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Abstract 

Engineering modifiable monobody-based biosensor scaffolds for use in vitro and in cells  

Maria F. Presti & Stewart N. Loh 

Protein-based fluorescent biosensors are powerful tools for analyte recognition in vitro 

and in cells. Many protein-based binding scaffolds have been developed that recognize 

ligands with affinity and specificity comparable to those of conventional antibodies, but 

are smaller, readily overexpressed, and more amenable to engineering. Like antibodies, 

these binding domains are useful as recognition modules in protein switches and 

biosensors, but they are not capable of reporting on the binding event by themselves. Here, 

we engineer two adaptable monobody-based biosensor scaffolds. The first, termed FN3-

AFF, is composed of a small binding scaffold—a consensus-designed fibronectin 3 

monobody—that it engineered so it undergoes a conformational change upon ligand 

binding. This change is detected by Förster resonance energy transfer using chemical dyes 

or cyan and yellow fluorescent proteins as donor/acceptor groups. By grafting substrate 

recognition residues from different monobodies onto this scaffold, we create fluorescent 

biosensors for c-Abl Src homology 2 (SH2) domain, WD40-repeat protein 5 (WDR5), 

small ubiquitin-like modifier-1 (SUMO), and h-Ras. The biosensors bind their cognate 

ligands reversibly, with affinities consistent with those of the parent monobodies, and with 

half times of seconds to minutes. We modify the rates of the FN3-AFF switch using a 

combination of computational strategies and experimental validation to identify rate 

altering mutations. The resulting mutant results in a 2-fold improvement of kinetics (0.88 

s-1 to 1.65 s-1). The second design is an intensiometric biosensor, termed YFP-FN3, created 

by circularly permuting a naturally occurring fluorescent protein and fusing FN3 of three 



xvi 
 

targets (WDR5, SH2, and HRAS) to it. Ligand binding to the FN3 greatly enhances the 

fluorescence of the fused fluorescent protein by causing its chromophore to mature. We 

illustrate the utility of these biosensors for imaging proteins in cells, recognizing 

endogenous levels of one of the targets, WDR5.  These designs serve as generalizable 

platforms for creating genetically-encoded, ratiometric or intensiometric biosensors by 

swapping binding residues from known monobodies, with minimal modification. 
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1.1 An introduction to biosensors 

In their simplest form, biosensors are any device used to detect a biological analyte 

such as proteins, DNA, RNA, or small molecules1,2. These sensors typically consist of an 

input domain, something that recognizes the target (bioreceptor), and output domain, 

something that translates analyte recognition into a meaningful and quantifiable signal. 

Biosensors have implications in many aspects of life, including research and development, 

medicine, agriculture, and day-to-day living, which will be discussed more below.   

1.1.1 A brief history and uses in modern day life 

Biosensors have been around in one shape or form since the early 1900s, with 

beginnings stemming from the conceptualization of pH and the pH scale3,4. The first “true” 

biosensor, in the more modern sense, was an oxygen electrode developed in 1956 by 

Leland C. Clark, Jr., who needed a way to monitor blood oxygen levels during 

cardiovascular surgeries5. Clark, along with Champ Lyons, later went on to develop an 

amperometric enzyme electrode for glucose detection6 in 1962, based off the “Clark 

electrode” previously made. Due to his inventions, Clark was later deemed one of the 

“founding fathers in the field of biosensors”5. Biosensors wouldn’t become commercially 

available until about a decade later, with the emergence of biosensors for glucose detection 

being produced and sold by Yellow Spring Instruments (YSI) in 19757,8.  

Since the mid-1900s, the development and uses of biosensors have exponentially 

grown (Figure 1.1A), to the point where biosensors have become integrated into the lives 

of the average consumer (Figure 1.1B). Electrochemical glucose monitors, lateral flow 

pregnancy tests, and (more recently) Covid-19 antigen tests are all examples of 

commercially available biosensors one can find by simply walking down the rows of a 
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local pharmacy or grocery store. In the agricultural field, biosensors are used to monitor 

soil quality9 and ensure crops are free of disease or parasites10. A subfield of biosensor 

development is devoted to the creation of sensors to monitor critical parameters in alcoholic 

fermentation11–14, chocolate and cheese making15–17, and meat processing and handling18–

20, among other food quality monitoring21,22. Biosensors are also have implications in 

environmental monitoring23, water quality management24, and in the identification of 

toxins25–27. Medical professionals use biosensors for disease and hormone detection, and, 

closely related, researchers use biosensors for drug and pathogen discovery, as well as 

markers for various assays28,29. In the past several years, a field of “wearable biosensors” 

has emerged30, with applications such as continuous real time biofluid monitoring31 and 

fine tuning the use of prosthetics32. As the field of biosensor development grows, so too 

does its list of applications. It is only a matter of time before more and more biosensors 

become commercially available for day-to-day use; you may see some more on your next 

trip to the grocery store.   

 



4 
 

 



5 
 

Figure 1.1: The growth of the biosensor development field and biosensor applications. 

(A) Publications of biosensor-related papers since 1965. Since the early 2000s, the 

biosensor field has grown exponentially, with thousands of papers published each year. (B) 

Biosensors are composed of an input domain coupled to an output domain (blue). Their 

applications span across multiple disciplines, such as medicine, agriculture, and 

environmental sciences. Since their inception, some biosensors have become of 

mainstream use.    

 

1.1.2 Biosensor characteristics 

All highly effective and capable biosensors, regardless of design or definition, share several 

important attributes. According to these characteristics, listed below, performance of 

biosensors can be optimized for a specific target system2,33–35. Importantly, biosensors must 

be sensitive and selective to their respective analytes, reproducibly responsive, and the 

output must be linear and quantifiable.  

(a) Selectivity: The input domain, or bioreceptor, must be able to detect a particular 

target analyte in a dirty or complex environment, such as serum, which may contain 

unwanted contaminants.  

(b) Sensitivity: The minimum amount of analyte needed for detection by the biosensor.  

(c) Response time: The time taken for the biosensor output to reach >90% of its final 

value after exposure to an analyte or a change in analyte concentration.  

(d) Reproducibility: Reproducibility is the ability of the biosensor to generate identical 

responses for a duplicated experimental set up, characterized by accuracy and 

precision. Accuracy is the sensor’s capability to generate a mean value close to the 
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actual value when a sample is repeatedly measured and precision is the ability of 

the sensor to give similar responses in repeat measurements in a given sample. 

(e) Linearity: Linearity contributes to the accuracy of the output domain, or measured 

results. Higher linearity corresponds to higher resolution (the ability to detect slight 

changes in analyte concentration).  

(f) Stability: Stability is the degree of vulnerability to environmental disturbances in 

and around the biosensor. Stability is of particular importance where continuous 

monitoring or long incubation steps is required. Factors affecting stability can 

include bioreceptor degradation over time, bioreceptor affinity, and output 

sensitivity (e.g. to temperature, pH, photobleaching, etc.).  

While all these characteristics are important, several are focused on throughout this 

dissertation: modifying selectivity (Chapter 2), response time (Chapter 3), and output 

(Chapter 4).  

1.1.3 Challenges in biosensor development 

Biosensors have been under development for the past ~50 years, with research in 

the field making significant advances in the past ~15 years. With that said, development of 

biosensors for practical use is difficult, with the vast majority of biosensors never making 

it past the academic proof-of-concept stage. A central challenge in biosensor design, 

particularly those based on protein conformational switches, is the development of 

mechanisms to couple the input and output signals such that binding of the input domain 

induces a conformational change that can be identified and reported by the output domain. 

Moreover, once a biosensor is developed for targeting a specific analyte, or small class of 

closely related analytes, it is only useful for that particular target. If a new analyte-detecting 



7 
 

biosensor is desired, researchers must go back to the drawing board. Several other factors 

contribute to this difficulty: 1) difficulties in translating academic research into a 

commercially viable prototype, 2) difficulties in forming collaborations between those with 

a background in biosensor technology or from multiple science and engineering 

disciplines, and 3) complex regulatory steps in clinical applications.           

From a research and development standpoint, biosensors are useful tools for 

identifying and monitoring disease relevant biomarkers, proteins and other molecules 

upregulated in various diseases.  An adaptable design for creating biosensors could ease 

the development of biosensors for disease-specific biomarkers, expanding the available 

pool for research and clinical applications. With more advancements in biosensor design 

and a large pool of available target-specific sensors to choose from, these sensors have the 

potential to identify disease relevant markers in a fast, reliable, and minimally invasive 

manner.    

We opted to create adaptable biosensors with protein scaffolds, as proteins have 

been evolved to be excellent binders to biological targets such as DNA, RNA, small 

molecules, and other proteins, with implications in diverse cellular processes, and are able 

to be converted into conformational switches. In addition to their binding ability and use 

as biorecognition domains, proteins serve as excellent output domains through 

fluorescence (e.g. GFP, mCherry, etc), bioluminescence, enzymatics, and degradation 

systems, among others. In the following sections, overviews of protein conformational 

switches, protein engineering tools, and adaptable scaffolds will be given to provide 

context for Chapters 2-4, in which the development of adaptable biosensors and their 

rational tuning are discussed. 
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1.2 Protein conformational switches   

Here, I define a protein conformational switch as one in which the input and output 

domains are combined into a single molecule. This is often accomplished by fusing 

receptor and reporter domains in such a way that allosteric, interdomain conformational 

changes occur. Switch designs can be classified into three broad categories. The first uses 

an input domain that has naturally evolved the ability to switch between two stable 

conformations in response to a stimulus. In the second design, the input domain is an 

existing protein that has a single fold, with conformational change being achieved via a 

folding/unfolding reaction that is linked to ligand binding. The third category involves 

similar mechanisms but employs de novo design principles to generate sequences and 

structures that may not have existed previously. In each case, the designer is faced with the 

challenge of converting the binding interaction to an observable signal by means of 

coupling the input response to an output response.  

Examples of protein conformational switches in each of these categories are 

discussed below, along with their designs, kinetic and design barriers (and the experimental 

approaches that have been used to identify and modulate these barriers, if applicable) 

(Chapter 3), outputs (Chapter 4), and modular ability (Chapters 2 and 4). Methods of 

protein engineering are discussed further in section 1.3, with adaptable scaffolds discussed 

in section 1.4.     

1.2.1 Binding-Induced Folding Switches 

All native proteins can be made to unfold, and many proteins (including some that 

are disordered) recognize ligands with high affinity and specificity when they are folded. 

These features make binding-induced folding a generalizable platform for biosensor 
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engineering. One such example is the alternate frame folding (AFF) design (Figure 1.2), 

which was used to convert the small calcium binding protein, calbindin D9k, into the 

fluorescent calcium sensor, calbindin-AFF36. The AFF modification entailed duplicating 

the N-terminal EF-hand of calbindin (that contained a calcium-binding residue; cyan in 

Figure 1.2A) and fusing it to the protein’s C-terminus (red). Joining the two polypeptides 

with a linker long enough to span the N-to-C distance of calbindin allowed calbindin-AFF 

to switch between two folding “frames”, one of which corresponded to the original amino 

acid sequence (WT frame) and the other to that of a circular permutant (CP frame). The 

duplicate segments extend from the C-terminus and N-terminus of the WT and CP frames, 

respectively, as disordered peptides. Binding of calcium to one of the duplicate EF-hands 

induces it to fold and dock against the shared region of calbindin-AFF (green), displacing 

and unfolding its counterpart. The switch was driven in either direction by mutating a 

calcium-binding residue in one or the other duplicate EF-hand, and the conformational 

change was reported by strategic placement of donor and quencher fluorophores. The turn-

on and turn-off half times were in the 1–10 s range. 
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Figure 1.2: Sequence and predicted structure of calbindin-AFF. (A) Linear amino acid 

sequence and numbering scheme for E65’Q (top) and E65Q (bottom). Red, green, and blue 

regions correspond to residues 44’-75’ (EF2’), 1-43 (EF1), and 44-75 (EF2), respectively. 

The permutant linker sequence is colored black and labeled with an L. For each mutant 

sequence, boxes and wavy lines indicate EF-hands that are expected to be folded and 
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unfolded, respectively, in the presence of calcium. (B) Predicted structures of E65Q in N 

and N’ conformations. The side chain of E65’ is colored light pink, and the R-carbon of 

Q65 is colored pale cyan. Calcium ions are shown as gray spheres. Calcium binding 

induces the red region to fold and the blue region to unfold. For the E65Q variant shown, 

conformation N’ is expected to be fully populated in the presence of a saturating level of 

calcium. The placement of Cys residues (C1* and C2*) is indicated by stars. Reprinted 

with permission from Stratton, M. M.; McClendon, S.; Eliezer, D.; Loh, S. N. Structural 

Characterization of Two Alternate Conformations in a Calbindin D9k-Based Molecular 

Switch. ACS Biochem. 2011, 50 (25), 5583–5589. https://doi.org/10.1021/bi102040g. 

Copyright 2011 American Chemical Society. 

 

Recently, the AFF design was employed in a color-switching biosensor, where the 

output domain was “built in” and served as part of the biosensor scaffold. This switch is 

composed of a circularly permuted FK506 binding protein (cpFKBP) input domain, that 

folds upon binding its analyte (FK506 or rapamycin), and an engineered green fluorescent 

protein (GFP) variant output domain (Figure 1.3A). The sensor works via an entropy 

switching mechanism (esAFF)37. The AFF design is employed on the GFP domain in a 

matter analogous to that of the calbindin-AFF sensor, in which a β-strand of GFP is 

duplicated and connected to the opposite terminus via a linker. The cpFKBP is inserted 

into the GFP such that binding drives a conformational switch in the output domain, and a 

color changing mutation is added to one of the duplicated GFP β-strands to differentiate 

the conformations. The esAFF sensor demonstrates a 6-fold green-to-yellow ratiometric 

fluorescence change in vitro (Figure 1.3B) and 35-fold intensiometric fluorescence 

https://doi.org/10.1021/bi102040g
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increase in cellulo (Figure 1.3C) upon ligand binding.  esAFF turn-on half times were much 

longer than that of the calbindin-AFF switch due to the high energy barriers present in GFP 

folding.   

 

Figure 1.3: Schematic of esAFF and its function in vitro and in cells. (A) esAFF sensors 

were created by circularly permuting GFP at the loop between β10 (green, with T203) and 

β11 and joining the original termini with a six-amino acid linker. The new termini are 

designated N′ and C′. A duplicate β10 strand (yellow, with Y203) and cpFKBP (blue) were 
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then appended to N′, establishing the mutually exclusive green-fold and yellow-fold. The 

gray β-strands and cylinder represent the structure shared between the green-fold and 

yellow-fold. In the absence of the ligand, the cpFKBP domain is mostly disordered, and 

the sensor populates the green-fold. Upon binding FK506 or rapamycin, the cpFKBP 

domain becomes structured and stabilizes the yellow-fold. (B) esAFF sensor is a 

ratiometric, ligand-induced green to yellow color switch in vitro with t1/2 ~5h. (C) esAFF 

sensor shows a large, intensiometric response in mammalian (COS7) cells. Adapted with 

permission from John, A. M.; Sekhon, H.; Ha, J.-H.; Loh, S. N. Engineering a Fluorescent 

Protein Color Switch Using Entropy-Driven β-Strand Exchange. ACS Sens. 2022, 7 (1), 

263–271. https://doi.org/10.1021/acssensors.1c02239. Copyright 2021 American 

Chemical Society. 

 

Many cellular processes are fast, occurring within seconds to minutes, but many 

protein conformational switches, especially those that utilize an unfolding/refolding event, 

can be slow. Thus, there is a need to be able to tune the rates of these switches to fit the 

biological processes of which they are reporting. For AFF and other binding-induced 

folding switch designs, it is reasonable to anticipate that ON/OFF switching times may be 

accelerated by lowering the barriers to folding and unfolding. Typically, this is done by 

introducing mutations that raise the free energy of native or denatured states relative to that 

of the transition state ensemble (TSE) by using the φ-value analysis approach (Section 

1.3.3). Nevertheless, identifying rate-enhancing mutations by experimental means remains 

largely a hit-or-miss prospect. Additionally, in the case of calbindin-AFF, the rate-limiting 

step appears to involve partial unfolding rather than global unfolding43, the former of which 

being more challenging to characterize by traditional φ-value analysis. Computational 
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methods were invaluable to improving the response rate of calbindin-AFF (Section 1.3.3; 

Chapter 3). 

1.2.2 Biosensors with Preexisting Switchable Input Domains 

In contrast to calbindin-AFF, the GCaMP family of genetically encoded calcium indicators 

(GECIs) employ an input domain (calmodulin, or CaM) that naturally evolved to undergo 

a dramatic conformational change upon calcium binding. In its calcium-free state, CaM’s 

N-terminal EF-hand, C-terminal EF-hand, and connecting polypeptide adopt a compact, 

closed conformation. Binding of Ca2+ to the EF-hands induces a shift to an extended state 

that exposes the connecting helix for binding to many protein domains such as the M13 or 

RS20 peptides from myosin light chain kinase. To transduce this change to a fluorescent 

output, GCaMPs fuse M13 (Figure 1.4) or RS20 (magenta in Figure 1.5B) and CaM to the 

N- and C-termini of GFP that has been circularly permuted near its chromophore44. The 

interaction between CaM and either the M13 or RS20 protects the chromophore from 

solvent access, resulting in fluorescent turn-on (Figure 1.4 B-E).
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Figure 1.4: Schematic and mechanism of GCaMPs. (A) Schematic of the primary amino 

acid sequence of GCaMP2 illustrating the domain organization. Domains are colored as 

depicted in C and E. Carets below the schematic show the positions of inter-domain linkers 

whose amino acid sequences are given. (B) Model of active GCaMP. Ca2+-binding induces 

interaction of peptide (M13) and CaM, resulting in the removal of solvent near the 

chromophore and subsequent fluorescence turn-on. (C) Structure of active (Ca2+-saturated) 

GCaMP2 monomer, as depicted in B. (D) Model of inactive GCaMP. (D) Structure of 

inactive (calcium-free) GCaMP2. The M13 peptide and the C-terminal half of CaM are not 
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included in the model due to lack of electron density, suggesting their flexibility. Figure 

adapted from Akerboom, J.; Vélez Rivera, J. D.; Rodríguez Guilbe, M. M.; Alfaro Malavé, 

E. C.; Hernandez, H. H.; Tian, L.; S.Andrew Hires, A. S.; Marvin, J. S.; Looger, L. L.; 

Schreiter, E. R. Crystal Structures of the GCaMP Calcium Sensor Reveal the Mechanism 

of Fluorescence Signal Change and Aid Rational Design. JBC 2009, 284 (10), 6455-6464. 

https://doi.org/10.1074/jbc.M807657200 (open access).  

 

GCaMPs and other GECIs have revolutionized studies of calcium signaling in vivo. 

