chromatograms of WT FN3-HA4 (black) and the GSSV → 

YGGG mutant used in the present study (red).  Protein concentrations are ~30 M.  Data 

were collected using a Superdex-75 column (GE Healthcare). 
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Figure S4.4.  Size exclusion chromatograms of (FN3
BN

+P48+SH2) (black) and 

(FN3
BN+I75V

+P48+SH2) (red).  Protein concentrations and experimental conditions are 

identical to those of Figure 4.2 of the text. 
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Figure S4.5.  Unprocessed fluorescence spectra of FN3
BN+I75A

 (labeled with donor at the 

N-terminus) plus acceptor-labeled P60 are overlaid to show ratiometric changes in 

fluorescence intensity as a function of increasing SH2 concentration, from zero (black) to 

50 M (dark red) SH2.   
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Figure S4.6.  Switching kinetics monitored by FRET.  (A) and (B) show on-rates (closed 

symbols) and off-rates (open symbols) of the P48 and P60 sensors, respectively.  

FN3
BN+I75A

 labeled with Alexa488 at the N-terminus (2 M) was pre-mixed with 

Alexa495-labeled P48 or P60 (2 M).  SH2 (50 M) was then added and fluorescence 

emission spectra were recorded as described in the text.  Dissociation measurements were 

performed by adding a 10-fold excess of unlabeled FN3
BN+I75A

 (20 M) to the above 
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ternary complexes.  (C) The rate of ternary complex formation does not depend on SH2 

concentration.  Experimental conditions are identical to those in panel A except protein 

concentrations are 0.5 M FN3
BN+I75A

, 0.5 M P48, and 10 M SH2 (black circles), 20 

M SH2 (blue squares), or 40 M SH2 (red triangles).  Lines are best fits of the data to 

single-exponential functions.  Fitted kon values are (from lowest to highest SH2 

concentration and in units of 10
-4

 s
-1

):  5.45, 6.84, and 5.86.  
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Figure S4.7. FRET images of Cos7 cells transfected with: (A) EGFP-FN3
BN+I75A

 and 

mCherry-P48, and (B) EGFP-FN3
BN+I75A

, mCherry-P48, and SH2.  Boxes indicate areas 

in the cell that were photobleached.  Colored borders around images in panel B denote 

cells in which the ratio of FRET efficiency inside versus outside the box is >3 (red), 2 – 3 

(blue), and <2 (purple).  



 
 

 

 

 

 

Chapter Five 

 

Conclusions and Perspectives 
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 Natural proteins are highly adept at navigating the vast sequence space to encode 

a remarkable diversity of specified functions.  One aspect of protein engineering is 

concerned with understanding the fundamental basis of this molecular diversity, i.e. the 

interplay between optimized sequence-, structure-, and function.   Another intriguing 

aspect is to exploit our insights on how functional proteins are distributed in sequence 

space so as to harness these evolved properties to rationally engineer novel functions into 

proteins.  In this thesis, we focused on the application of protein engineering, using the 

knowledge of protein folding and thermodynamics, to rationally modify an existing 

strategy, the Alternate Frame Folding (AFF) mechanism (Chapters 2 and 3), as well as to 

develop a novel approach, the Protein Fragment Exchange (FREX) mechanism (Chapter 

4), for converting ordinary binding proteins into conformational switches for biosensing. 

While we have had successes with some designs, others failed to exhibit desired behavior.  

Here, we draw the following conclusions, with the anticipation that these findings will 

continue to guide us as we search for optimal biomolecular designs amongst the vast 

sequence space.  

 

Circular Permutation: Influence of Chain Connectivity versus Backbone Contacts 

 Protein properties (function, folding kinetics, stability, etc.) are intimately 

connected to its structural topology.  A well-defined three-dimensional protein structure 

is reflective of a combination of non-covalent interactions established under the steric 

limitation of its linear sequence connection.  While covalent connectivity renders the bulk 

of the potential conformational space inaccessible, it also drives effective folding by 
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reducing the energetic cost of unfavorable conformational entropy.  Therefore, chain 

connectivity is naturally regarded as essential for protein structure.   