To do so, it was necessary to shorten their response times to match those of rapid 

fluctuations in cellular calcium concentration (1–100 ms). The GCaMP response time is 

limited by its turn-off rate, which is determined not only by calcium release but also by the 

extended-to-closed conformational change of CaM that follows. Chemical intuition 

predicts that mutating residues in the CaM EF-hands (that weaken calcium binding) as well 

in RS20 (that weaken peptide binding) will accelerate the turn-off rate. Both predictions 

proved correct; turn-off rates were increased from 2.48 to 4.68 s–1 45, 5.8 to 21 s–1 46, and 

4.62 to 99 s–1 47, in various GCaMP GECIs. Accelerated turn-off rates tended to correlate 

with higher Kd of the sensors, especially for the EF-hand mutants. This relationship arises 

because any mutation that weakens ligand binding affinity (M13 and RS20 can be 

considered a second ligand in the GCaMP switch) will likely raise the free energy of the 

ON state relative to that of the OFF state, thus changing the sensor’s equilibrium properties 

(e.g., sensitivity).  

At a glance, it would seem that inserting any ligand-binding protein and 

corresponding peptide, or a protein and a fragment of it, at the near chromophore 
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permutation site would give a class of GCaMP-like sensors that are modifiable to bind 

multiple targets. This, however, is not the case, as trial and error is required to achieve this 

goal, despite efforts made to expedite this process48,49. These trial and error optimization 

steps are also needed for multiple component systems, as demonstrated recently with the 

development of a sensor for transiently expressed proteins (STEP)50. This sensor is 

composed of cpGFP from GCaMP347,51, a peptide from the BH3 domain of Bcl-2 (Bim) 

which is fused to the N-terminus of cpGFP (gSTEP), and a protein tag derived from Bcl-2 

family protein Bcl-xL (STEPtag). The gSTEP is allowed to mature in cellulo, where it is 

dim due to a solvent-exposed chromophore, before STEPtag is expressed to ensure the 

sensor is primed to detect its target. The gSTEP/STEPtag complex behaves similarly to 

GCaMP in that it induces an electrostatic change in the chromophore environment, 

allowing for fluorescence. Several attempts to the sensor development were made, with 

random mutagenesis (combinatorial saturation mutagenesis) and subsequent library 

screening used to optimize the linker, and several combinations of Bim-STEPtag variants 

and interactions tested, before a successful STEP sensor, gSTEP1, was created. These 

screening processes are seen in other GCaMP-like sensors that have been developed52–54. 

Streamlining this process to eliminate the need for random mutagenesis and other screening 

steps during sensor development would open the doors for rapid development of biosensors 

to novel targets.   

The class of photoactivatable proteins exemplified by the second light-oxygen-

voltage-sensing domain 2 (LOV2) from Avena sativa phototropin 1 is another example of 

a bioswitch built from pre-existing allosteric domains. Blue light absorption triggers the 

ON state, in which a covalent bond forms between the flavin mononucleotide (FMN) 
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chromophore and a conserved cysteine55. Cys adduct formation is coupled with the rotation 

of a conserved Gln with concomitant unfolding and dissociation of the N-terminal helix 

(A′α) and the C-terminal helix (Jα; magenta in Figure 1.5C) from the LOV2 core domain 

(gray)56,57. When the blue light is removed, the photoadduct spontaneously breaks and 

LOV2 returns to its OFF state, with A′α and Jα folding and rebinding to the core domain. 

Covalent changes to the FMN chromophore occur on the microsecond time scale, and Jα 

unfolding proceeds on the millisecond time scale. The ON to OFF reversion, however, 

requires minutes to hours, making it the rate-limiting step in the photocycle. Random 

mutagenesis of 7 of the ∼20 amino acid sites that comprise the FMN binding pocket 

identified mutants that exhibit reversion rates from 21-fold faster to 78-fold slower than 

those of WT LOV258. The mechanism(s) of rate enhancement remain unclear but may 

involve destabilization of the Cys-FMN adduct. 
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Figure 1.5: Protein conformational switches and their response times. (A) The 

calbindin-AFF construct (PDB ID for calbindin D9k: 3ICB38) switches via Ca2+-driven 

unfolding/folding of two duplicate EF-hands (cyan and magenta) and their 

dissociation/docking with a shared region (gray). (B) The GCaMP calcium sensor (PDB 

ID: 3EK439) entails Ca2+-induced binding of CaM (cyan) to the RS20 peptide (magenta), 

which protects the GFP (gray) chromophore from solvent and turns on fluorescence. (C) 

The LOVTRAP optogenetic construct (PDB ID: 5EFW40) involves light-triggered 
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dissociation of the Jα helix (magenta) from LOV2 (gray), resulting in dissociation of Zdark 

(cyan). (D) The lucCage biosensor (PDB ID: 7CBC41) is composed of a cage (gray) and a 

latch (cyan), to which an analyte recognition domain (magenta) has been fused. Binding of 

the analyte together with a key (which resembles the latch; not shown) causes the latch to 

dissociate and expose a sequence in the latch that complements and activates a reporter 

enzyme. (E) The SARS-CoV-2 spike protein (PDB ID: 6VXX42) involves opening of the 

receptor binding domain (cyan) from the core domain (gray), as gated by a glycan 

(magenta) attached to the N343 residue. 

 

An example of LOV2 used as in input domain for a functional switch is the LOV2 

Trap and Release of Protein (LOVTRAP) system40. LOVTRAP is a two-component switch 

consisting of LOV2 and Zdark, a 38-residue peptide that was evolved by mRNA display 

to bind the dark conformation of LOV2. The crystal structure of the dark-state complex 

revealed that Zdark (cyan in Figure 1.5C) binds to the LOV2 core domain as well as the 

tip of Jα. Light-induced unfolding of Jα causes Zdark to dissociate in under a second. As 

anticipated from earlier LOV2 studies, the dark-to-light conformational change limits the 

overall response time of LOVTRAP. Reassociation half-times were tuned from 10-fold 

faster to 26-fold slower (covering a range of 2 s to 9 min) relative to the WT LOV2 

construct40 by mutating two of the FMN-contacting residues previously described58,59. 

LOVTRAP has been used to introduce photocontrol to protein subcellular localization and 

protein–protein interactions. A protein of interest (POI) is fused to Zdark (or LOV2), and 

LOV2 (or Zdark) is sequestered to an organelle or anchored to a membrane. Light 

irradiation causes the POI to dissociate and diffuse to its preferred cellular location and 
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interact with its natural binding partner60. In addition to its use in the modular, two-

component Zdark system, reversible Jα unfolding has been employed to regulate functions 

of specific proteins by directly fusing LOV2 to nanobodies56, Src kinase61, Rac62, 

CamKII63, and others. A guide for how to engineer LOV2-based photoswitches, along with 

tables of the characterized kinetic mutants and potential applications, has been published 

recently64.  

1.2.3 De Novo Designed Switches 

While building complex allosteric pathways such as those encoded in the CaM and 

LOV2 sequences is presently out of reach, de novo design of novel protein scaffolds and 

binding interfaces has reached adolescence, if not maturity. De novo methods thus establish 

a route for creating binding domains that can be customized to recognize ligands of choice 

as well as new mechanisms for transducing input to output signals via coupled binding 

events. The latching orthogonal cage–key (LOCKR) family of protein switches, developed 

by Baker and colleagues, is composed of a six-helix bundle with the first five helices 

designated as the “cage” (gray in Figure 1.5D) and the sixth as the “latch” (cyan)65. The 

“key” is an exogenously added helix that resembles the latch and competes with the latch 

for docking to the cage. The latch embeds a peptide that can bind a protein partner but is 

made cryptic by burial in the latch–cage interface. The switch is turned on by addition of 

the key, which displaces the latch and exposes the peptide for binding its partner. The 

identity of the peptide establishes the output signal; existing examples are a Bim sequence 

(programmed cell death; Figure 1.6A) and a degron peptide (protein degradation). 

LOCKR switches are activated by a single binding event but are capable of multiple 

output functionalities. The related lucCage design reverses this relationship to enable 
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biosensors that bind different targets and produce a dedicated output signal (e.g., 

luminescence)41. To do so, the latch was modified to contain a domain at its C-terminus 

(Figure 1.6B) that was de novo engineered to possess shared affinity for the cage as well 

as to any one of a number of analytes to be detected (e.g. anti-apoptosis protein BCL-2, 

HER2 receptor, IgG1 Fc domain, and SARS-CoV-2 spike protein, among others). The 

activating peptide, also in the latch, was changed to a split luciferase fragment. The 

complementary luciferase fragment was fused to the key. The combination of analyte 

binding to the latch and key binding to the cage displaces the latch and allows the luciferase 

fragments to complement, turning on bioluminescence. 

 

Figure 1.6: Schematics of LOCKR, lucCage, and FREX. (A) LOCKR schematic. The 

switch is composed of a cage (cyan) and latch (blue) with a functional motif (orange) and 

key (green). (B) lucCage sensor schematic mechanism. The closed form of lucCage (left) 
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cannot bind to lucKey, thus preventing the split luciferase SmBiT fragment from 

interacting with LgBit. The open form (right) can bind to both the target and the key, 

enabling the reconstitution of SmBiT and LgBiT for luciferase activity. (C) Schematic of 

the FREX mechanism. 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 binary complex 

of N and P (N*P) does not form to a significant extent. Only in the presence of a ligand (L) 

do the blue and red segments exchange to generate the ternary complex (N*PL). Formation 

of N*PL is driven by the restoration of binding and packing interactions, supplied by the 

WT residues at those positions in P. LOCKR schematic (A) adapted under license number 

5446641043368. LucCage schematic (B) adapted under license number 5446650335676. 

FREX schematic (C) adapted with permissions from Zheng, H,; Bi, J.; Krendel, M.; Loh, 

S. N. Converting a Binding Protein into a Biosensing Conformational Switch Using Protein 

Fragment Exchange. Biochem. 2014, 53 (34), 5505-5514. 

https://doi.org/10.1021/bi500758u.  

 

LOCKR and lucCage represent combinations of folds and stabilizing interactions 

that do not exist in nature. Moreover, the Rosetta-based computational methods used to 

design them only target the final, lowest-energy structure. They do not consider partially 

folded structures, pathways, or barriers. A fundamental question thus arises: how do 

https://doi.org/10.1021/bi500758u
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switching rates of de novo designed proteins compare with rates of folding/unfolding and 

conformational changes of natural proteins? LOCKR and lucCage exhibit turn-on and turn-

off times in the minutes-to-hours scale41. These times are similar to those of the protein 

fragment exchange (FREX)-based biosensors66 (Figure 1.6C). Introduced in 2014, FREX 

sensors established the analogous unlocking/exchange mechanism to generate output 

(FRET) but were made from the human fibronectin 3 binding scaffold. This limited 

comparison suggests that de novo switches already operate with rates in the biological 

regime even though their designs are based solely on thermodynamic and not kinetic 

principles. Baker speculates that the folding landscapes of de novo designed proteins tend 

to be smooth funnels, devoid of large energy barriers, because the design process 

successfully eliminates competing low-energy states with very different structures67. 

Nevertheless, there is always room for improvement, and response times of switches based 

on de novo designs and natural proteins alike can be optimized by using computational 

approaches (Chapter 3). 

 In the following sections, protein engineering approaches used in this dissertation, 

as well as various adaptable biosensor scaffolds, will be discussed to provide context on 

developments in adaptable biosensor design as well as our approach to developing 

adaptable biosensor scaffolds (Chapters 2 and 4) and their rational tuning (Chapter 3).  

1.3 Protein engineering tools and methods used in this dissertation 

Over the past several decades, the tools and applications of protein engineering 

have grown and evolved to produce proteins with rewarding applications in medicinal 

sciences, industry, and more recently nanobiotechnology. These methodologies heavily 

rest on recombinant DNA technology, where gene modifications are expressed as 
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alterations in protein conformation and/or composition68. While there are many tools 

available, based on directed evolution, random mutagenesis, rational design, semi-rational 

design, computational design, and de novo design, I will focus on those used throughout 

this dissertation to provide context and a quick reference to these methodologies.  

1.3.1 Mechanisms to couple input to output signals 

Two predominant mechanisms are used to couple input to output signals in this 

dissertation: Alternate frame folding (Chapter 2) and circular permutation with domain 

insertion (Chapter 4).  

1.3.1.1 Alternate frame folding (AFF)  

The alternate frame folding (AFF) mechanism is a method used to introduce 

allostery into proteins that do not undergo an intrinsic conformational change36,43,69–72. The 

AFF mechanism, as well as how to create a functional AFF switch, has been described in 

detail73. Briefly, the full-length biosensor construct consists of the native sequence (Figure 

1.7A) and a segment duplicated from either terminus. The duplicated sequence (Figure 

1.7C, red) is fused to the opposite terminus from which it was duplicated, using a peptide 

linker long enough to span the termini of the parent protein. Duplication creates two 

mutually-exclusive folding frames, generating the native fold (N-fold) and circularly 

permuted fold (cp-fold) (Figure 1.7C).  Binding site mutations are introduced into one of 

the folds to create exclusivity of binding, while the shared sequence between the two folds 

(Figure 1.7 C, purple) ensures exclusivity of folding. Fluorophores are placed in the surface 

loop at which the native protein was permuted and the terminus the duplicated sequence 

was appended to. At these positions, the fluorophores are at the amino and carboxy termini 

of the cp-fold. These positions are proximal in all circularly permuted proteins, and FRET 
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efficiency is consequently high when the switch adopts the cp-fold (Figure 1.7D). When 

the sensor switches to the N-fold, the fluorophores become separated by the duplicated 

segment and FRET efficiency is expected to decrease (Figure 1.7E).  

A portion of the binding energy is used to drive the binding conformational change 

(e.g. from cp to N, or N to cp). Due to this, the observed Kd of the AFF switch will be 

greater than that of the native protein alone, by a factor of (1 + KN + Kcp)/KN, where K = 

exp (‐ΔG unfold/RT) for the respective N- and cp-folds66. The AFF mechanism has been 

used to create Ca2+- and ribose- binding biosensors, using calbindin36 and RBP70 scaffolds 

respectively, as well as an artificial HIV-1 protease activated zymogen71 and a protease-

activated, color-changing fluorescent protein72,74. With the exception of the color-changing 

fluorescent protein AFF, existing AFF sensors have made exclusive use of chemical 

fluorophores rather than genetically encoded fluorescent proteins. This is due to the C-

terminus of the cp-fold being in some position in the middle of the N-frame. Inserting a 

fluorescent protein into the N-frame may destabilize the N-fold, requiring thermodynamic 

rebalancing. With the color-changing fluorescent protein AFF, Do and Boxer circumvented 

this challenge by using the fluorescent protein itself as the scaffold. In this dissertation, I 

will demonstrate that inserting a circularly permuted fluorescent protein into the N-fold is 

possible (Chapter 2).   

1.3.1.2 Circular permutation with domain insertion  

Circular permutation is a naturally occurring phenomenon by which proteins have 

a changed order of amino acids. This results in a protein structure that is overall similar to 

the three-dimensional shape of the native protein, but connectivity within the protein 

structure varies75–77. Circular permutation can occur in one of several ways: evolutionary 
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events (e.g. permutation by duplication or fission and fusion)78,79, posttranslational 

modifications80, or artificially by engineered mutations75,77.   

In engineered circular permutants, the N- and C- termini are connected via a linker, 

and a cleavage site is added to an unstructured surface loop, that is not involved in binding, 

to create new N- and C- termini, denoted N’ and C’ (Figure 1.7B).  The circular permutant 

structure behaves like the native structure in both shape and binding. In protein engineering 

and biosensor applications, circularly permuting a protein allows for: 

• the control of N- and C- termini distance (where one can make the distance 

of N- and C- termini in a native very short in a circular permutant)  

• insertion sites for other proteins into the circular permutant (such as that 

seen in GCaMPs and other fluorescent proteins77,81)  

• insertion of circular permutants into other proteins (such as cpYFP in the 

N-fold of FN3-AFFGE, Chapter 2) 

• the creation of multiple folds a switch can occupy (such as that seen in the 

AFF switches) 

While circular permutation sites determined by rational design are often chosen to be in 

surface exposed loops, this may not always be the best site for permutation. The emergence 

of computational algorithms, such as SANA82 and SPELL83, has aided in the screening of 

circular permutation sites. 
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Figure 1.7: Schematics of some protein engineering strategies. (A) Schematic of a 

generic protein, “protein A”. (B) Circular permutant of “protein A”. Part of the sequence 

in the native protein (blue (A) to red (B)) is connected to the opposite terminus via a linker 

(black line). A split site is introduced, creating new N- and C- termini and a “cp protein 

A”. The native and cp versions of “protein A” vary in sequence order, but are overall 

similar in structure. (C) An alternate frame fold of “protein A” (“AFF-protein A”) is 

created by taking the native protein, duplicating part of the sequence (blue and red) and 

connecting it to the opposite terminus via a linker. This creates two folds in a single 

molecule. A single “AFF-protein A” can only occupy one of the two folds due to the shared 

sequence (purple). (D) cp-fold of “AFF-protein A”. Fluorophores placed at the N- and C- 

termini of the cp fold are in close proximity when the AFF occupies the cp-fold, giving a 
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high FRET output. (E) N-fold of “AFF-protein A”. Fluorophores in this conformation are 

distal in space, and low FRET is expected.   

 

1.3.2 Output systems 

While there are many biosensor outputs one can use in their design (e.g. 

bioluminescent, enzymatic, optogenetic, among others), we opted to use ratiometric 

synthetic dye FRET, genetically encoded fluorescent protein- based FRET, and 

intensiometric fluorescent protein-based outputs in our designs.   

1.3.2.1 Förster resonance energy transfer (FRET) 

Förster resonance energy transfer (FRET) uses nonradiative dipole-dipole coupling 

between two fluorophores (light sensitive molecules) as an ‘output’; in close proximity the 

donor chromophore excites the acceptor and both fluoresce, while this coupled 

fluorescence is lost when the two chromophores are far apart84.  The efficiency of this 

energy transfer, termed FRET efficiency (E), depends on several physical parameters: 1) 

as mentioned, the distance between donor and acceptor (r; typically between 1-10 nm), 2) 

the orientation of the donor and acceptor dipole moments, and 3) the spectral overlap (Jλ) 

of the donor emission spectrum and acceptor absorption spectrum, which influences the 

distance at which the energy transfer (for a given FRET pair) is 50%, termed the Förster 

distance, R0. The FRET efficiency (E) is calculated with the following equation:  
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FRET pairs typically consist of two different fluorescent dyes or proteins, however, homo-

FRET pairs, FRET between two fluorophores of the same type, are also used in protein 

interaction studies.  Fluorescent quenchers work similarly, except in close proximity the 

excitation energy transferred from the donor to acceptor is dissipated as heat instead of 

light, and fluorescence is regained when the donor and acceptor are far apart85.  

One major drawback of FRET- and quencher- based biosensor design is coupling 

of a desired input to a measurable output, as a large conformational distance change is 

required to produce a measurable ratiometric difference between bound and unbound 

receptor protein86.  Purely static quenching systems require direct contact for quenching, 

and a removal of contact for dequenching, but quenchers often work via a combination of 

static and FRET quenching85.  Few proteins contain pre-existing allosteric properties, and 

only a subset of these proteins have a large enough conformational distance change for 

FRET (typically between 1-10nm, 3.21-5.66nm for mCherry:FB pairs87). The AFF and 

FREX mechanisms (above) remedy this challenge by creating larger conformational 

changes than that seen in the native protein.  

1.3.2.2 Intensiometric fluorescent protein- based outputs 

Intensiometric fluorescent protein-based biosensors, such as GCaMPs, typically 

consist of a fluorescent protein derived from sea creatures (e.g. jellyfish, coral, anemone, 

or others), fused to a receptor protein that confers specificity. In this system, analyte 

binding of the bioreceptor domain induces a conformational change in output domain, 

resulting in an increase in fluorescence intensity. The exact mechanism of the intensity 

change may happen in a similar manner to GCaMPs (above), or may be by other (unknown) 
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mechanisms (Chapter 4). These outputs are readily introducible in cells and the 

fluorescence turn-on provides high sensitivity.  

1.3.3 Computational tools and modeling for kinetic tuning 

Computational modeling has been developed and used for many aspects of protein 

engineering such as determining split and circular permutation sites, effects of mutants on 

folding, modeling structures, to predicting protein folding and transition state ensembles 

(TSE) for kinetic studies. The latter will be explored below (and in Chapter 3).   

Central to both experimental and computational approaches for tuning rates is to 

first identify and characterize TSEs between switch conformations. Depending on the type 

of switch, as discussed in section 1.2, these transitions can vary in extent from whole-

molecule folding/unfolding to rigid-body domain movement to localized structural 

rearrangements. The challenge facing experimental methods is to observe sparsely 

populated states that approximate the relevant TSEs. A protein engineering method known 

as φ-value analysis88 has been used to map the TSEs of global folding/unfolding. This 

technique entails introducing a point mutation into a protein and measuring the extent to 

which it changes the equilibrium constant between native and unfolded states versus the 

rates of folding and/or unfolding. φ-analysis has been applied to many proteins, and some 

guiding principles have emerged89. NMR- and MS-based methods have been employed to 

probe more subtle conformational changes, often providing per-residue resolution and rates 

of interconversion. Recent examples include using ZZ-exchange NMR spectroscopy to 

measure site-specific folding rates of protein L990, amide hydrogen/deuterium exchange to 

characterize conformational dynamics of dopamine91 and XylE membrane-bound 

transporters92, and NMR relaxation dispersion to uncover hidden states and their rates of 
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interconversion in glycotransferase fold switching93 and dihydrofolate reductase enzymatic 

function94.  

The above methods are time consuming and may not yield desired results. We opted 

to screen for kinetic altering mutants in our FN3-AFF switch using a computational 

screening with experimental validation approach (Chapter 3). In this, computational 

strategy, the only prerequisites are the structure and experimental free energy of each 

switch component. The computational strategy involves creating a minimal, residue-level 

protein model, which is optimized based off the thermodynamic stability experimental 

data, and the weighted ensemble (WE) path sampling strategy95. The WE method can 

efficiently generate pathways and rate constants for rare events (e.g., protein folding and 

protein binding) without altering the free energy landscape or introducing any external bias 

in the dynamics96. This strategy, first used by DeGrave and colleagues, identified 

previously untested mutations that decreased response time by as much as 32-fold (590 to 

19 ms) via preferential destabilization of the ground states relative to the TSE. The WE 

strategy can be applied to switches of less than a few hundred amino acids with response 

times less than 100s97. 

1.4 Adaptable Protein Scaffolds  

One of the simplest examples of biosensors are antibodies coupled to fluorescent 

proteins, such as GFP. Antibodies are excellent protein binders but are unable to self-report 

binding events. The emergence of antibody mimetic scaffolds has allowed for the 

development of novel biosensors to targets that may not have an engineerable natural 

scaffold to work with.  These scaffolds bind their targets with comparable affinity and 

specificity to their antibody counterparts, but are smaller, more amenable to modifications, 
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and many lack a central disulfide making them readily overexpressed with potential 

applications in reducing environments, such as inside a cell.  Extensive reviews on antibody 

mimetics and their uses can be found98–100; these scaffolds are summarized in Table 1.1, 

and monobodies, the adaptable protein scaffold used in Chapters 2-4, are explored below.  
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Adaptable 

Protein scaffolds 

Parental protein Molecular 

size (kDa) 

Affinity 

(Kd) 

Structure Targets 

Affibody B-domain 

of staphylococcal p

rotein A 

6.5 μM–pM α-Helix >40 

Anticalin Lipocalin 18–20 nM–pM β-Barrel 

and 

terminal 

α-helix 

>20 

Adnecin/monobo

dy 

10th type III 

domain of human 

fibronectin 

10 μM–pM β-

Sandwic

h 

>40 

DARPins99,101 Human ankyrin 

repeat proteins 

14–21 nM–pM α-Helix 

and β-

turn 

~70 

Knottin Cystine knot from 

agatoxin, 

chlorotoxin, EETI, 

kalata B1, MCoTI-

I/II, SOTI, AgRP 

<4 Sub-

nM–nM 

β-Strands 

and 3 S–

S formed 

macrocyc

le 

~30 

Kunitz Serine protease 

inhibitor from 

BPTI/APPI/ TFPI 

7 nM–pM α-Helix, 

β-sheet 

and 3 S–

S 

>10 

Affimer Human stefin A 

protease inhibitor 

11 μM–nM α-Helix, 

β-strands 

~20 

Nanofitin/affitin DNA binding 

protein Sac7d 

7 μM–sub-

nM 

β-Barrel 

capped 

with an 

α-helix 

~10 

Avimer A-domain of cell 

membrane 

receptors 

(LRP,VLDLR) 

4 Sub-nM β-Strands 

and 3 S-S 

~5 

Centyrins Fn III domain 

human tenascin C 

10 nM–pM β-Sheet ~5 

Affilin Human γ-B-

crystallin 

20 μM–pM β-Sheet ~8 

 Ubiquitin 10  α/β  

ADAPT Albumin-binding 

domain 

5 Sub-

nM–nM 

α-Helix ~6 

Table 1.1: Adaptable protein scaffolds (antibody-mimetics) and their characteristics.  
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1.4.1 Monobodies  

Monobodies, derived from the 10th human fibronectin type III domain (FN3), have 

become one of the most widely used and diversified antibody mimetics98 since its 

development as a molecular scaffold in 1998102. This small (~94 residues) protein folds 

into a seven stranded β-sandwich, with strands A, B, and E composing one β-sheet and 

strands G, F, C, and D composing the other. The BC, DE, and FG loops, connecting the 

respective strands for which they are named, make a contiguous binding interface 

analogous to that of the complimentary-determining regions of antibodies. Like other 

antibody mimetics, monobodies have several major advantages over conventional 

antibodies:  

1) monobodies lack a central disulfide bond, making them readily expressible in 

cellular environments, including reduced environments such as that found in the 

cytoplasm and nucleus 

2) monobodies are approximately 15 times smaller than an IgG antibody  

3) monobodies lack metal binding sites  

4) monobodies are stable and able to withstand changes to a number of its loops and 

β-strands  

5) due to these reasons, monobodies can be readily used as genetically encoded 

intracellular inhibitors and/or biosensors by simply transfecting the cell with a 

monobody expression vector   
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Figure 1.8: Monobody structure and its applications. (A) Structure of a monobody. 

Residues modified in the loop only library are highlighted in green. Residues in the side-

and-loop library are encompassed in the turquoise box. (B) Monobodies have been made 

to bind a wide variety of targets with diverse cellular processes. Four used throughout this 
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dissertation, SH2, WDR5, SUMO, and HRAS, are shown in their co-structures with the 

monobodies that bind them. Monobodies are shown in green, targets in grey, with the 

binding interface in magenta. The red circle denotes circular permutation sites of each 

monobody (used in the AFF switches; Chapter 2).  

   

Monobodies can be targeted to a wide variety of protein targets103,104 via 

modifications to the loop only or side-and-loop interfaces105.  The loop only interface 

consists of the FG, BC, and DE loops (Figure 1.8A, green) while the side-and-loop 

interfaces consists of residues 31 and 33 in β-strand C, residues 47 and 49 in β-strand D, 

residue 30 in the BC loop, and residues in the FG and CD loops (Figure 1.8A, turquoise). 

Mainly, monobodies have been used as molecular inhibitors103,105–108, but have also been 

developed for use in degradation systems109–112, light-controlled applications113,114, cancer 

therapeutics115–117, and other biosensor design applications66,118.  Some monobody targets, 

used throughout this thesis, will be described in detail (Section 1.5). Other published 

monobody targets and their applications, available as of the time of writing, are 

summarized in Table 1.2.   

1.4.1.1 Stabilized monobody scaffolds  

There are times in which a highly stable scaffold is desired to withstand certain 

protein engineering modifications, such as circular permutation. A highly stable consensus-

designed monobody was developed by Porebski and colleagues in 2015119. Consensus 

design relies on the use of homologous protein sequences to identify the most prevalent 

amino acid at a given position. In this case, over 2000 sequences were used to create a de 

novo FN3.   
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The result is a FN3, termed FN3con, with a melting temperature >100 °C, 

significantly reduced unfolding rate relative to the wild-type FN3, and a ΔG = 15.1 ± 0.4 

kcal mol-1. Porebski and colleagues attribute this improves stability to the removal of non-

conserved, unfavorable interactions, an optimized hydrophobic core, and increased salt 

bridge interactions. While FN3con does not inherently bind a particular analyte, binding 

site grafting has been used to modify FN3con to bind lysozyme119, VEGFR120, and 4 other 

targets121 (below; Chapter 2).     

1.5 Monobody targets  

Since their development in 1998, monobodies have been diversified through the 

use of combinatorial libraries and mature technologies what can deliver binding reagents 

on demand122 such as phage display123, mRNA display124, and yeast surface display125.  

Monobodies are also viable for CDR-like loop grafting between FN3 scaffolds119,120,126,127 

(Chapter 2). To date, monobodies have been developed for over 40 distinct targets, and 

isoforms thereof (Table 1.2). In this dissertation, four of these targets are of importance: 

cAbl SH2 domain, hSUMO1, WDR5, and HRAS.    

1.5.1 SH2 

Src homology 2 domain (SH2) is a conserved regulatory phosphotyrosine-binding 

domain found in tyrosine kinases, important mediators of signal transduction. SH2 proteins 

are involved in the regulation of cellular processes such as metabolism, immune response, 

growth, mitogenesis, gene transcription, and motility128. Cytoplasmic Abelson (c-Abl) 

tyrosine kinase is typically autoinhibited, in a manner similar to many other tyrosine 

kinases, by various intramolecular interactions involving SH2 and SH3 domains117,129, as 

well as its N-terminal myristoyl group130. Loss of autoinhibition by fusion with the 
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breakpoint cluster region (Bcr) protein (Bcr-Abl fusion protein) is a key driver of chronic 

myeloid leukemia131. Thus, targeting this interaction has become a hot spot in kinase 

inhibition117,132,133.  

SH2 is a small, ~100 amino acid protein domain composed of a central b-sheet 

flanked by two a-helices. While single-domain antibodies and antibody mimetics recognize 

their targets via their loops binding in target clefts, the convex surface of Abl SH2 interacts 

with the concave surface of a monobody (termed HA4) created by the side-and-loop 

library. This side-binding interaction results in a large interface area which includes almost 

the entire phosphopeptide-binding interface132 (Figure 1.8B). 

1.5.2 SUMO1  

Small ubiquitin-like modifier 1 (SUMO1), one of four SUMO isoforms found in 

humans, is a post-translational modifier which reversibly mono-SUMOylates its targets in 

a process known as SUMOylation134. SUMOylation occurs in an analogous but distinct 

manner to ubiquitination, in which a cleaved and mature SUMO is activated, conjugated, 

and subsequently ligated to a target lysine via three enzymes (E1-3)135. SUMOylation 

signals its target protein through interactions with short peptide SUMO-interaction motifs 

(SIMs). While ubiquitination marks proteins for degradation, SUMOylation plays 

important roles in regulating diverse cellular processes such as nuclear transport, DNA 

repair, chromosome dynamics, stress response, apoptosis, cell cycle progression, and 

transcription136,137. It has been shown that SUMO1 and its activators are upregulated in 

several cancers, including oral squamous cell carcinoma, thyroid cancer, ovarian cancer, 

and many gastrointestinal cancers, specifically colorectal137. SUMO1 could play a role in 

the disease progression and dysregulation through interactions with transcriptional 



40 
 

regulatory proteins, oncogenes, and tumor suppressors such as PML, c-Myb, Rb, Mdm2, 

c-Jun, and p53137,138.  

SUMO1 is a 101 residue, 11 kDa, that is mainly flat in shape. A SUMO1-targeting 

monobody (ySMB-9) was developed in 2012105 via the loop only phage-display library 

after several unsuccessful attempts107. ySMB-9 binds SUMO1 in a “head on” fashion, 

utilizing all three of the variable loops (BC, DE, FG) to form a contiguous binding surface 

analogous to that of the antibody variable domain interface (Figure 1.8B). ySMB-9 

specifically targets the SUMO1 SIM-binding site, and not that of other SUMO isoforms or 

yeast homologues, and acts as an inhibitor of SUMO1/SIM interactions and of SUMO1 

conjugation.   

1.5.3 WDR5 

WD40-repeat protein 5 is a highly-conserved nuclear protein and a key component 

of the Mixed Lineage Leukemia (MLL1) methyltransferase complex139. MLL1 is a histone 

H3K4 methyltransferase with implications in transcription activation, hematopoiesis, and 

embryonic development. On its own, MLL1 has low enzymatic activity, which is enhanced 

upon binding with the WRAD (WDR5, RbBP5, Ash2L, and DPY-30) subcomplex, 

allowing for mono- and demethylation of H3K4140. Integral to this binding and subsequent 

activity is the interaction between the MLL1 WDR5 interaction (Win) motif and WDR5 

arginine-binding pocket. This interaction is unique to MLL1 and not its homologs, making 

it a desirable site for selective inhibition of MLL1.  

Structurally, WDR5 consists of a seven-blade β-propeller with a hollow central 

cavity. A WDR5-binding monobody was developed in 2018, termed Mb(S4)108, and 

interacts in a head on fashion via predominately the FG loop, and two β-strand residues, 
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H31 in β-strand C and K49 in β-strand D (Figure 1.8B). The Mb(S4) FG loop acts like the 

MLL1 Win peptide, and similarly binds to WDR5 via the arginine-binding cavity, with 

similar residue composition and interaction interfaces.  Mb(S4) acts as an inhibitor of 

WDR5-MLL1, having a higher affinity for WDR5 than MLL1 Win peptide, but not for 

other interactors of WDR5 such as RbBP5, which binds in a separate and distal interface 

to that targeted by Mb(S4). Thus, Mb(S4) could be used to specifically study the role of 

WDR5 in MLL1 related processes, specifically its role in leukemias141.  

1.5.4 HRAS  

Harvey rat sarcoma virus (HRAS) is a transmembrane GTPase that controls 

intracellular signaling networks, mainly in those controlling cell growth and 

differentiation, cell migration, apoptosis, and cell adhesion and cytoskeletal integrity142. 

HRAS is commonly mutated in cancer making it a desirable target for cancer therapeutics 

and biosensor development.  

HRAS is a 168 amino acid protein composed of two domains: a highly conserved 

G domain and a hypervariable region. The HRAS-targeting monobody (NS1)143 binds to 

the allosteric regulatory site of HRAS via the FG loop (Figure 1.8B). NS1 binds 

indiscriminately to the GDP- and GTP- bound states of HRAS, as well as showing some 

affinity towards KRAS (but not NRAS). Recently, a more specific RAS monobodies have 

been developed144–146.  
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Monobody target What it does PBD 

Structures  

Library 

Used 

Ref 

Aurora A Kinase Protein kinase; overactive in 

cancer  

5G15 

6C83 

6CPG 

Loop  

Side 

Side  

147 

 

148 

Bcr-Abl p210  

DH domain PH 

domain  

Bcr-Abl fusion protein; a key 

driver of chronic myeloid 

leukemia 

5N7E 

5OC7 

Side 

Side  

149 

CrSAS-6 

 

Chlamydomonas 

reinhardtii (SAS-

6) 

Spindle assembly 

abnormal 

protein 6 homolog 

Centriole biogenesis;  self-

assembly into 9-fold 

symmetrical ring polymers, 

which then stack into a 

cartwheel that scaffolds 

organelle formation 

6ZZC 

6ZZD 

6ZZG 

6ZZ8 

Side 150 

DUSP1 

 

dual specificity 

phosphatase 1 

A central mediator in 

inflammation  

6APX Loop 151 

(Ecto-)CRT 

 

plays a crucial role in the 

phagocytic removal of 

none None; BC 

and FG 

loops 

152 
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Surface-exposed 

calreticulin 

apoptotic cells during 

immunotherapy 

replaced 

with peptide 

sequences  

Eca  

 

CLC-type F-/H+ 

antiporter 

Antiporter of F-; combat 

bacterial F- toxicity 

6D0J 

6D0K 

6D0N 

Loop 

Loop 

Loop 

153 

eGFP Reporter molecule; 

visualization 

  105 

EGFR1 

 

epidermal growth 

factor receptor 

Transmembrane protein 

(receptor) for EGF; 

deficiencies in signaling 

results in disease (e.g. 

Alzheimer’s) 

3QWQ Loop 154 

 

155 

 

Fluc Ec2  combat toxicity from 

accumulation of 

environmental F - 

6BQO 

6BX4 

6BX5 

6B24 

6B2A 

6B2B 

6B2D 

5KBN 

5KOM 

Side 

Side 

Side 

Side 

Side 

Side 

Side 

Loop 

Loop 

156 

157 

 

158 

 

 

 

159 
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5A40 

5NKQ  

5A43 

Side 

Loop 

Side 

160 

 

 

GPR56/ADGRG1  

extracellular 

domains 

Plays critical roles in diverse 

neurobiological processes 

(e.g. myelination, brain 

development, synaptogenesis) 

5KVM Side 161 

hEphA2 

 

(human) Ephrin 

type-A receptor 2 

precursor  

 

 

 

essential mediator of UV 

radiation-induced apoptosis; 

tumor biomarker (e.g. lung, 

breast, and colon cancer) 

none  

 

 

 

Loop 

162 

 

163 

 

164 

ICMT  

 

isoprenylcysteine 

carboxyl 

methyltransferase 

methyltransferase 5V7P Side 165 

MAPK p38alpha Signaling molecule (kinase) 

with major involvement in 

cancer  

Modeled 

only 

 166 
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MBP  

 

maltose-binding 

protein 

Uptake and catabolism of 

maltodextrins 

 

*Recognized by all 3 variable 

loops 

3CSB 

3CSG 

2OBG 

Loop 

Loop 

Loop  

167 

 

168 

MLKL 

 

Mixed lineage 

kinase domain-like 

terminal protein in the pro-

inflammatory necroptotic cell 

death program 

 

implications in host defense 

and in the pathology of 

inflammatory diseases 

7JW7 

7JXU 

 

 

6UX8 

Loop 

Side 

 

 

Side 

169 

 

 

 

170 

NorM-NG 

 

MATE transporter 

Transporter of multi-

antimicrobial extrusion 

protein; drug/proton 

antiporter 

4HUN 

4HUM 

4HUL 

4HUK 

Loop 

Loop 

Loop 

Loop 

171 

 

Prdm14 SET 

domain 

 

Prdm14 SET 

domain fusion to 

Mtgr1 TAFH 

domain 

Mediator of glycolysis and 

chemosensitivity; correlates 

to poor prognosis in 

colorectal cancer 

5ECJ Side  172 
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Ras;  

H 

n 

k  

transmembrane GTPase that 

controls intracellular 

signaling networks (e.g. cell 

growth and differentiation, 

cell migration, apoptosis, etc.) 