Circular permutation, on the other hand, is an emerging protein engineering 

strategy that often demonstrates that despite disruption in the protein backbone 

connectivity, the protein may still retain its structure and function.  Although there are no 

explicit guidelines regarding what makes one permutation site more suitable that another, 

structural intuition often directs us to the surface loops/turns while avoiding secondary 

structural elements.  Nonetheless, some surface loops and turns are more tolerant to chain 

disruption than others.  For example, the permutants used in our previous AFF studies, 

based on the calbindin D9K 
1-3

 and ribose binding protein 
4
 scaffolds, all exhibited 

desirable properties.  These permutants were all stable, monomeric, and functional.  In 

the case of Calbinbin D9K, the permutant is even more stable than the wild-type protein 
1
.  

In contrast, in our hSrx study described in Chapter 2, none of the targeted surface loops 

of hSrx produced viable permutants.  While cleaving loops close to the ligand binding 

site resulted in significant destabilization of the native fold (cp55 and cp75), or even a 

complete loss of structure (cp98) and/or function (cp111), targeting loops distant from the 

active site also produced only partially folded permutants (cp88, cp89, cpΔ86–90).  

Similarly, for the FN3 study described in Chapter 3, permuting at the EF loop 

significantly affected the protein’s stability, topology, and affinity; whereas these effects 

were less pronounced when cleaving at sites within the CD or DE loops.  In this section, 

we will take a closer look at why certain loop locations failed to serve as a permissible 

permutation site.   
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We have previously discussed in depth the underlying forces that contribute to the 

successful permutation of FN3.  Specifically, Ser68-Pro69 failed as a viable permutation 

site because the EF loop of FN3 constitutes the conserved Δ5 type tyrosine corner motif.  

This critical local interaction, formed by Ser63 (EF loop) hydrogen bonding with Tyr73 

(F strand), bridges the two FN3 β-sheets (formed by β-strands ABE and DCFG) together, 

providing significant conformational restraint that stabilizes the overall FN3 β-sandwich 

fold.  Permuting at Pro69 physically separates the two β-sheets and the non-covalent 

interaction between Ser68 and Tyr73, thereby increasing the conformational entropy and 

destabilizes the overall fold.  In contrast, the CD and DE loops lack any major local 

interaction.  Therefore with the exception of Ser58 – Ser59 bisection, which disrupts the 

hydrogen bonding of Ser59 with Pro 56, these loops served as viable permutation sites 

(for more detailed discussion, refer to Chapter 3, Section 3.4).  

For hSrx, bisecting surface loops at residues Ser55, Ser75, Gly98, and Glu111 did 

not result in any viable permutants.  These residues are located proximal to the ATP 

binding site of hSrx.  By structural inspection, the region around the binding site is 

densely packed with non-covalent backbone and side chain interactions (Figure 5.1, 

Table 5.1).  Since permuting in these regions has deleterious effects on hSrx both in 

terms of structure and function, it is reasonable to speculate that these regions may 

constitute the folding nucleus 
5, 6

 and the functional elements 
7
 of the protein.  However, 

the same analogy is insufficient to explain why cp88, cp89, and cpΔ86–90 are only 

partially folded, despite their retained functionality as well as having a permutation site 

opposite to the binding site.   
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Figure 5.1.  X-ray structure of the engineered-truncated variant of human sulfiredoxin 

(hSrx) in complete with Mg-ATP showing distribution of non-covalent backbone and 

side-chain interactions (PDB ID: 3CYI).  Hydrogen bonds are indicated by blue lines.  

Permutation sites are indicated by black arrows.  The two residues flanking each 

permutation sites are shown in orange.  