 

5E95 

 

Side 

 

143 

SARS-CoV-2 

spike protein   

RBD (receptor 

binding domain)   

Receptor binding domain of 

the viral respiratory disease 

(severe acute respiratory 

syndrome-related coronavirus 

2) that made the years 2020-

2021 a blur 

 Loop 

 

Loop 

173 

 

174 

SH2 conserved regulatory 

phosphotyrosine-binding 

domain found in tyrosine 

kinases 

--- --- --- 

     Yes  5MTJ Side 175 

     Lck  5MTM 

5MTN 

Side 

Side 

175 

     Abl1  3K2M 

3T04 

3UYO 

5DC0 

5DC4 

Loop 

Loop 

Side 

Side 

Side 

106 

117 

105 

132 
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5DC9 Side 

     SHP2 C-SH2  4JEG Side  133 

     SHP2 N-SH2  4JE4 Side  133 

STAT3 

 

Signal Transducer 

And Activator Of 

Transcription 3 

Transcription factor; cell 

growth and apoptosis; 

frequently activated in human 

solid and hematological 

malignancies 

6TLC Side 176 

hSUMO1 

 

ySUMO 

Posttranslational modifier 3RZW 

 

--- 

3QHT 

Loop 

 

--- 

Loop 

105 

 

168 

107 

Ubiquitin Posttranslational modifier; 

protein degradation 

  102 

VEGFR2 

 

Vascular 

endothelial growth 

factor receptor 

endothelial cell survival 

regulator; blood vessel 

formation  

 Binding site 

grafting  

120 

 

 

177 

WDR5 key component of the Mixed 

Lineage Leukemia (MLL1) 

methyltransferase complex 

6BYN Loop  108 

 Table 1.2: Monobody targets at the time of this dissertation.   
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1.6 Our approach to creating adaptable scaffolds for biosensor development and 

synopses of dissertation chapters 

Many advancements have been made in the biosensor development field since its 

initiation over 50 years ago. In this dissertation, I will describe our takes on creating 

adaptable scaffolds for biosensor design. In Chapter 2, I describe how to create an adaptable 

FRET biosensor using the monobody scaffold and alternate frame folding mechanism 

(FN3-AFF). I demonstrate adaptability of the sensor by targeting 4 unique ligands (SH2, 

WDR5, SUMO, and HRAS). A WDR5-binding generically encoded version of the switch 

is used to show binding is fast, and a ratiometric output is possible. In Chapter 3, alternative 

outputs to the FN3-AFF system, as well as methods to alter the kinetic rates of the system 

are explored. Through the use of computational strategies and experimental validation, we 

identify a mutant that differentially alters the kinetics of the FN3-AFF switch, by up to 2-

fold. In Chapter 4, I describe an intensiometric ligand-induced chromophore maturation 

(LiChroM) switch based on the adaptable monobody scaffold and a cp-FP. This sensor is 

modified to bind three unique targets (SH2, HRAS, and WDR5) and is used in cells to 

detect endogenous WDR5. Chapter 5 serves as the discussion and future directions of the 

preceding chapters.   

  



49 
 

1.7 References 

(1) Bhalla, N.; Jolly, P.; Formisano, N.; Estrela, P. Introduction to Biosensors. Essays 

Biochem. 2016, 60 (1), 1. https://doi.org/10.1042/EBC20150001. 

(2) Naresh, Varnakavi.; Lee, N. A Review on Biosensors and Recent Development of 

Nanostructured Materials-Enabled Biosensors. Sensors 2021, 21 (4), 1109. 

https://doi.org/10.3390/s21041109. 

(3) Sorenson, S. P. L. Enzymstudien. II. Mitteilung. Über die Messung und die 

Bedeutung der Wasserstoffionen-Konzentration bei enzymatischen Prozessen. Biochem Z 

1909, No. 21, 131–200. 

(4) Hughes, W. S. THE POTENTIAL DIFFERENCE BETWEEN GLASS AND 

ELECTROLYTES IN CONTACT WITH THE GLASS. J. Am. Chem. Soc. 1922, 44 (12), 

2860–2867. https://doi.org/10.1021/ja01433a021. 

(5) Heineman, W. R.; Jensen, W. B. Leland C. Clark Jr. (1918–2005). Biosens. 

Bioelectron. 2006, 21 (8), 1403–1404. https://doi.org/10.1016/j.bios.2005.12.005. 

(6) Clark Jr., L. C.; Lyons, C. Electrode Systems for Continuous Monitoring in 

Cardiovascular Surgery. Ann. N. Y. Acad. Sci. 1962, 102 (1), 29–45. 

https://doi.org/10.1111/j.1749-6632.1962.tb13623.x. 

(7) D’Orazio, P. Biosensors in Clinical Chemistry. Clin. Chim. Acta Int. J. Clin. Chem. 

2003, 334 (1–2), 41–69. https://doi.org/10.1016/s0009-8981(03)00241-9. 



50 
 

(8) Newman, J. D.; Turner, A. P. F. Home Blood Glucose Biosensors: A Commercial 

Perspective. Biosens. Bioelectron. 2005, 20 (12), 2435–2453. 

https://doi.org/10.1016/j.bios.2004.11.012. 

(9) Prabhakaran Pillai, R.; Ramprasath, T.; S, S. A Simple Whole Cell Microbial 

Biosensors for Monitoring Soil Pollution.; 2017. https://doi.org/10.1016/B978-0-12-

804299-1.00013-8. 

(10) Wang, X.; Luo, Y.; Huang, K.; Cheng, N. Biosensor for Agriculture and Food 

Safety: Recent Advances and Future Perspectives. Adv. Agrochem 2022, 1 (1), 3–6. 

https://doi.org/10.1016/j.aac.2022.08.002. 

(11) Vasilescu, A.; Fanjul-Bolado, P.; Titoiu, A.-M.; Porumb, R.; Epure, P. Progress in 

Electrochemical (Bio)Sensors for Monitoring Wine Production. Chemosensors 2019, 7 (4), 

66. https://doi.org/10.3390/chemosensors7040066. 

(12) Polan, V.; Eisner, A.; Vytřas, K. Simple and Rapid Determination of Ethanol 

Content in Beer Using an Amperometric Biosensor. Chemosensors 2015, 3, 169–177. 

https://doi.org/10.3390/chemosensors3020169. 

(13) Barthelmebs, L.; Calas-Blanchard, C.; Istamboulie, G.; Marty, J.-L.; Noguer, T. 

Biosensors as Analytical Tools in Food Fermentation Industry. In Bio-Farms for 

Nutraceuticals: Functional Food and Safety Control by Biosensors; Giardi, M. T., Rea, G., 

Berra, B., Eds.; Advances in Experimental Medicine and Biology; Springer US: Boston, 

MA, 2010; pp 293–307. https://doi.org/10.1007/978-1-4419-7347-4_22. 



51 
 

(14) Mason, M.; Longo, E.; Scampicchio, M. Monitoring of Glucose in Beer Brewing 

by a Carbon Nanotubes Based Nylon Nanofibrous Biosensor. J. Nanomater. 2016, 2016, 

e5217023. https://doi.org/10.1155/2016/5217023. 

(15) Richter, E. R. Biosensors: Applications for Dairy Food Industry. J. Dairy Sci. 1993, 

76 (10), 3114–3117. https://doi.org/10.3168/jds.S0022-0302(93)77650-X. 

(16) Meshram, B.; Agrawal, A.; Adil, S.; Ranvir,  s. G.; Sande, K. K. Biosensor and Its 

Application in Food and Dairy Industry: A Review. Int. J. Curr. Microbiol. Appl. Sci. 2018, 

7, 3305–3324. https://doi.org/10.20546/ijcmas.2018.702.397. 

(17) Thapar, P.; Malik, R.; Salooja, M. Application of Biosensors for Detection of 

Contaminants in Milk and Milk Products. 2018, 8. 

(18) Sionek, B.; Przybylski, W.; Tambor, K. Biosensors in Evaluation of Quality of 

Meat and Meat Products – A Review. Ann. Anim. Sci. 2020, 20. 

https://doi.org/10.2478/aoas-2020-0057. 

(19) Nastasijevic, I.; Mitrovic, R.; Jankovic, S. Biosensors for Animal Health and Meat 

Safety Monitoring: Farm-to-Slaughterhouse Continuum. IOP Conf. Ser. Earth Environ. 

Sci. 2021, 854 (1), 012063. https://doi.org/10.1088/1755-1315/854/1/012063. 

(20) Ilic, I. K.; Lamanna, L.; Cortecchia, D.; Cataldi, P.; Luzio, A.; Caironi, M. Self-

Powered Edible Defrosting Sensor. ACS Sens. 2022, 7 (10), 2995–3005. 

https://doi.org/10.1021/acssensors.2c01280. 



52 
 

(21) Mustafa, F.; Andreescu, S. Chemical and Biological Sensors for Food-Quality 

Monitoring and Smart Packaging. Foods 2018, 7 (10), 168. 

https://doi.org/10.3390/foods7100168. 

(22) Curulli, A. Electrochemical Biosensors in Food Safety: Challenges and 

Perspectives. Molecules 2021, 26 (10), 2940. https://doi.org/10.3390/molecules26102940. 

(23) Gavrilaș, S.; Ursachi, C. Ștefan; Perța-Crișan, S.; Munteanu, F.-D. Recent Trends 

in Biosensors for Environmental Quality Monitoring. Sensors 2022, 22 (4), 1513. 

https://doi.org/10.3390/s22041513. 

(24) Hossain, S. M. Z.; Mansour, N. Biosensors for On-Line Water Quality Monitoring 

– a Review. Arab J. Basic Appl. Sci. 2019, 26 (1), 502–518. 

https://doi.org/10.1080/25765299.2019.1691434. 

(25) Ye, W.; Liu, T.; Zhang, W.; Zhu, M.; Liu, Z.; Kong, Y.; Liu, S. Marine Toxins 

Detection by Biosensors Based on Aptamers. Toxins 2019, 12 (1), 1. 

https://doi.org/10.3390/toxins12010001. 

(26) Tian, Y.; Du, L.; Zhu, P.; Chen, Y.; Chen, W.; Wu, C.; Wang, P. Recent Progress 

in Micro/Nano Biosensors for Shellfish Toxin Detection. Biosens. Bioelectron. 2021, 176, 

112899. https://doi.org/10.1016/j.bios.2020.112899. 

(27) Banerjee, P.; Kintzios, S.; Prabhakarpandian, B. Biotoxin Detection Using Cell-

Based Sensors. Toxins 2013, 5 (12), 2366–2383. https://doi.org/10.3390/toxins5122366. 



53 
 

(28) Haleem, A.; Javaid, M.; Singh, R. P.; Suman, R.; Rab, S. Biosensors Applications 

in Medical Field: A Brief Review. Sens. Int. 2021, 2, 100100. 

https://doi.org/10.1016/j.sintl.2021.100100. 

(29) Saylan, Y.; Özgür, E.; Denizli, A. Recent Advances of Medical Biosensors for 

Clinical Applications. Med. DEVICES Sens. 2021, 4 (1), e10129. 

https://doi.org/10.1002/mds3.10129. 

(30) Sharma, A.; Badea, M.; Tiwari, S.; Marty, J. L. Wearable Biosensors: An 

Alternative and Practical Approach in Healthcare and Disease Monitoring. Molecules 

2021, 26 (3), 748. https://doi.org/10.3390/molecules26030748. 

(31) Li, G.; Wen, D. Wearable Biochemical Sensors for Human Health Monitoring: 

Sensing Materials and Manufacturing Technologies. J. Mater. Chem. B 2020, 8 (16), 3423–

3436. https://doi.org/10.1039/C9TB02474C. 

(32) Demolder, C.; Molina, A.; Hammond, F. L.; Yeo, W.-H. Recent Advances in 

Wearable Biosensing Gloves and Sensory Feedback Biosystems for Enhancing 

Rehabilitation, Prostheses, Healthcare, and Virtual Reality. Biosens. Bioelectron. 2021, 

190, 113443. https://doi.org/10.1016/j.bios.2021.113443. 

(33) Thévenot, D. R.; Toth, K.; Durst, R. A.; Wilson, G. S. Electrochemical Biosensors: 

Recommended Definitions and Classification. Biosens. Bioelectron. 2001, 16 (1–2), 121–

131. https://doi.org/10.1016/s0956-5663(01)00115-4. 

(34) Dincer, C.; Bruch, R.; Costa-Rama, E.; Fernández-Abedul, M. T.; Merkoçi, A.; 

Manz, A.; Urban, G. A.; Güder, F. Disposable Sensors in Diagnostics, Food, and 



54 
 

Environmental Monitoring. Adv. Mater. Deerfield Beach Fla 2019, 31 (30), e1806739. 

https://doi.org/10.1002/adma.201806739. 

(35) Turner, A. P. F. Biosensors: Sense and Sensibility. Chem. Soc. Rev. 2013, 42 (8), 

3184–3196. https://doi.org/10.1039/c3cs35528d. 

(36) Stratton, M. M.; Mitrea, D. M.; Loh, S. N. A Ca2+-Sensing Molecular Switch 

Based on Alternate Frame Protein Folding. ACS Chem. Biol. 2008, 3 (11), 723–732. 

https://doi.org/10.1021/cb800177f. 

(37) John, A. M.; Sekhon, H.; Ha, J.-H.; Loh, S. N. Engineering a Fluorescent Protein 

Color Switch Using Entropy-Driven β-Strand Exchange. ACS Sens. 2022, 7 (1), 263–271. 

https://doi.org/10.1021/acssensors.1c02239. 

(38) Szebenyi, D. M.; Moffat, K. The Refined Structure of Vitamin D-Dependent 

Calcium-Binding Protein from Bovine Intestine. Molecular Details, Ion Binding, and 

Implications for the Structure of Other Calcium-Binding Proteins. J. Biol. Chem. 1986, 261 

(19), 8761–8777. https://doi.org/10.1016/S0021-9258(19)84447-2. 

(39) Akerboom, J.; Rivera, J. D. V.; Guilbe, M. M. R.; Malavé, E. C. A.; Hernandez, H. 

H.; Tian, L.; Hires, S. A.; Marvin, J. S.; Looger, L. L.; Schreiter, E. R. Crystal Structures 

of the GCaMP Calcium Sensor Reveal the Mechanism of Fluorescence Signal Change and 

Aid Rational Design *. J. Biol. Chem. 2009, 284 (10), 6455–6464. 

https://doi.org/10.1074/jbc.M807657200. 

(40) Wang, H.; Vilela, M.; Winkler, A.; Tarnawski, M.; Schlichting, I.; Yumerefendi, 

H.; Kuhlman, B.; Liu, R.; Danuser, G.; Hahn, K. M. LOVTRAP: An Optogenetic System 



55 
 

for Photoinduced Protein Dissociation. Nat. Methods 2016, 13 (9), 755–758. 

https://doi.org/10.1038/nmeth.3926. 

(41) Quijano-Rubio, A.; Yeh, H.-W.; Park, J.; Lee, H.; Langan, R. A.; Boyken, S. E.; 

Lajoie, M. J.; Cao, L.; Chow, C. M.; Miranda, M. C.; Wi, J.; Hong, H. J.; Stewart, L.; Oh, 

B.-H.; Baker, D. De Novo Design of Modular and Tunable Protein Biosensors. Nature 

2021, 591 (7850), 482–487. https://doi.org/10.1038/s41586-021-03258-z. 

(42) Walls, A. C.; Park, Y.-J.; Tortorici, M. A.; Wall, A.; McGuire, A. T.; Veesler, D. 

Structure, Function, and Antigenicity of the SARS-CoV-2 Spike Glycoprotein. Cell 2020, 

181 (2), 281-292.e6. https://doi.org/10.1016/j.cell.2020.02.058. 

(43) Stratton, M. M.; Loh, S. N. On the Mechanism of Protein Fold-Switching by a 

Molecular Sensor. Proteins Struct. Funct. Bioinforma. 2010, 78 (16), 3260–3269. 

https://doi.org/10.1002/prot.22833. 

(44) Nakai, J.; Ohkura, M.; Imoto, K. A High Signal-to-Noise Ca(2+) Probe Composed 

of a Single Green Fluorescent Protein. Nat. Biotechnol. 2001, 19 (2), 137–141. 

https://doi.org/10.1038/84397. 

(45) Inoue, M.; Takeuchi, A.; Manita, S.; Horigane, S.-I.; Sakamoto, M.; Kawakami, R.; 

Yamaguchi, K.; Otomo, K.; Yokoyama, H.; Kim, R.; Yokoyama, T.; Takemoto-Kimura, 

S.; Abe, M.; Okamura, M.; Kondo, Y.; Quirin, S.; Ramakrishnan, C.; Imamura, T.; 

Sakimura, K.; Nemoto, T.; Kano, M.; Fujii, H.; Deisseroth, K.; Kitamura, K.; Bito, H. 

Rational Engineering of XCaMPs, a Multicolor GECI Suite for In Vivo Imaging of 

Complex Brain Circuit Dynamics. Cell 2019, 177 (5), 1346-1360.e24. 

https://doi.org/10.1016/j.cell.2019.04.007. 



56 
 

(46) Kerruth, S.; Coates, C.; Dürst, C. D.; Oertner, T. G.; Török, K. The Kinetic 

Mechanisms of Fast-Decay Red-Fluorescent Genetically Encoded Calcium Indicators. J. 

Biol. Chem. 2019, 294 (11), 3934–3946. https://doi.org/10.1074/jbc.RA118.004543. 

(47) Sun, X. R.; Badura, A.; Pacheco, D. A.; Lynch, L. A.; Schneider, E. R.; Taylor, M. 

P.; Hogue, I. B.; Enquist, L. W.; Murthy, M.; Wang, S. S.-H. Fast GCaMPs for Improved 

Tracking of Neuronal Activity. Nat. Commun. 2013, 4, 10.1038/ncomms3170. 

https://doi.org/10.1038/ncomms3170. 

(48) Nadler, D. C.; Morgan, S.-A.; Flamholz, A.; Kortright, K. E.; Savage, D. F. Rapid 

Construction of Metabolite Biosensors Using Domain-Insertion Profiling. Nat. Commun. 

2016, 7, 12266. https://doi.org/10.1038/ncomms12266. 

(49) Ibraheem, A.; Campbell, R. E. Designs and Applications of Fluorescent Protein-

Based Biosensors. Curr. Opin. Chem. Biol. 2010, 14 (1), 30–36. 

https://doi.org/10.1016/j.cbpa.2009.09.033. 

(50) Eason, M. G.; Pandelieva, A. T.; Mayer, M. M.; Khan, S. T.; Garcia, H. G.; Chica, 

R. A. Genetically Encoded Fluorescent Biosensor for Rapid Detection of Protein 

Expression. ACS Synth. Biol. 2020, 9 (11), 2955–2963. 

https://doi.org/10.1021/acssynbio.0c00407. 

(51) Chen, Y.; Song, X.; Ye, S.; Miao, L.; Zhu, Y.; Zhang, R.-G.; Ji, G. Structural 

Insight into Enhanced Calcium Indicator GCaMP3 and GCaMPJ to Promote Further 

Improvement. Protein Cell 2013, 4 (4), 299–309. https://doi.org/10.1007/s13238-013-

2103-4. 



57 
 

(52) Dana, H.; Mohar, B.; Sun, Y.; Narayan, S.; Gordus, A.; Hasseman, J. P.; Tsegaye, 

G.; Holt, G. T.; Hu, A.; Walpita, D.; Patel, R.; Macklin, J. J.; Bargmann, C. I.; Ahrens, M. 

B.; Schreiter, E. R.; Jayaraman, V.; Looger, L. L.; Svoboda, K.; Kim, D. S. Sensitive Red 

Protein Calcium Indicators for Imaging Neural Activity. eLife 2016, 5, e12727. 

https://doi.org/10.7554/eLife.12727. 

(53) Akerboom, J.; Carreras Calderón, N.; Tian, L.; Wabnig, S.; Prigge, M.; Tolö, J.; 

Gordus, A.; Orger, M. B.; Severi, K. E.; Macklin, J. J.; Patel, R.; Pulver, S. R.; Wardill, T. 

J.; Fischer, E.; Schüler, C.; Chen, T.-W.; Sarkisyan, K. S.; Marvin, J. S.; Bargmann, C. I.; 

Kim, D. S.; Kügler, S.; Lagnado, L.; Hegemann, P.; Gottschalk, A.; Schreiter, E. R.; 

Looger, L. L. Genetically Encoded Calcium Indicators for Multi-Color Neural Activity 

Imaging and Combination with Optogenetics. Front. Mol. Neurosci. 2013, 6, 2. 

https://doi.org/10.3389/fnmol.2013.00002. 

(54) Oh, J.; Lee, C.; Kaang, B.-K. Imaging and Analysis of Genetically Encoded 

Calcium Indicators Linking Neural Circuits and Behaviors. Korean J. Physiol. Pharmacol. 

2019, 23 (4), 237–249. https://doi.org/10.4196/kjpp.2019.23.4.237. 

(55) Halavaty, A. S.; Moffat, K. N- and C-Terminal Flanking Regions Modulate Light-

Induced Signal Transduction in the LOV2 Domain of the Blue Light Sensor Phototropin 1 

from Avena Sativa,. Biochemistry 2007, 46 (49), 14001–14009. 

https://doi.org/10.1021/bi701543e. 

(56) Iuliano, J. N.; Collado, J. T.; Gil, A. A.; Ravindran, P. T.; Lukacs, A.; Shin, S.; 

Woroniecka, H. A.; Adamczyk, K.; Aramini, J. M.; Edupuganti, U. R.; Hall, C. R.; 

Greetham, G. M.; Sazanovich, I. V.; Clark, I. P.; Daryaee, T.; Toettcher, J. E.; French, J. 



58 
 

B.; Gardner, K. H.; Simmerling, C. L.; Meech, S. R.; Tonge, P. J. Unraveling the 

Mechanism of a LOV Domain Optogenetic Sensor: A Glutamine Lever Induces Unfolding 

of the Jα Helix. ACS Chem. Biol. 2020, 15 (10), 2752–2765. 

https://doi.org/10.1021/acschembio.0c00543. 

(57) Pudasaini, A.; El-Arab, K. K.; Zoltowski, B. D. LOV-Based Optogenetic Devices: 

Light-Driven Modules to Impart Photoregulated Control of Cellular Signaling. Front. Mol. 

Biosci. 2015, 2, 18. https://doi.org/10.3389/fmolb.2015.00018. 

(58) Kawano, F.; Aono, Y.; Suzuki, H.; Sato, M. Fluorescence Imaging-Based High-

Throughput Screening of Fast- and Slow-Cycling LOV Proteins. PLoS ONE 2013, 8 (12), 

e82693. https://doi.org/10.1371/journal.pone.0082693. 

(59) Zoltowski, B. D.; Vaccaro, B.; Crane, B. R. Mechanism Based Tuning of a LOV 

Domain Photoreceptor. Nat. Chem. Biol. 2009, 5 (11), 827–834. 

https://doi.org/10.1038/nchembio.210. 

(60) Tischer, D. K.; Weiner, O. D. Light-Based Tuning of Ligand Half-Life Supports 

Kinetic Proofreading Model of T Cell Signaling. eLife 8, e42498. 

https://doi.org/10.7554/eLife.42498. 

(61) Dagliyan, O.; Tarnawski, M.; Chu, P.-H.; Shirvanyants, D.; Schlichting, I.; 

Dokholyan, N. V.; Hahn, K. M. Engineering Extrinsic Disorder to Control Protein Activity 

in Living Cells. Science 2016, 354 (6318), 1441–1444. 

https://doi.org/10.1126/science.aah3404. 



59 
 

(62) Wang, X.; He, L.; Wu, Y. I.; Hahn, K. M.; Montell, D. J. Light-Mediated Activation 

Reveals a Key Role for Rac in Collective Guidance of Cell Movement in Vivo. Nat. Cell 

Biol. 2010, 12 (6), 591–597. https://doi.org/10.1038/ncb2061. 

(63) Shibata, A. C. E.; Ueda, H. H.; Eto, K.; Onda, M.; Sato, A.; Ohba, T.; Nabekura, 

J.; Murakoshi, H. Photoactivatable CaMKII Induces Synaptic Plasticity in Single 

Synapses. Nat. Commun. 2021, 12, 751. https://doi.org/10.1038/s41467-021-21025-6. 

(64) Zimmerman, S. P.; Kuhlman, B.; Yumerefendi, H. Engineering and Application of 

LOV2-Based Photoswitches. Methods Enzymol. 2016, 580, 169–190. 

https://doi.org/10.1016/bs.mie.2016.05.058. 

(65) Langan, R. A.; Boyken, S. E.; Ng, A. H.; Samson, J. A.; Dods, G.; Westbrook, A. 

M.; Nguyen, T. H.; Lajoie, M. J.; Chen, Z.; Berger, S.; Mulligan, V. K.; Dueber, J. E.; 

Novak, W. R. P.; El-Samad, H.; Baker, D. De Novo Design of Bioactive Protein Switches. 

Nature 2019, 572 (7768), 205–210. https://doi.org/10.1038/s41586-019-1432-8. 

(66) Zheng, H.; Bi, J.; Krendel, M.; Loh, S. N. Converting a Binding Protein into a 

Biosensing Conformational Switch Using Protein Fragment Exchange. Biochemistry 2014, 

53 (34), 5505–5514. https://doi.org/10.1021/bi500758u. 

(67) Baker, D. What Has de Novo Protein Design Taught Us about Protein Folding and 

Biophysics? Protein Sci. Publ. Protein Soc. 2019, 28 (4), 678. 

https://doi.org/10.1002/pro.3588. 

(68) Mishra, S. Tools and Applications of Protein Engineering: An Overview. Adv. 

Biochem. Biotechnol. 2016. 



60 
 

(69) Stratton, M. M.; Loh, S. N. Converting a Protein into a Switch for Biosensing and 

Functional Regulation. Protein Sci. 2011, 20 (1), 19–29. https://doi.org/10.1002/pro.541. 

(70) Ha, J.-H.; Shinsky, S. A.; Loh, S. N. Stepwise Conversion of a Binding Protein to 

a Fluorescent Switch: Application to Thermoanaerobacter Tengcongensis Ribose Binding 

Protein. Biochemistry 2013, 52 (4), 600–612. https://doi.org/10.1021/bi301105u. 

(71) Mitrea, D. M.; Parsons, L. S.; Loh, S. N. Engineering an Artificial Zymogen by 

Alternate Frame Protein Folding. Proc. Natl. Acad. Sci. U. S. A. 2010, 107 (7), 2824–2829. 

https://doi.org/10.1073/pnas.0907668107. 

(72) Do, K.; Boxer, S. G. GFP Variants with Alternative β-Strands and Their 

Application as Light-Driven Protease Sensors: A Tale of Two Tails. J. Am. Chem. Soc. 

2013, 135 (28), 10226–10229. https://doi.org/10.1021/ja4037274. 

(73) Ha, J.-H.; Loh, S. N. Construction of Allosteric Protein Switches by Alternate 

Frame Folding and Intermolecular Fragment Exchange. Methods Mol. Biol. Clifton NJ 

2017, 1596, 27–41. https://doi.org/10.1007/978-1-4939-6940-1_2. 

(74) Do, K.; Boxer, S. G. Thermodynamics, Kinetics, and Photochemistry of β-Strand 

Association and Dissociation in a Split-GFP System. J. Am. Chem. Soc. 2011, 133 (45), 

18078–18081. https://doi.org/10.1021/ja207985w. 

(75) Heinemann, U.; Hahn, M. Circular Permutation of Polypeptide Chains: 

Implications for Protein Folding and Stability. Prog. Biophys. Mol. Biol. 1995, 64 (2–3), 

121–143. https://doi.org/10.1016/0079-6107(95)00013-5. 



61 
 

(76) Lo, W.-C.; Lee, C.-C.; Lee, C.-Y.; Lyu, P.-C. CPDB: A Database of Circular 

Permutation in Proteins. Nucleic Acids Res. 2009, 37 (Database issue), D328-332. 

https://doi.org/10.1093/nar/gkn679. 

(77) Kostyuk, A. I.; Demidovich, A. D.; Kotova, D. A.; Belousov, V. V.; Bilan, D. S. 

Circularly Permuted Fluorescent Protein-Based Indicators: History, Principles, and 

Classification. Int. J. Mol. Sci. 2019, 20 (17), E4200. 

https://doi.org/10.3390/ijms20174200. 

(78) Cunningham, B. A.; Hemperly, J. J.; Hopp, T. P.; Edelman, G. M. Favin versus 

Concanavalin A: Circularly Permuted Amino Acid Sequences. Proc. Natl. Acad. Sci. 1979, 

76 (7), 3218–3222. https://doi.org/10.1073/pnas.76.7.3218. 

(79) Hatefi, Y.; Yamaguchi, M. Nicotinamide Nucleotide Transhydrogenase: A Model 

for Utilization of Substrate Binding Energy for Proton Translocation. FASEB J. 1996, 10 

(4), 444–452. https://doi.org/10.1096/fasebj.10.4.8647343. 

(80) Bowles, D. J.; Pappin, D. J. Traffic and Assembly of Concanavalin A. Trends 

Biochem. Sci. 1988, 13 (2), 60–64. https://doi.org/10.1016/0968-0004(88)90030-8. 

(81) Baird, G. S.; Zacharias, D. A.; Tsien, R. Y. Circular Permutation and Receptor 

Insertion within Green Fluorescent Proteins. Proc. Natl. Acad. Sci. 1999, 96 (20), 11241–

11246. https://doi.org/10.1073/pnas.96.20.11241. 

(82) Wang, L.; Wu, L.-Y.; Wang, Y.; Zhang, X.-S.; Chen, L. SANA: An Algorithm for 

Sequential and Non-Sequential Protein Structure Alignment. Amino Acids 2010, 39 (2), 

417–425. https://doi.org/10.1007/s00726-009-0457-y. 



62 
 

(83) Dagliyan, O.; Krokhotin, A.; Ozkan-Dagliyan, I.; Deiters, A.; Der, C. J.; Hahn, K. 

M.; Dokholyan, N. V. Computational Design of Chemogenetic and Optogenetic Split 

Proteins. Nat. Commun. 2018, 9, 4042. https://doi.org/10.1038/s41467-018-06531-4. 

(84) Frommer, W. B.; Davidson, M. W.; Campbell, R. E. Genetically Encoded 

Biosensors Based on Engineered Fluorescent Proteins. Chem. Soc. Rev. 2009, 38 (10), 

2833–2841. https://doi.org/10.1039/b907749a. 

(85) Peng, X.; Chen, H.; Draney, D. R.; Volcheck, W.; Schutz-Geschwender, A.; Olive, 

D. M. A Nonfluorescent, Broad-Range Quencher Dye for Förster Resonance Energy 

Transfer Assays. Anal. Biochem. 2009, 388 (2), 220–228. 

https://doi.org/10.1016/j.ab.2009.02.024. 

(86) Piston, D. W.; Kremers, G.-J. Fluorescent Protein FRET: The Good, the Bad and 

the Ugly. Trends Biochem. Sci. 2007, 32 (9), 407–414. 

https://doi.org/10.1016/j.tibs.2007.08.003. 

(87) Dacres, H.; Wang, J.; Dumancic, M. M.; Trowell, S. C. Experimental 

Determination of the Förster Distance for Two Commonly Used Bioluminescent 

Resonance Energy Transfer Pairs. Anal. Chem. 2010, 82 (1), 432–435. 

https://doi.org/10.1021/ac9022956. 

(88) Fersht, A. R.; Matouschek, A.; Serrano, L. The Folding of an Enzyme: I. Theory of 

Protein Engineering Analysis of Stability and Pathway of Protein Folding. J. Mol. Biol. 

1992, 224 (3), 771–782. https://doi.org/10.1016/0022-2836(92)90561-W. 



63 
 

(89) Naganathan, A. N.; Muñoz, V. Insights into Protein Folding Mechanisms from 

Large Scale Analysis of Mutational Effects. Proc. Natl. Acad. Sci. U. S. A. 2010, 107 (19), 

8611–8616. https://doi.org/10.1073/pnas.1000988107. 

(90) Zhang, Y.; Kitazawa, S.; Peran, I.; Stenzoski, N.; McCallum, S. A.; Raleigh, D. P.; 

Royer, C. A. High Pressure ZZ-Exchange NMR Reveals Key Features of Protein Folding 

Transition States. J. Am. Chem. Soc. 2016, 138 (46), 15260–15266. 

https://doi.org/10.1021/jacs.6b09887. 

(91) Nielsen, A. K.; Möller, I. R.; Wang, Y.; Rasmussen, S. G. F.; Lindorff-Larsen, K.; 

Rand, K. D.; Loland, C. J. Substrate-Induced Conformational Dynamics of the Dopamine 

Transporter. Nat. Commun. 2019, 10, 2714. https://doi.org/10.1038/s41467-019-10449-w. 

(92) Jia, R.; Martens, C.; Shekhar, M.; Pant, S.; Pellowe, G. A.; Lau, A. M.; Findlay, H. 

E.; Harris, N. J.; Tajkhorshid, E.; Booth, P. J.; Politis, A. Hydrogen-Deuterium Exchange 

Mass Spectrometry Captures Distinct Dynamics upon Substrate and Inhibitor Binding to a 

Transporter. Nat. Commun. 2020, 11, 6162. https://doi.org/10.1038/s41467-020-20032-3. 

(93) Liebau, J.; Tersa, M.; Trastoy, B.; Patrick, J.; Rodrigo-Unzueta, A.; Corzana, F.; 

Sparrman, T.; Guerin, M. E.; Mäler, L. Unveiling the Activation Dynamics of a Fold-

Switch Bacterial Glycosyltransferase by 19F NMR. J. Biol. Chem. 2020, 295 (29), 9868–

9878. https://doi.org/10.1074/jbc.RA120.014162. 

(94) Fenwick, R. B.; Oyen, D.; van den Bedem, H.; Dyson, H. J.; Wright, P. E. Modeling 

of Hidden Structures Using Sparse Chemical Shift Data from NMR Relaxation Dispersion. 

Biophys. J. 2021, 120 (2), 296–305. https://doi.org/10.1016/j.bpj.2020.11.2267. 



64 
 

(95) Huber, G. A.; Kim, S. Weighted-Ensemble Brownian Dynamics Simulations for 

Protein Association Reactions. Biophys. J. 1996, 70 (1), 97. https://doi.org/10.1016/S0006-

3495(96)79552-8. 

(96) Zuckerman, D. M.; Chong, L. T. Weighted Ensemble Simulation: Review of 

Methodology, Applications, and Software. Annu. Rev. Biophys. 2017, 46, 43. 

https://doi.org/10.1146/annurev-biophys-070816-033834. 

(97) DeGrave, A. J.; Ha, J.-H.; Loh, S. N.; Chong, L. T. Large Enhancement of 

Response Times of a Protein Conformational Switch by Computational Design. Nat. 

Commun. 2018, 9. https://doi.org/10.1038/s41467-018-03228-6. 

(98) Yu, X.; Yang, Y.-P.; Dikici, E.; Deo, S. K.; Daunert, S. Beyond Antibodies as 

Binding Partners: The Role of Antibody Mimetics in Bioanalysis. Annu. Rev. Anal. Chem. 

2017, 10 (1), 293–320. https://doi.org/10.1146/annurev-anchem-061516-045205. 

(99) Walser, M.; Mayor, J.; Rothenberger, S. Designed Ankyrin Repeat Proteins: A New 

Class of Viral Entry Inhibitors. Viruses 2022, 14 (10), 2242. 

https://doi.org/10.3390/v14102242. 

(100) Luo, R.; Liu, H.; Cheng, Z. Protein Scaffolds: Antibody Alternatives for Cancer 

Diagnosis and Therapy. RSC Chem. Biol. 3 (7), 830–847. 

https://doi.org/10.1039/d2cb00094f. 

(101) Stumpp, M. T.; Binz, H. K.; Amstutz, P. DARPins: A New Generation of Protein 

Therapeutics. Drug Discov. Today 2008, 13 (15), 695–701. 

https://doi.org/10.1016/j.drudis.2008.04.013. 



65 
 

(102) Koide, A.; Bailey, C. W.; Huang, X.; Koide, S. The Fibronectin Type III Domain 

as a Scaffold for Novel Binding Proteins11Edited by J. Wells. J. Mol. Biol. 1998, 284 (4), 

1141–1151. https://doi.org/10.1006/jmbi.1998.2238. 