 

  



226 
 

  



227 
 

 

Table 5.1.  Interaction of residues for protein scaffolds used in Alternate Frame Folding 

studies.  Blue lines represent backbone or side-chain hydrogen bonds.  Orange residues 

indicate the location of permutation sites.   
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For a small, single-domain protein, surface loops and turns can sometimes 

participate in non-covalent interactions that are critical for the overall stability of the 

protein, as in the case with hSrx (Figure 5.1).  The non-covalent contacts found within the 

β3-β4 loop comprising of residues Gly86 – Gly90 are listed in Table 5.1.  There are a few 

elements within this loop that makes it tricky to permute the protein.  First, all the 

residues in this loop participate in hydrogen bonding with a neighboring residue; 

permuting anywhere within this loop potentially leads to destabilization of the protein 

fold.  Notably, both Gln88 and Gly90 covalently interact with the C-terminal residue 

Gln137.  In wild-type hSrx, the overall protein fold is stabilized by the “anchoring” 

interaction of Gln137 to these two loop residues.  This anchoring effect is further 

enhanced by the interaction of Leu136 to Ala87.  Permuting anywhere within this loop 

disrupts these stabilizing forces by separating the β3 and β4 strands such that the C-

terminal portion of the protein is no longer kept in place by interactions with the loop 

(Figure 5.1).  This results in an increase in conformational freedom in this region as the 

protein folds, as well as an increase in flexibility in the final folded structure, both of 

which are destabilizing to the protein.   

Compounding on these unfavorable forces, the flexible glycine-rich nona-peptide 

linker used to connect the original N- and C- termini in the circular permutant constructs 

further contributes to the overall energetic penalty by increasing the entropy of loop 

closure.  We speculate that this is another critical contributing factor for the overall 

destabilizing effects observed for cp55, cp75, cp98, and cp111.  To circumvent this 

problem, it may be possible to decrease the linker length by truncating the native C-

terminus α-helix (Thr121 – Gln137), such that the distance between the N – C termini is 
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reduced from 21.7 Å (Ile38:Gln137) to 11.4 Å (Ile38:Ser120).  Accordingly, a tri-peptide 

linker should be sufficient to connect the two termini, significantly reducing the degree of 

conformational freedom and restoring hSrx stability.  Lutz et al. demonstrated the 

feasibility of this strategy by truncating the poorly structured (~30-residues) C-terminus 

region of Candida antarctica lipase B (CALB) by five residues.  The resulting circular 

permutant variant, cp283, exhibited improved protein stability over its predecessor that 

retained the original five C-terminal residues (plus an additional hexa-peptide linker) 
8, 9

.  

In this specific example, however, the increase in cp283 stability post-truncation was 

accompanied by the domain swapping effect of the N-terminal segments of two cp283 

monomers.  We do not anticipate similar consequences for an hSrx truncation, since the 

C-terminal α-helix does not partake in any non-covalent interactions with the rest of hSrx 

aside from the β3-β4 loop residues Gly86 – Gly90.   

We now extend these new insights to the CP constructs reported in our previous 

AFF studies 
1, 4

 to delineate the molecular attributes of what makes a particular 

permutation site permissible.  In the calbindin-AFF study 
1
, calbindin D9K was permuted 

at the α3-α4 loop in the second EF hand between residues Gly42 – Pro43 to create cp43 

(Table 5.1, orange).  In wild-type calbindin D9K, this loop is completely devoid of any 

non-covalent interactions; bisecting anywhere within this loop region will most likely 

result in stable permutants.  Interestingly, two conformations of wild-type calbindin D9K 

have been reported, corresponding to the cis-trans isomerization of the protein about the 

Gly42 – Pro43 peptide bond 
10

.  Permuting calbindin D9K at this position presumably 

alleviates the localized structural perturbation that accompanied the cis-trans 
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isomerization.  This could explain why cp43 exhibited higher stability than its parent 

protein 
1
.  