(103) Akkapeddi, P.; Wen Teng, K.; Koide, S. Monobodies as Tool Biologics for 

Accelerating Target Validation and Druggable Site Discovery. RSC Med. Chem. 2021, 12 

(11), 1839–1853. https://doi.org/10.1039/D1MD00188D. 

(104) Sha, F.; Salzman, G.; Gupta, A.; Koide, S. Monobodies and Other Synthetic 

Binding Proteins for Expanding Protein Science. Protein Sci. Publ. Protein Soc. 2017, 26 

(5), 910–924. https://doi.org/10.1002/pro.3148. 

(105) Koide, A.; Wojcik, J.; Gilbreth, R. N.; Hoey, R. J.; Koide, S. Teaching an Old 

Scaffold New Tricks: Monobodies Constructed Using Alternative Surfaces of the FN3 

Scaffold. J. Mol. Biol. 2012, 415 (2), 393–405. https://doi.org/10.1016/j.jmb.2011.12.019. 

(106) Wojcik, J.; Hantschel, O.; Grebien, F.; Kaupe, I.; Bennett, K. L.; Barkinge, J.; 

Jones, R. B.; Koide, A.; Superti-Furga, G.; Koide, S. A Potent and Highly Specific FN3 

Monobody Inhibitor of the Abl SH2 Domain. Nat. Struct. Mol. Biol. 2010, 17 (4), 519–

527. https://doi.org/10.1038/nsmb.1793. 

(107) Gilbreth, R. N.; Truong, K.; Madu, I.; Koide, A.; Wojcik, J. B.; Li, N.-S.; Piccirilli, 

J. A.; Chen, Y.; Koide, S. Isoform-Specific Monobody Inhibitors of Small Ubiquitin-

Related Modifiers Engineered Using Structure-Guided Library Design. Proc. Natl. Acad. 

Sci. U. S. A. 2011, 108 (19), 7751–7756. https://doi.org/10.1073/pnas.1102294108. 

(108) Gupta, A.; Xu, J.; Lee, S.; Tsai, S. T.; Zhou, B.; Kurosawa, K.; Werner, M. S.; 

Koide, A.; Ruthenburg, A. J.; Dou, Y.; Koide, S. Facile Target Validation in an Animal 



66 
 

Model with Intracellularly Expressed Monobodies. Nat. Chem. Biol. 2018, 14 (9), 895–

900. https://doi.org/10.1038/s41589-018-0099-z. 

(109) Fulcher, L. J.; Hutchinson, L. D.; Macartney, T. J.; Turnbull, C.; Sapkota, G. P. 

Targeting Endogenous Proteins for Degradation through the Affinity-Directed Protein 

Missile System. Open Biol. 2017, 7 (5), 170066. https://doi.org/10.1098/rsob.170066. 

(110) Schmit, N. E.; Neopane, K.; Hantschel, O. Targeted Protein Degradation through 

Cytosolic Delivery of Monobody Binders Using Bacterial Toxins. ACS Chem. Biol. 2019, 

14 (5), 916–924. https://doi.org/10.1021/acschembio.9b00113. 

(111) Portnoff, A. D.; Stephens, E. A.; Varner, J. D.; DeLisa, M. P. Ubiquibodies, 

Synthetic E3 Ubiquitin Ligases Endowed with Unnatural Substrate Specificity for Targeted 

Protein Silencing. J. Biol. Chem. 2014, 289 (11), 7844–7855. 

https://doi.org/10.1074/jbc.M113.544825. 

(112) Baltz, M. R.; Stephens, E. A.; DeLisa, M. P. Design and Functional 

Characterization of Synthetic E3 Ubiquitin Ligases for Targeted Protein Depletion. Curr. 

Protoc. Chem. Biol. 2018, 10 (1), 72–90. https://doi.org/10.1002/cpch.37. 

(113) Carrasco-López, C.; Zhao, E. M.; Gil, A. A.; Alam, N.; Toettcher, J. E.; Avalos, J. 

L. Development of Light-Responsive Protein Binding in the Monobody Non-

Immunoglobulin Scaffold. Nat. Commun. 2020, 11 (1), 4045. 

https://doi.org/10.1038/s41467-020-17837-7. 

(114) He, L.; Tan, P.; Huang, Y.; Zhou, Y. Design of Smart Antibody Mimetics with 

Photosensitive Switches. Adv. Biol. 2021, 5 (5), e2000541. 

https://doi.org/10.1002/adbi.202000541. 



67 
 

(115) Hantschel, O. Monobodies as Possible Next-Generation Protein Therapeutics – a 

Perspective. Swiss Med. Wkly. 2017, 147, w14545. 

https://doi.org/10.4414/smw.2017.14545. 

(116) Jin, S.; Sun, Y.; Liang, X.; Gu, X.; Ning, J.; Xu, Y.; Chen, S.; Pan, L. Emerging 

New Therapeutic Antibody Derivatives for Cancer Treatment. Signal Transduct. Target. 

Ther. 2022, 7 (1), 1–28. https://doi.org/10.1038/s41392-021-00868-x. 

(117) Grebien, F.; Hantschel, O.; Wojcik, J.; Kaupe, I.; Kovacic, B.; Wyrzucki, A. M.; 

Gish, G. D.; Cerny-Reiterer, S.; Koide, A.; Beug, H.; Pawson, T.; Valent, P.; Koide, S.; 

Superti-Furga, G. Targeting the SH2-Kinase Interface in Bcr-Abl Inhibits 

Leukemogenesis. Cell 2011, 147 (2), 306–319. https://doi.org/10.1016/j.cell.2011.08.046. 

(118) Limsakul, P.; Peng, Q.; Wu, Y.; Allen, M. E.; Liang, J.; Remacle, A. G.; Lopez, T.; 

Ge, X.; Kay, B. K.; Zhao, H.; Strongin, A. Y.; Yang, X.-L.; Lu, S.; Wang, Y. Directed 

Evolution to Engineer Monobody for FRET Biosensor Assembly and Imaging at Live-Cell 

Surface. Cell Chem. Biol. 2018, 25 (4), 370-379.e4. 

https://doi.org/10.1016/j.chembiol.2018.01.002. 

(119) Porebski, B. T.; Conroy, P. J.; Drinkwater, N.; Schofield, P.; Vazquez-Lombardi, 

R.; Hunter, M. R.; Hoke, D. E.; Christ, D.; McGowan, S.; Buckle, A. M. Circumventing 

the Stability-Function Trade-off in an Engineered FN3 Domain. Protein Eng. Des. Sel. 

PEDS 2016, 29 (11), 541–550. https://doi.org/10.1093/protein/gzw046. 

(120) Chandler, P. G.; Tan, L. L.; Porebski, B. T.; Green, J. S.; Riley, B. T.; Broendum, 

S. S.; Hoke, D. E.; Falconer, R. J.; Munro, T. P.; Buckle, M.; Jackson, C. J.; Buckle, A. M. 



68 
 

Mutational and Biophysical Robustness in a Prestabilized Monobody. J. Biol. Chem. 2021, 

296. https://doi.org/10.1016/j.jbc.2021.100447. 

(121) Presti, M. F.; Ha, J.-H.; Loh, S. N. An Adaptable, Monobody-Based Biosensor 

Scaffold with FRET Output. bioRxiv August 26, 2022, p 2022.08.26.505460. 

https://doi.org/10.1101/2022.08.26.505460. 

(122) Gebauer, M.; Skerra, A. Engineered Protein Scaffolds as Next-Generation 

Antibody Therapeutics. Curr. Opin. Chem. Biol. 2009, 13 (3), 245–255. 

https://doi.org/10.1016/j.cbpa.2009.04.627. 

(123) Gorman, K.; McGinnis, J.; Kay, B. Generating FN3-Based Affinity Reagents 

Through Phage Display. Curr. Protoc. Chem. Biol. 2018, 10 (2), e39. 

https://doi.org/10.1002/cpch.39. 

(124) Xu, L.; Aha, P.; Gu, K.; Kuimelis, R. G.; Kurz, M.; Lam, T.; Lim, A. C.; Liu, H.; 

Lohse, P. A.; Sun, L.; Weng, S.; Wagner, R. W.; Lipovsek, D. Directed Evolution of High-

Affinity Antibody Mimics Using MRNA Display. Chem. Biol. 2002, 9 (8), 933–942. 

https://doi.org/10.1016/S1074-5521(02)00187-4. 

(125) Chen, T.F.; de Picciotto, S.; Hackel, B.J.; Wittrup, K.D. Engineering Fibronectin-

Based Binding Proteins by Yeast Surface Display. In Methods in Enzymology, Methods 

in Protein Design, 1st ed.; Keating, A., Ed.; Elsevier Inc.: San Diego, CA, USA, 2013; 

Volume 523, pp. 303–326. ISBN 9780123942920. 

(126) Ewert, S.; Honegger, A.; Plückthun, A. Stability Improvement of Antibodies for 

Extracellular and Intracellular Applications: CDR Grafting to Stable Frameworks and 



69 
 

Structure-Based Framework Engineering. Methods 2004, 34 (2), 184–199. 

https://doi.org/10.1016/j.ymeth.2004.04.007. 

(127) Verhoeyen, M.; Milstein, C.; Winter, G. Reshaping Human Antibodies: Grafting 

an Antilysozyme Activity. Science 1988, 239 (4847), 1534–1536. 

https://doi.org/10.1126/science.2451287. 

(128) Jaber Chehayeb, R.; Boggon, T. J. SH2 Domain Binding: Diverse FLVRs of 

Partnership. Front. Endocrinol. 2020, 11. 

(129) Pluk, H.; Dorey, K.; Superti-Furga, G. Autoinhibition of C-Abl. Cell 2002, 108 (2), 

247–259. https://doi.org/10.1016/S0092-8674(02)00623-2. 

(130) Hantschel, O.; Nagar, B.; Guettler, S.; Kretzschmar, J.; Dorey, K.; Kuriyan, J.; 

Superti-Furga, G. A Myristoyl/Phosphotyrosine Switch Regulates c-Abl. Cell 2003, 112 

(6), 845–857. https://doi.org/10.1016/S0092-8674(03)00191-0. 

(131) Deininger, M. W. N.; Goldman, J. M.; Melo, J. V. The Molecular Biology of 

Chronic Myeloid Leukemia. Blood 2000, 96 (10), 3343–3356. 

https://doi.org/10.1182/blood.V96.10.3343. 

(132) Wojcik, J.; Lamontanara, A. J.; Grabe, G.; Koide, A.; Akin, L.; Gerig, B.; 

Hantschel, O.; Koide, S. Allosteric Inhibition of Bcr-Abl Kinase by High Affinity 

Monobody Inhibitors Directed to the Src Homology 2 (SH2)-Kinase Interface *. J. Biol. 

Chem. 2016, 291 (16), 8836–8847. https://doi.org/10.1074/jbc.M115.707901. 

(133) Sha, F.; Gencer, E. B.; Georgeon, S.; Koide, A.; Yasui, N.; Koide, S.; Hantschel, 

O. Dissection of the BCR-ABL Signaling Network Using Highly Specific Monobody 



70 
 

Inhibitors to the SHP2 SH2 Domains. Proc. Natl. Acad. Sci. 2013, 110 (37), 14924–14929. 

https://doi.org/10.1073/pnas.1303640110. 

(134) Gareau, J. R.; Lima, C. D. The SUMO Pathway: Emerging Mechanisms That Shape 

Specificity, Conjugation and Recognition. Nat. Rev. Mol. Cell Biol. 2010, 11 (12), 861–

871. https://doi.org/10.1038/nrm3011. 

(135) Wilkinson, K. A.; Henley, J. M. Mechanisms, Regulation and Consequences of 

Protein SUMOylation. Biochem. J. 2010, 428 (2), 133–145. 

https://doi.org/10.1042/BJ20100158. 

(136) Melchior, F. SUMO--Nonclassical Ubiquitin. Annu. Rev. Cell Dev. Biol. 2000, 16, 

591–626. https://doi.org/10.1146/annurev.cellbio.16.1.591. 

(137) Seeler, J.-S.; Dejean, A. SUMO and the Robustness of Cancer. Nat. Rev. Cancer 

2017, 17 (3), 184–197. https://doi.org/10.1038/nrc.2016.143. 

(138) Zhang, H.; Kuai, X.; Ji, Z.; Li, Z.; Shi, R. Over-Expression of Small Ubiquitin-

Related Modifier-1 and Sumoylated P53 in Colon Cancer. Cell Biochem. Biophys. 2013, 

67 (3), 1081–1087. https://doi.org/10.1007/s12013-013-9612-x. 

(139) Bryan, A. F.; Wang, J.; Howard, G. C.; Guarnaccia, A. D.; Woodley, C. M.; Aho, 

E. R.; Rellinger, E. J.; Matlock, B. K.; Flaherty, D. K.; Lorey, S. L.; Chung, D. H.; Fesik, 

S. W.; Liu, Q.; Weissmiller, A. M.; Tansey, W. P. WDR5 Is a Conserved Regulator of 

Protein Synthesis Gene Expression. Nucleic Acids Res. 2020, 48 (6), 2924–2941. 

https://doi.org/10.1093/nar/gkaa051. 



71 
 

(140) Alicea-Velázquez, N. L.; Shinsky, S. A.; Loh, D. M.; Lee, J.-H.; Skalnik, D. G.; 

Cosgrove, M. S. Targeted Disruption of the Interaction between WD-40 Repeat Protein 5 

(WDR5) and Mixed Lineage Leukemia (MLL)/SET1 Family Proteins Specifically Inhibits 

MLL1 and SETd1A Methyltransferase Complexes. J. Biol. Chem. 2016, 291 (43), 22357–

22372. https://doi.org/10.1074/jbc.M116.752626. 

(141) Aho, E. R.; Weissmiller, A. M.; Fesik, S. W.; Tansey, W. P. Targeting WDR5: A 

WINning Anti-Cancer Strategy? Epigenetics Insights 2019, 12, 2516865719865282. 

https://doi.org/10.1177/2516865719865282. 

(142) Moore, A. R.; Rosenberg, S. C.; McCormick, F.; Malek, S. RAS-Targeted 

Therapies: Is the Undruggable Drugged? Nat. Rev. Drug Discov. 2020, 19 (8), 533–552. 

https://doi.org/10.1038/s41573-020-0068-6. 

(143) Spencer-Smith, R.; Koide, A.; Zhou, Y.; Eguchi, R. R.; Sha, F.; Gajwani, P.; 

Santana, D.; Gupta, A.; Jacobs, M.; Herrero-Garcia, E.; Cobbert, J.; Lavoie, H.; Smith, M.; 

Rajakulendran, T.; Dowdell, E.; Okur, M. N.; Dementieva, I.; Sicheri, F.; Therrien, M.; 

Hancock, J. F.; Ikura, M.; Koide, S.; O’Bryan, J. P. Inhibition of RAS Function through 

Targeting an Allosteric Regulatory Site. Nat. Chem. Biol. 2017, 13 (1), 62–68. 

https://doi.org/10.1038/nchembio.2231. 

(144) Wallon, L.; Khan, I.; Teng, K. W.; Koide, A.; Zuberi, M.; Li, J.; Ketavarapu, G.; 

Traaseth, N. J.; O’Bryan, J. P.; Koide, S. Inhibition of RAS-Driven Signaling and 

Tumorigenesis with a Pan-RAS Monobody Targeting the Switch I/II Pocket. Proc. Natl. 

Acad. Sci. 2022, 119 (43), e2204481119. https://doi.org/10.1073/pnas.2204481119. 



72 
 

(145) Khan, I.; Koide, A.; Zuberi, M.; Ketavarapu, G.; Denbaum, E.; Teng, K. W.; Rhett, 

J. M.; Spencer-Smith, R.; Hobbs, G. A.; Camp, E. R.; Koide, S.; O’Bryan, J. P. 

Identification of the Nucleotide-Free State as a Therapeutic Vulnerability for Inhibition of 

Selected Oncogenic RAS Mutants. Cell Rep. 2022, 38 (6). 

https://doi.org/10.1016/j.celrep.2022.110322. 

(146) Teng, K. W.; Tsai, S. T.; Hattori, T.; Fedele, C.; Koide, A.; Yang, C.; Hou, X.; 

Zhang, Y.; Neel, B. G.; O’Bryan, J. P.; Koide, S. Selective and Noncovalent Targeting of 

RAS Mutants for Inhibition and Degradation. Nat. Commun. 2021, 12 (1), 2656. 

https://doi.org/10.1038/s41467-021-22969-5. 

(147) Zorba, A.; Nguyen, V.; Koide, A.; Hoemberger, M.; Zheng, Y.; Kutter, S.; Kim, 

C.; Koide, S.; Kern, D. Allosteric Modulation of a Human Protein Kinase with 

Monobodies. Proc. Natl. Acad. Sci. 2019, 116 (28), 13937–13942. 

https://doi.org/10.1073/pnas.1906024116. 

(148) Pitsawong, W.; Buosi, V.; Otten, R.; Agafonov, R. V.; Zorba, A.; Kern, N.; Kutter, 

S.; Kern, G.; Pádua, R. A.; Meniche, X.; Kern, D. Dynamics of Human Protein Kinase 

Aurora A Linked to Drug Selectivity. eLife 2018, 7, e36656. 

https://doi.org/10.7554/eLife.36656. 

(149) Reckel, S.; Gehin, C.; Tardivon, D.; Georgeon, S.; Kükenshöner, T.; Löhr, F.; 

Koide, A.; Buchner, L.; Panjkovich, A.; Reynaud, A.; Pinho, S.; Gerig, B.; Svergun, D.; 

Pojer, F.; Güntert, P.; Dötsch, V.; Koide, S.; Gavin, A.-C.; Hantschel, O. Structural and 

Functional Dissection of the DH and PH Domains of Oncogenic Bcr-Abl Tyrosine Kinase. 

Nat. Commun. 2017, 8 (1), 2101. https://doi.org/10.1038/s41467-017-02313-6. 



73 
 

(150) Hatzopoulos, G. N.; Kükenshöner, T.; Banterle, N.; Favez, T.; Flückiger, I.; Hamel, 

V.; Andany, S.; Fantner, G. E.; Hantschel, O.; Gönczy, P. Tuning SAS-6 Architecture with 

Monobodies Impairs Distinct Steps of Centriole Assembly. Nat. Commun. 2021, 12 (1), 

3805. https://doi.org/10.1038/s41467-021-23897-0. 

(151) Gumpena, R.; Lountos, G. T.; Raran-Kurussi, S.; Tropea, J. E.; Cherry, S.; Waugh, 

D. S. Crystal Structure of the Human Dual Specificity Phosphatase 1 Catalytic Domain. 

Protein Sci. 2018, 27 (2), 561–567. https://doi.org/10.1002/pro.3328. 

(152) Zhang, Y.; Thangam, R.; You, S.-H.; Sultonova, R. D.; Venu, A.; Min, J.-J.; Hong, 

Y. Engineering Calreticulin-Targeting Monobodies to Detect Immunogenic Cell Death in 

Cancer Chemotherapy. Cancers 2021, 13 (11), 2801. 

https://doi.org/10.3390/cancers13112801. 

(153) Last, N. B.; Stockbridge, R. B.; Wilson, A. E.; Shane, T.; Kolmakova-Partensky, 

L.; Koide, A.; Koide, S.; Miller, C. A CLC-Type F-/H+ Antiporter in Ion-Swapped 

Conformations. Nat. Struct. Mol. Biol. 2018, 25 (7), 601–606. 

https://doi.org/10.1038/s41594-018-0082-0. 

(154) Ramamurthy, V.; Krystek, S. R.; Bush, A.; Wei, A.; Emanuel, S. L.; Das Gupta, 

R.; Janjua, A.; Cheng, L.; Murdock, M.; Abramczyk, B.; Cohen, D.; Lin, Z.; Morin, P.; 

Davis, J. H.; Dabritz, M.; McLaughlin, D. C.; Russo, K. A.; Chao, G.; Wright, M. C.; 

Jenny, V. A.; Engle, L. J.; Furfine, E.; Sheriff, S. Structures of Adnectin/Protein Complexes 

Reveal an Expanded Binding Footprint. Structure 2012, 20 (2), 259–269. 

https://doi.org/10.1016/j.str.2011.11.016. 



74 
 

(155) Kondo, T.; Eguchi, M.; Kito, S.; Fujino, T.; Hayashi, G.; Murakami, H. CDNA 

TRAP Display for Rapid and Stable in Vitro Selection of Antibody-like Proteins. Chem. 

Commun. 2021, 57 (19), 2416–2419. https://doi.org/10.1039/D0CC07541H. 

(156) McIlwain, B. C.; Newstead, S.; Stockbridge, R. B. Cork-in-Bottle Occlusion of 

Fluoride Ion Channels by Crystallization Chaperones. Structure 2018, 26 (4), 635-639.e1. 

https://doi.org/10.1016/j.str.2018.02.004. 

(157) Turman, D. L.; Cheloff, A. Z.; Corrado, A. D.; Nathanson, J. T.; Miller, C. 

Molecular Interactions between a Fluoride Ion Channel and Synthetic Protein Blockers. 

Biochemistry 2018, 57 (7), 1212–1218. https://doi.org/10.1021/acs.biochem.7b01272. 

(158) Last, N. B.; Sun, S.; Pham, M. C.; Miller, C. Molecular Determinants of Permeation 

in a Fluoride-Specific Ion Channel. eLife 2017, 6, e31259. 

https://doi.org/10.7554/eLife.31259. 

(159) Last, N. B.; Kolmakova-Partensky, L.; Shane, T.; Miller, C. Mechanistic Signs of 

Double-Barreled Structure in a Fluoride Ion Channel. eLife 2016, 5, e18767. 

https://doi.org/10.7554/eLife.18767. 

(160) Stockbridge, R. B.; Kolmakova-Partensky, L.; Shane, T.; Koide, A.; Koide, S.; 

Miller, C.; Newstead, S. Crystal Structures of a Double-Barrelled Fluoride Ion Channel. 

Nature 2015, 525 (7570), 548–551. https://doi.org/10.1038/nature14981. 

(161) Salzman, G. S.; Ackerman, S. D.; Ding, C.; Koide, A.; Leon, K.; Luo, R.; Stoveken, 

H. M.; Fernandez, C. G.; Tall, G. G.; Piao, X.; Monk, K. R.; Koide, S.; Araç, D. Structural 

Basis for Regulation of GPR56/ADGRG1 by Its Alternatively Spliced Extracellular 

Domains. Neuron 2016, 91 (6), 1292–1304. https://doi.org/10.1016/j.neuron.2016.08.022. 



75 
 

(162) Pyo, A.; You, S.-H.; Sik Kim, H.; Young Kim, J.; Min, J.-J.; Kim, D.-Y.; Hong, Y. 

Production of 64Cu-Labeled Monobody for Imaging of Human EphA2-Expressing 

Tumors. Bioorg. Med. Chem. Lett. 2020, 30 (14), 127262. 

https://doi.org/10.1016/j.bmcl.2020.127262. 

(163) Kim, M.-A.; Yoon, H. S.; Park, S.-H.; Kim, D.-Y.; Pyo, A.; Kim, H. S.; Min, J.-J.; 

Hong, Y. Engineering of Monobody Conjugates for Human EphA2-Specific Optical 

Imaging. PLOS ONE 2017, 12 (7), e0180786. 

https://doi.org/10.1371/journal.pone.0180786. 

(164) Park, S.-H.; Park, S.; Kim, D.-Y.; Pyo, A.; Kimura, R. H.; Sathirachinda, A.; Choy, 

H. E.; Min, J.-J.; Gambhir, S. S.; Hong, Y. Isolation and Characterization of a Monobody 

with a Fibronectin Domain III Scaffold That Specifically Binds EphA2. PLOS ONE 2015, 

10 (7), e0132976. https://doi.org/10.1371/journal.pone.0132976. 

(165) Diver, M. M.; Pedi, L.; Koide, A.; Koide, S.; Long, S. B. Atomic Structure of the 

Eukaryotic Intramembrane RAS Methyltransferase ICMT. Nature 2018, 553 (7689), 526–

529. https://doi.org/10.1038/nature25439. 

(166) Hussain, M.; Angus, S. P.; Kuhlman, B. Engineering a Protein Binder Specific for 

P38α with Interface Expansion. Biochemistry 2018, 57 (30), 4526–4535. 

https://doi.org/10.1021/acs.biochem.8b00408. 

(167) Gilbreth, R. N.; Esaki, K.; Koide, A.; Sidhu, S. S.; Koide, S. A Dominant 

Conformational Role for Amino Acid Diversity in Minimalist Protein–Protein Interfaces. 

J. Mol. Biol. 2008, 381 (2), 407–418. https://doi.org/10.1016/j.jmb.2008.06.014. 



76 
 

(168) Koide, A.; Gilbreth, R. N.; Esaki, K.; Tereshko, V.; Koide, S. High-Affinity Single-

Domain Binding Proteins with a Binary-Code Interface. Proc. Natl. Acad. Sci. 2007, 104 

(16), 6632–6637. https://doi.org/10.1073/pnas.0700149104. 

(169) Garnish, S. E.; Meng, Y.; Koide, A.; Sandow, J. J.; Denbaum, E.; Jacobsen, A. V.; 

Yeung, W.; Samson, A. L.; Horne, C. R.; Fitzgibbon, C.; Young, S. N.; Smith, P. P. C.; 

Webb, A. I.; Petrie, E. J.; Hildebrand, J. M.; Kannan, N.; Czabotar, P. E.; Koide, S.; 

Murphy, J. M. Conformational Interconversion of MLKL and Disengagement from RIPK3 

Precede Cell Death by Necroptosis. Nat. Commun. 2021, 12 (1), 2211. 

https://doi.org/10.1038/s41467-021-22400-z. 

(170) Petrie, E. J.; Birkinshaw, R. W.; Koide, A.; Denbaum, E.; Hildebrand, J. M.; 

Garnish, S. E.; Davies, K. A.; Sandow, J. J.; Samson, A. L.; Gavin, X.; Fitzgibbon, C.; 

Young, S. N.; Hennessy, P. J.; Smith, P. P. C.; Webb, A. I.; Czabotar, P. E.; Koide, S.; 

Murphy, J. M. Identification of MLKL Membrane Translocation as a Checkpoint in 

Necroptotic Cell Death Using Monobodies. Proc. Natl. Acad. Sci. 2020, 117 (15), 8468–

8475. https://doi.org/10.1073/pnas.1919960117. 

(171) Lu, M.; Symersky, J.; Radchenko, M.; Koide, A.; Guo, Y.; Nie, R.; Koide, S. 

Structures of a Na+-Coupled, Substrate-Bound MATE Multidrug Transporter. Proc. Natl. 

Acad. Sci. 2013, 110 (6), 2099–2104. https://doi.org/10.1073/pnas.1219901110. 

(172) Nady, N.; Gupta, A.; Ma, Z.; Swigut, T.; Koide, A.; Koide, S.; Wysocka, J. ETO 

Family Protein Mtgr1 Mediates Prdm14 Functions in Stem Cell Maintenance and 

Primordial Germ Cell Formation. eLife 2015, 4, e10150. 

https://doi.org/10.7554/eLife.10150. 



77 
 

(173) Miller, C. J.; McGinnis, J. E.; Martinez, M. J.; Wang, G.; Zhou, J.; Simmons, E.; 

Amet, T.; Abdeen, S. J.; Van Huysse, J. W.; Bowsher, R. R.; Kay, B. K. FN3-Based 

Monobodies Selective for the Receptor Binding Domain of the SARS-CoV-2 Spike 

Protein. New Biotechnol. 2021, 62, 79–85. https://doi.org/10.1016/j.nbt.2021.01.010. 

(174) Kondo, T.; Iwatani, Y.; Matsuoka, K.; Fujino, T.; Umemoto, S.; Yokomaku, Y.; 

Ishizaki, K.; Kito, S.; Sezaki, T.; Hayashi, G.; Murakami, H. Antibody-like Proteins That 

Capture and Neutralize SARS-CoV-2. Sci. Adv. 2020, 6 (42), eabd3916. 

https://doi.org/10.1126/sciadv.abd3916. 

(175) Kükenshöner, T.; Schmit, N. E.; Bouda, E.; Sha, F.; Pojer, F.; Koide, A.; Seeliger, 

M.; Koide, S.; Hantschel, O. Selective Targeting of SH2 Domain–Phosphotyrosine 

Interactions of Src Family Tyrosine Kinases with Monobodies. J. Mol. Biol. 2017, 429 (9), 

1364–1380. https://doi.org/10.1016/j.jmb.2017.03.023. 

(176) La Sala, G.; Michiels, C.; Kükenshöner, T.; Brandstoetter, T.; Maurer, B.; Koide, 

A.; Lau, K.; Pojer, F.; Koide, S.; Sexl, V.; Dumoutier, L.; Hantschel, O. Selective Inhibition 

of STAT3 Signaling Using Monobodies Targeting the Coiled-Coil and N-Terminal 

Domains. Nat. Commun. 2020, 11 (1), 4115. https://doi.org/10.1038/s41467-020-17920-z. 

(177) Ding, N.; Fu, X.; Ruan, Y.; Zhu, J.; Guo, P.; Han, L.; Zhang, J.; Hu, X. Extracellular 

Production of Recombinant N-Glycosylated Anti-VEGFR2 Monobody in Leaky 

Escherichia Coli Strain. Biotechnol. Lett. 2019, 41 (11), 1265–1274. 

https://doi.org/10.1007/s10529-019-02731-0. 

 

 



78 
 

Chapter 2: Development of an adaptable, monobody-based biosensor scaffold 

with FRET output 

 

 

Maria F. Presti, Jeung-Hoi Ha, Stewart N. Loh* 

 

Department of Biochemistry and Molecular Biology, SUNY Upstate Medical University, 

750 East Adams Street, Syracuse, NY, 13210 

 

 

 

 

 

Author contributions: M.F.P., J.H., and S.N.L. conceptualized the study. M.F.P. 

performed experiments and analyzed data. M.F.P. and S.N.L. wrote and revised the 

manuscript.  

 

Status: Submitted to ACS Sensors and BioRxiv  

doi: https://doi.org/10.1101/2022.08.26.505460  

 

https://doi.org/10.1101/2022.08.26.505460


79 
 

2.1 Abstract 

Protein-based fluorescent biosensors are powerful tools for analyte recognition in vitro and 

in cells. Numerous proteinaceous binding scaffolds have been developed that recognize 

ligands with affinity and specificity comparable to those of conventional antibodies, but 

are smaller, readily overexpressed, and more amenable to engineering. Like antibodies, 

these binding domains are useful as recognition modules in protein switches and 

biosensors, but they are not capable of reporting on the binding event by themselves. Here, 

we engineer a small binding scaffold—a consensus-designed fibronectin 3 monobody—

such that it undergoes a conformational change upon ligand binding. This change is 

detected by Förster resonance energy transfer using chemical dyes or cyan and yellow 

fluorescent proteins as donor/acceptor groups. By grafting substrate recognition residues 

from different monobodies onto this scaffold, we create fluorescent biosensors for c-Abl 

Src homology 2 (SH2) domain, WD40-repeat protein 5 (WDR5), small ubiquitin-like 

modifier-1 (SUMO), and HRAS. The biosensors bind their cognate ligands reversibly, with 

affinities consistent with those of the parent monobodies, and with half times of seconds to 

minutes. This design serves as generalizable platform for creating genetically-encoded, 

ratiometric biosensors by swapping binding residues from known monobodies, with 

minimal modification. 

 

Keywords: Fibronectin 3, alternate frame folding, AFF, genetically encoded, protein 

engineering
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2.2 Introduction 

Protein-based sensors are used in a wide range of applications, from detecting 

spatial distributions of molecules and their time-dependent changes in concentration, to 

identifying disease biomarkers in vitro and in vivo1,2. Biosensors consisting of a single 

protein molecule typically work by coupling an input signal (ligand binding) to a 

measurable output by means of a conformational change. The output is often a fluorescence 

change (ratiometric or intensiometric) since fluorescent proteins (FPs) can easily be 

incorporated into the design. Proteins are capable of many types of conformational change, 

including the folding and unfolding reactions featured in this study, and several of these 

have been used to effect communication between input and output domains. 

A major challenge in protein biosensor design is to develop a scaffold that can be 

easily modified to recognize new molecules of interest. Existing sensors are often 

exquisitely sensitive and precise, but the mechanisms by which they achieve this response 

are almost always specific to their intended target and are not readily transferrable to other 

ligands. Perhaps the pre-eminent example is the GCaMP family of calcium sensors, which 

consist of calmodulin and one of its binding peptides fused to an FP. By virtue of their 

strong intensiometric fluorescence change, rapid response times, and genetic encodability, 

GCaMPs have transformed the study of calcium signaling in cells. Yet this turn-on 

mechanism has proven difficult to apply to the detection of other targets. GCaMPs take 

advantage of calmodulin’s peculiar Ca2+-induced peptide-binding activity, and while 

GCaMP-like sensors with recognition domains other than calmodulin have been 

developed3–5, each design represents a new protein engineering effort with substantial 

screening and optimization required. 
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The goal of this study is to create a self-reporting protein biosensor that one can 

customize to bind a new target with minimal modification. Existing examples can be 

grouped into two categories: those consisting of a single protein and those composed of 

two or more components. In the latter class, the components come together in the presence 

of ligand and report on the interaction by either reconstituting a split FP or enzyme (e.g., 

luciferase or β-lactamase), or bringing Förster resonance energy transfer (FRET) pairs into 

proximity. The advantage is that, when the system is tuned properly, signal-to-noise ratio 

tends to be high due to low background levels of enzymatic activity or FRET. The 

limitations are that it can be challenging to tune the system such that the proteins only 

assemble in the presence of ligand, and oftentimes the components may need to be present 

at approximately equal concentrations. Single-molecule sensors remove those limitations, 

but they generally require the molecule to undergo a binding-induced conformational 

change, which is relatively rare among naturally-occurring proteins. 

One way to introduce allostery into proteins that do not undergo intrinsic 

conformational change is with the alternate frame folding (AFF) mechanism6–11. The AFF 

mechanism, as well as how to create a functional AFF switch, has been described in 

detail12. Briefly, the full-length biosensor construct consists of the native sequence and a 

segment duplicated from either terminus, which is fused to the opposite terminus using a 

peptide linker long enough to span the termini of the parent protein. This procedure is 

illustrated in Figure 1B using the 93-amino acid fibronectin type III protein (FN3 or 

monobody; Figure 1A). Duplication creates two mutually-exclusive folding frames (Figure 

1B), generating the native fold (N-fold) and circularly permuted fold (cp-fold) (Figure 1C).  

Binding site mutations are introduced into one of the folds to create exclusivity of binding, 
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while the shared sequence between the two folds ensures exclusivity of folding. 

Fluorophores are placed in the surface loop at which the native protein was permuted and 

at either the amino or carboxy terminus, depending on whether the duplicated sequence 

was appended to the amino or carboxy terminus, respectively. At these positions, the 

fluorophores are at the amino and carboxy termini of the cp-fold. These positions are 

proximal in all circularly permuted proteins, and FRET efficiency is consequently high 

when the switch adopts the cp-fold (Figure 1C). When the sensor switches to the N-fold, 

the fluorophores become separated by the duplicated segment and FRET efficiency is 

expected to decrease. The AFF mechanism has been used to create Ca2+- and ribose- 

binding biosensors, using calbindin6 and RBP9 scaffolds respectively, as well as an 

artificial HIV-1 protease activated zymogen10 and a protease-activated, color-changing 

fluorescent protein13. 

Here, we create an adaptable and genetically encoded switch by applying the AFF 

mechanism to the 10th domain of FN3, termed monobody, a small protein that has been 

evolved by in vitro selection methods to specifically bind ~30 protein targets14,15 including 

epidermal growth factor receptor16, maltose-binding protein (MBP)17, mixed lineage 

kinase domain-like protein 18,19, and severe acute respiratory syndrome coronavirus 2 spike 

protein20,21. Like the antibody light chains they resemble, monobodies achieve molecular 

recognition by presenting different residues at surface positions (1-3 CDR-like loops as 

well as several β-strands) while maintaining a constant amino acid sequence at other 

positions14. Monobodies have been developed for use in degradation systems22–25, light-

controlled applications26,27, cancer therapeutics28–30, and as inhibitors14,31–33 and 

biosensors34,35.  
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Monobodies are excellent binders, but they are not allosteric switches, and thus are 

not able to self-report binding events. We convert FN3 to a switchable protein scaffold 

using the aforementioned AFF mechanism, and, using crystal structures of known 

monobody-target complexes, generate fluorescent biosensors that recognize four human 

protein targets: cAbl Src homology 2 domain (SH2)31,36, small ubiquitin-like modifier-1 

(SUMO)36, WD40-repeat protein 5 (WDR5)33, and HRAS37. FRET output is established 

by chemical labeling with BODIPY fluorescence donor and acceptor groups, or by fusion 

of cyan and yellow fluorescent proteins to create a fully genetically-encoded sensor with 

ratiometric response. 

2.3 Results 

2.3.1 Generation of monobody binding scaffolds 

The structure of FN3 consists of a seven-stranded beta sandwich (strands A – G) 

with the BC, DE, and FG loops corresponding to antibody CDR regions (Figure 2.1A). 