In the RBP-AFF study, four CP variants (cp60, cp70, cp186, cp210) were 

incorporated into the final AFF construct, corresponding to bisecting T. tengcongensis 

ribose binding protein (RBP) at the following surface loop positions Asp59 – Val60, 

Asp69 – Ala70, Asp185 – Ala186, and Gly209 – Ile 210, respectively 
4
.  As listed in 

Table 5.1, these residues are involved in a wide range of non-covalent interactions with 

their neighboring residues.  Permuting at these positions is expected to destabilize the 

overall protein fold to some extent.   Nonetheless, RBP is a large protein (277 amino 

acids) with a significant amount of non-covalent interactions throughout the folded 

protein (Table 5.1).   Collectively, these stabilizing forces presumably compensates for 

the destabilizing effects of loop cleavage, thereby producing viable permutants.  

Therefore, it may be advantageous to permute a protein with high intrinsic stability.  

 Based on the results presented in this section, the effects of circular permutation 

on the overall structure and function of a protein are perhaps not as unpredictable as once 

thought.  Through these insights, we are able to devise a preliminary set of guidelines that, 

when carefully considered in combination, should facilitate our rational search for a 

viable circular permutant for protein engineering purposes:     

1. It is advisable to start with a protein with a known high-resolution structure.  

2. When in doubt, target surface loops/turns rather than secondary structural 

elements to lessen the chances of disrupting critical non-covalent interactions as 

well as introducing charged termini into, for example, the hydrophobic core of the 

protein.  
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3. Avoid positions within surface loops with major contribution toward the overall 

protein stability, e.g. conserved tyrosine corner motif in FN3, or disrupting the 

“anchoring” effect of a terminal helix in hSrx.  

4. Try to permute a position that would relieve any possible local structure 

perturbation, e.g. cis-trans isomerization in calbindin D9K.  

5. Truncate any terminal residues that would increase the overall entropy of loop 

closure when designing the linker.  A portion of the unstructured residues could 

be incorporated into the linker design.  Shortening of the linker also help to 

minimize the potential conformational freedom in the final CP construct.   

 

Intra- versus Intermolecular Folding 

 Like circular permutation, fragment complementation typically results in near 

identical structure as that of the intramolecularly-folded native protein.  This 

phenomenon highlights the critical influence of long-range interactions on defining a 

protein’s structure.  Despite the diversity or complexity of protein folding pathways and 

their folding free-energy landscapes, all folding reactions can be generalized into one 

simplified unifying mechanism: the nucleation-condensation model 
11

.  That is, residues 

from various regions of the linear chain interact in a concerted and cooperative manner, 

such that the formations of secondary and tertiary structure are strongly coupled about the 

critical folding element known as the folding nucleus.  These long- and short-range 

interactions play an essential role in maintaining protein stability, whether the protein is 

folded inter- or intramolecularly 
12

.    
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One notable difference, however, is that unlike intramolecular folding, fragment 

complementation involves an additional energetic consideration, the cratic entropy (the 

loss of translational entropy) 
13

, due to the fact that the two molecules can exhibit 

alternate conformations in solution other than associating to form a “complex” 
14

.   

Accordingly, certain bisection points are more effective than others for promoting 

complementation.  In our FREX study (Chapter 4), FN3 fragments bisected at the CD 

loop (at Ser48) complements with higher affinity than those bisected at the DE loop (at 

Ser60), whereas EF loop bisection (at Pro69) resulted in no detectable association.  These 

results reflect the effects of chain discontinuity on the overall balance of stabilizing 

contacts.  Folding (complementation) can occur only if the free-energy of folding is 

sufficient to overcome the energetic cost of bringing two separate fragments together. 

This energetic balance in turn dictates whether a particular location within the 

polypeptide chain can tolerate bisection, and more importantly, capable of association 

and intermolecular folding.   

The successful association of two fragments implies that the protein’s “code” for 

inherent non-covalent contacts are strong to drive native-like pairing of the fragments, 

and that affinity of these contacts are adequately higher than the energetic cost of the 

individual fragments forming other non-pairing conformations.  The significant 

contributions of these non-covalent contacts to the overall stability of the protein make it 

possible for the protein to sacrifice one of its covalent bonds yet restoring its native 

structure.  One can expect that the breakage in the polypeptide chain to be more readily 

tolerated in regions lacking critical folding elements or critical interactions, usually in 

surface exposed loops or turns.  It is therefore not surprising that bisection points that 
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generate fragments with high association affinity (Chapter 4) often correlates very well 

with permissible circular permutation sites (Chapter 3) for the same protein.  

 

Folding versus Three-Dimensional Domain Swapping 

  Proteins are not mere static structures.  Rather, their internal dynamics allow them 

to continually cycle through all possible conformations, ranging from native structures to 

globally unfolded species plus any combination of partially folded structures between the 

two states.  The unfolded or partially folded protein may refold back to its native 

structure, or it may adopt an alternate, three-dimensional domain swapped conformation 

via intermolecularly folding with another identical molecule.  Eisenberg, who coined the 

term three-dimensional domain swapping 
15

, suggested that all proteins are capable of 

forming three-dimensional domain swapped species given the right conditions 
16

.   

 One may think of the three-dimensional domain swapping process as a simple 

equilibrium reaction:  

    M + M  D      [14] 

The equilibrium constant for the reaction is defined as: 

    K = [D] / [M]
2
      [15] 

where [M] is the concentration of the monomer and [D] is the concentration of the dimer.  

The free-energy difference can be defined as: 

    ΔG
H2O

 = - RT lnK = - RT ln([D]/[M]
2
)  [16] 

Therefore, the driving force towards three-dimensional domain swapping is solely 

dependent on the equilibrium of the M + M  D reaction and the protein concentration 

of the monomeric species.  While the concentration factor is obvious, the equilibrium can 
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be subjected to alteration by numerous elements, such as interactions at the open/closed 

interface, composition of the hinge region, stabilization/destabilization of the 

monomer/dimer, or alteration of the folding nucleation site 
17, 18

.   

 The tendency for the cp69 variant used in our FN3-AFF study to form higher 

oligomeric species (Chapter 3) indicates that the propensity for three-dimensional domain 

swapping may also represent an “innate defense” mechanism for proteins to respond to 

and counter instability.  Permuting FN3 between Ser68 and Pro69 disrupts the critical 

hydrogen bonding interaction of Ser68 and Tyr73 within the conserved tyrosine corner 

motif, resulting in significant destabilization to the overall protein fold.  This strain in the 

monomer is relieved via domain swapping, where additional interactions can be formed 

at the open interface, to form an energetically more favorable conformation without any 

loss of function to the protein.   

 Like circular permutation and fragment complementation, three-dimensional 

domain swapping is analogous to native intramolecular folding in that the overall protein 

structure is a result of a collection of highly optimized non-covalent interactions.  In 

similar regards, domain swapping may also be regarded as a complementation reaction, 

in which “fragments” from two or more intact protein chains interchange structural 

elements during intermolecular folding.  On the other hand, domain swapping is inversely 

correlated with the successful design of stable and monomeric circular permutants.   That 

is, if the critical non-covalent intramolecular interactions of the parent protein are 

compromised by circular permutation, such as bisecting the protein within essential 

folding elements or strain caused by short linkers connecting the original termini, the 

resulting protein will be significantly destabilized, thereby favoring domain swapping e.g. 
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FN3 cp69 (Chapter 3) and CALB cp283 
9
.  In contrast, if permutation does not affect any 

critical folding elements or the overall stability of the protein fold, then domain swapping 

will not be a concern 
1, 4

.  Accordingly, it may be feasible to exploit circular permutation 

as a mean to engineer domain swapping for protein design purposes, simply by target 

locations within a protein where bisection is not well-tolerated (i.e. destabilizing 

monomeric circular permutants to promote domain swapping).  

 

Overall, the results of this study offer important insights into the complex 

combination of favorable forces that contribute to the stabilization of a protein’s native 

fold.  A fundamental understanding of these interactions as well as the interdependence 

of different protein structural levels will facilitate our protein engineering efforts to 

dissect observed protein properties as well as to rationally manipulate and optimize them.  
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