Because circularly permuting a protein is often destabilizing, we based our switch on FN3 

that had been previously stabilized using the consensus design method38. We first 

converted this naïve, consensus-designed FN3 (PDB 4U3H) into an SH2-recognizing 

monobody by examining the crystal structure of the original (non-consensus designed) 

HA4 monobody in complex with SH2 (PDB 3K2M) and identifying which amino acids on 

HA4 were in contact with SH2. In addition to the three CDR-like loops, four amino acids 

in strand F of HA4 interact with SH2. We then transferred these four residues and grafted 

the entire BC, DE, and FG loops from HA4 onto the consensus-designed FN3. This SH2-

recognizing, consensus-designed FN3 sequence served as the template for creating WDR5 

and SUMO monobodies by the same process (see Methods). The resulting monobodies are 
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designated with superscripts indicating their respective target ligands (FN3SH2, FN3WDR5, 

and FN3SUMO) (Table 2.1). Finally, for labeling with fluorescent dyes, a Cys residue was 

introduced at the position in the CD loop at which FN3 was circularly permuted (vide 

infra). For simplicity, we designate this as position 42 for all sensors, although the 

numbering shifts by several residues depending on the FN3 construct. Amino acid 

sequences of all constructs created for this study are shown in Supplemental Figure S2.1.  

 

Figure 2.1: Design of FN3-AFF sensors. (A) The structure of FN3 (ribbons) complexed 

with WDR5 (grey surface) shows the binding interface (BC and FG loops; wheat color), 

the site of circular permutation (position 42; red sphere), and regions that were duplicated 

(cyan) and shared (purple) in the FN3-AFF sensor. PDB ID 6BYN. (B) FN3-AFF switches 

were created by copying residues 42 – 93 and appending the duplicate segment (denoted 

42’ – 93’) to the N-terminus of FN3, joined by an 18-AA linker. The thermodynamic 

stabilities of the cp-fold (red and purple) and the N-fold (purple and blue) were balanced 

by introducing a tuning mutation into the N-fold, and ligand binding of the cp-fold was 



85 
 

knocked out by introducing binding-null mutations into the red sequence. (C) FN3-AFF 

interconverts between the cp-fold and the N-fold, with the chief difference in their 

structures being the extension of a C-terminal tail (residues 42 – 93) from the cp-fold and 

an N-terminal tail (residues 42’ – 93’) from the N-fold. Binding of the ligand (black oval) 

shifts the population from the cp-fold to the N-fold, resulting in a loss of FRET efficiency 

as the donor fluorophore (green star) and acceptor fluorophore (yellow star) move apart. 

FN3-AFF is shown; FN3-AFFrev consists of the binding mutations transferred from the cp-

frame to the N-frame. 

 

To create circular permutants, we chose to make the new amino terminus position 

42 (red sphere in Figure 2.1A) because the CD loop is not varied in most directed evolution 

procedures, and previous studies have shown that this loop can tolerate cleavage and 

mutation without undue loss of stability or function34,39. We then linked the last residue of 

the original sequence to the first residue of the original sequence by means of an 18-AA 

flexible linker long enough to span the ~36 Å carboxy-to-amino terminal distance of FN3. 

The sequence terminated with residue 41 and a Cys residue was placed at the amino 

terminus for labeling purposes. The circular permutants are designated cpFN3 (Table 2.1).  
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Table 2.1: Nomenclature of constructs used in this study. 

Name Description  

FN3 Monobody 

cpFN3 Circular permutant of monobody 

FN3bn, cpFN3bn FN3 and cpFN3 with binding-null mutations introduced 

N-fold Native fold of FN3-AFF biosensor (purple and blue 

regions of Figure 2.1A) 

cp-fold Circularly permuted fold of FN3-AFF biosensor (red 

and purple regions of Figure 2.1A) 

FN3-AFF Biosensor with binding-null mutations in the cp-fold 

FN3-AFFrev Biosensor with binding-null mutations in the N-fold 

FN3-AFFGE Genetically-encoded FN3-AFFWDR5, with CyPet and 

cpYFP fused at positions indicated in Figure 2.1. 

 

2.3.2 Thermodynamic tuning of sensor components 

Prior to assembling the AFF sensor, the thermodynamic stabilities (ΔGfold) of FN3 

and cpFN3 must be approximately balanced. If the binding-competent fold is much more 

stable than the binding-null fold, then the switch will always be ON regardless of ligand. 

If the situation is reversed, then high concentrations of ligand will be required to push the 

equilibrium from OFF to ON states, reducing the sensitivity of the sensor. Guanidine 

hydrochloride (GdnHCl) denaturation experiments revealed FN3 was much more stable 

than cpFN3 (Supplemental Figure S2.2C). Introducing a cavity-creating mutation into a 
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buried position in the unshared region of FN3 (Phe→Gly at position 69 in FN3SUMO and 

FN3WDR5, and at the analogous position 71 in FN3SH2) resulted in ΔGfold values of 6.97 ± 

0.13 kcal mol-1 (FN3WDR5), 7.22 ± 0.13 kcal mol-1 (FN3SH2), and 6.01 ± 2.19 kcal mol-1 

(FN3SUMO) (Supplemental Figure S2.2 and Supplemental Table 2.1). These values were 

approximately equal to those of the corresponding cpFN3 constructs (without the Phe→Gly 

mutation and containing binding-null mutations; Supplemental Figure S2.2 and 

Supplemental Table 2.1). Thus, no further stability tuning was necessary. 

2.3.3 Functional characterization of sensor components 

We determined ligand binding affinities by titrating in ligand and monitoring the 

increase in fluorescence anisotropy (FA) of fluorescein-labeled FN3 and cpFN3 

(Supporting Figure S2.3). All FN3 and cpFN3 constructs bound their ligands with sub-μM 

Kd (Table 2.2). Kd values of FN3SH2 and FN3WDR5 were higher than those reported for the 

parental monobodies by 8-fold and 68-fold, respectively, whereas FN3SUMO bound SUMO 

with approximately the same affinity as the parental monobody (Supplemental Figure 

S2.2A). Circular permutation did not appreciably affect binding affinities in the case of 

SH2 and WDR5 (Supplemental Figure S2.2B; Table 2.2), but Kd of cpFN3SUMO was ~12-

fold higher than that of FN3SUMO.  

For the AFF switch design, it is necessary to knock out function of either the N- 

fold or the cp-fold. In monobodies, the FG loop interacts extensively with all the ligands 

and typically contains at least one essential binding residue34. We introduced the binding-

null mutations Y83A+M84A (SH2), H74G+W76G (SUMO), and R79A (WDR5) into 

FN3, as well as into cpFN3 at the identical positions, to create binding-null mutants 
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(designated FN3bn and cpFN3bn). FA experiments confirmed that FN3bn and cpFN3bn did 

not interact with their respective ligands (Supplemental Figure S2.3). 

Table 2.2: Binding affinities of the FN3 constructs and FN3-AFF switches. 

Construct SH2 Kd (µM) SUMO Kd (µM) WDR5 Kd (µM) 

FN3 0.18 ± 0.75 0.05 ± 0.02 0.34 ± 0.03  

cpFN3 0.22 ± 0.08   0.62 ± 0.20  0.34 ± 0.03 

FN3-AFF 1.05 ± 0.61  1.92 ± 0.16 1.38 ± 0.58 

FN3-AFFrev 3.60 ± 2.05  1.52 ± 0.96 0.26 ± 0.08 

Parental  0.02231 0.06832 0.00533 

 

2.3.4 FN3-AFF sensor performance characterized by BODIPY fluorescence 

 FN3-AFFSH2, FN3-AFFSUMO, and FN3-AFFWDR5 biosensors were constructed as 

described in Figure 1A. The binding-null mutations were introduced into the cp-fold, and 

cysteines from FN3 (internal position 42) and cpFN3 (amino terminus) were carried over 

to FN3-AFF for labeling purposes. Sensors were purified from E. coli and were >95 % 

pure and monomeric as determined by size exclusion chromatography (SEC) 

(Supplemental Figure S2.4A). FN3-AFF biosensors were labeled using BODIPY-FL 

maleimide. In the cp-fold, the BODIPY groups are at effectively adjacent positions and 

FRET efficiency (manifested by quenching) is high. In the N-fold, the dyes become 

separated (Figure 2.1C) and FRET efficiency is expected to decrease, leading to de-

quenching. FN3-AFFSH2, FN3-AFFSUMO, and FN3-AFFWDR5 sensors all exhibited an 

increase in BODIPY emission upon addition of ligand, consistent with the expected cp-to-
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N fold shift (Figure 2.2A). The three sensors bound their ligands with Kd values 4 – 40-

fold higher than those of the respective, isolated FN3 proteins. This trend is due at least in 

part to a portion of the binding energy necessarily being used to drive the cp-to-N 

conformational change6–8,10. 

 

Figure 2.2: Equilibrium binding of FN3-AFF sensors (A) and FN3-AFFrev sensors (B) 

characterized by BODIPY FRET. Fluorescence intensity was monitored at 510 nm. 

Solid lines indicate best fits to the one-site binding equation. Errors are s.d. (n = 3). 

 

The observed increase in BODIPY fluorescence is consistent with the AFF-

mediated conformational change, but it’s possible that it could be due to binding-induced 

de-quenching of BODIPY in the absence of a fold shift. To distinguish between these 
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scenarios, we reversed the switch direction by transferring the binding-null mutations from 

the cp-fold to the N-fold, thereby creating N-to-cp-fold switches (FN3-AFFrev). 

Fluorescence binding curves of FN3-AFFrev sensors appeared as mirror images of their 

FN3-AFF counterparts (Figure 2.2B), indicating that binding induced a shift from low-

FRET (N-fold) to high-FRET (cp-fold) states. This finding confirms the conformational 

change had indeed reversed and was caused by the AFF-mediated fold shift. Reversing the 

switch direction did not alter the binding affinities of SH2 and SUMO, but it increased 

affinity of WDR5 by ~5-fold (Figure 2.2 and Table 2.2). This latter result suggests that the 

binding-null mutations slightly destabilized the N-fold in FN3-AFFWDR5,rev, increasing the 

initial population of the cp-fold and reducing the binding energy required to bring about 

the N-to-cp fold shift.  

2.3.5 Rapid generation of a new FN3-AFF sensor for HRAS  

Having developed biosensors for detecting SH2, SUMO, and WDR5, we asked 

whether a new sensor could be made by changing the ligand binding residues of the existing 

FN3-AFF scaffold without additional thermodynamic balancing or other optimization. We 

chose to target HRAS for this test. Ras is frequently mutated in cancer and Ras-targeting 

sensors could potentially aid in diagnosing cancers with mutant Ras and screening Ras 

inhibitors in cells. We looked at the crystal structure of an HRAS-targeting monobody 

(PDB 5E95), termed NS1, and grafted the binding residues from the FG and BC loops as 

well as three residues in strand D onto our existing FN3-AFFSH2 sensor (Supplemental 

Figure 2.1). Addition of HRAS produced an increase in BODIPY fluorescence, consistent 

with the expected conformational change, with Kd = 423 ± 200 nM (~26-fold weaker than 
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NS1)37 (Supplemental Figure S2.5). This result suggests that it should be possible to create 

additional sensors by following the same procedure. 

2.3.6 Construction and characterization of a genetically-encoded WDR5-binding 

FN3-AFF sensor  

To create the genetically-encoded FN3-AFFWDR5 biosensor (designated FN3-

AFFGE), we replaced the amino terminal Cys with a cyan fluorescent protein (CyPet)42 and 

the Cys at internal position 42 of the N-fold with a circularly-permuted yellow fluorescent 

protein (cpYFP) (Supplemental Figure S2.1B). Circular permutation was necessary to 

reduce the amino-to-carboxy terminal distance of YFP, so that it could be inserted into the 

surface loop of FN3 without unfolding FN3 and thus induce mutually exclusive folding of 

the YFP and FN3 domains of the fusion protein40,41. cpYFP was generated by permuting 

Clover fluorescent protein at position 19543 and introducing F46L, F64L, V67L, and 

H203Y mutations44 to change its fluorescence from green to yellow as described in our 

earlier work45. To determine whether inserting cpYFP into FN3WDR5 affected the function 

of either domain, we purified the FN3WDR5-cpYFP fusion protein and determined it was 

brightly fluorescent and bound WDR5 with Kd = 727 ± 53 nM (Supplemental Figure S2.6). 

As with the other sensors, FN3-AFFGE expressed in E. coli as a soluble protein and was 

monomeric by SEC (Supplemental Figure S2.4B). 
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Figure 2.3: FRET response of FN3-AFFGE and FN3-AFFGE,rev. Raw fluorescence 

spectra of FN3-AFFGE (A) and FN3-AFFGE,rev (B) show the expected decrease and increase 

in FRET efficiency, respectively, with addition of WDR5. Concentrations of WDR5 from 
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0 to 20 μM (increasing by 2-fold increments) are indicated in the insets. Lines are best fits 

to the one-site binding equation and error bars are s.d. (n = 3). (C) FN3-AFFGE (red) and 

FN3-AFFGE,rev (blue) bind WDR5 with sub-μM affinity. FN3-AFFGE (D) and FN3-

AFFGE,rev (E) bind WDR5 rapidly and reversibly. Acceptor fluorescence was monitored 

after adding 10 µM WDR5 and 50 µM competitor (FN3WDR5) at the times indicated by 

arrows. Blue and red data represent cp-to-N and N-to-cp fold shifts, respectively. Lines are 

best fits to single-exponential equations.  

 

Upon adding WDR5, fluorescence spectra of FN3-AFFGE revealed the ratiometric 

increase in CyPet emission and decrease in cpYFP emission expected for the high-FRET 

to low-FRET change of the cp-to-N fold shift (Figure 2.3A). Fitting the acceptor 

fluorescence (525 nm) to the one-site binding equation yielded Kd = 723 ± 120 nM and 

fitting acceptor/donor fluorescence (525 nm/475nm) yielded a 1.31-fold decrease in FRET 

ratio (Figure 2.3C). To validate that the observed FRET change was due to the AFF-

mediate fold shift, we transferred the binding mutations from the cp-fold to the N-fold 

(FN3-AFFGE,Rev) and observed the expected ratiometric decrease in CyPet emission and 

increase in cpYFP emission upon addition of WDR5 (Figure 2.3B). Fitting the acceptor 

fluorescence gave Kd = 351 ± 64 nM, and FRET efficiency, as measured by acceptor/donor 

fluorescence, increased by 1.17-fold (Figure 2.3C).  

The turn-on rate (kON) of FN3-AFFGE was obtained by mixing the sensor with 

WDR5 and fitting the change in FRET efficiency as reported by the decrease in cpYFP 

fluorescence. The data fit well to a single exponential function, yielding kON = 12.5 ± 0.9 

min-1 (Supplemental Figure S2.7). The kON rate did not depend on WDR5 concentration 
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over the range of 5 – 20 μM. This result, together with the apparent one-step binding 

reaction, suggests a conformational capture mechanism in which the rate limiting step was 

most likely the cp-to-N conformational change, with WDR5 binding rapidly to the N-fold.  

To investigate the reversibility of FN3-AFFGE, and to measure the turn-off rate 

(kOFF), we repeated the binding experiment and then added excess competitor (FN3WDR5) 

to the FN3-AFFGE/WDR5 complex. Reversibility was evaluated by the increase in cpYFP 

fluorescence intensity. Fluorescence returned to close to the original value with kOFF = 1.56 

± 0.18 min-1 (Figure 2.3D), demonstrating that the switch is reversible. Finally, we 

measured kON and kOFF of FN3-AFFGE,rev by the same method. As anticipated, the 

directions of the observed FRET intensity changes were opposite to those of FN3-AFFGE 

(Figure 2.3E), confirming the AFF-mediated conformational change and demonstrating 

that FN3-AFFGE,rev also switched reversibly. kON (0.24 ± 0.12 min-1) and kOFF (0.3 ± 0.03 

min-1) were slower than their respective values for FN3-AFFGE. 

 

2.4 Discussion  

The adaptability of our sensor is enabled by basing the design on an established, 

versatile binding domain. Several other groups have applied the same principle to create 

protein switches that can be made to recognize other targets. Although they are not 

biosensors, opto-monobodies26 and moonbodies27 use light to control the binding affinity 

of monobodies. The Avena sativa LOV2 domain was inserted into the DE (OptoMb) or EF 

(moonbody) loops of the SH2-binding HA4 monobody36. Absorption of blue light induces 

the Jα helix of LOV2 to unfold, which resulted in loss of SH2 binding affinity. Opto-

nanobodies46 and sunbodies27 were created using the same LOV2 insertion strategy applied 
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to nanobodies. Of similar size and structure to monobodies, nanobodies are single-chain 

camelid antibodies that can be evolved to bind custom targets by standard hybridoma 

technology. Depending on the nanobody loop into which LOV2 was fused, light caused 

ligand binding affinity to decrease or increase46. This result underscores the lack of 

mechanistic understanding of the switching mechanisms and the need for screening 

different insertion sites and LOV2 truncation mutants. In addition to SH2, photoactivatable 

binders for MBP, eGFP, SUMO, mCherry, and F-actin were generated by inserting LOV2 

into the respective monobodies or nanobodies. 

Using an E. coli library screening method based on antibiotic resistance, Ostermeier 

and colleagues approached developing an adaptable biosensor by inserting an enzymatic 

output domain, circularly permuted TEM-1 β-lactamase (cpBLA), into random locations 

in FN3 and a designed ankyrin repeat protein (DARPin), both of which had been previously 

evolved to bind MBP47. DARPins are another class of small antibody mimetics whose 

structure consists of tandem repeats of paired α-helices connected by loops that comprise 

the ligand binding interface48,49. BLA enzymatic activity of both switches increased ~10-

fold in the presence of MBP, although binding affinity of MBP was substantially 

diminished compared to the parental monobody and DARPin. The authors then mutated 

the monobody domain to recognize eGFP and ySUMO and the DARPin domain to bind 

eGFP and APH(3’)IIIa. The monobody-based switches failed to show the expected 

changes in specificity, as did the eGFP DARPin sensor, but the DARPin APH(3’)IIIa 

sensor exhibited a 25-fold increase in activity in the presence of APH(3’)IIIa and no change 

when MBP was added. One distinction between our study and that of the Ostermeier group 

is that the allosteric mechanisms by which the latter switches operate are unknown. 
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Monobodies and DARPins do not undergo appreciable ligand-induced conformational 

changes, so it was unclear how the binding signal is transmitted to the cpBLA domain. This 

point illustrates how an efficient selection tool—one conferring antibiotic resistance in this 

case—can greatly facilitate bioswitch discovery.  

Baker and coworkers recently introduced an adaptable two-component biosensor 

called lucCage50 that was based on their earlier LOCKR design51. Instead of achieving 

molecular recognition via a naturally-occurring binding domain, lucCage used a de novo 

designed six-helix bundle composed of the N-terminal, five-helix ‘cage’ and the C-

terminal, single-helix ‘latch’. Embedded into the latch was a short fragment (smallBit) 

from the luminescent protein nanoluciferase52. Using a combination of computational and 

experimental screening methods, they modified the C-terminus of the latch such that it 

recognized multiple target ligands (BCL-2, IgG1 Fc domain, HER2 receptor, and several 

others). The exogenously-added ‘key’ consisted of a second copy of the latch (without 

smallBit or the ligand binding sequence) fused to largeBit, the nanoluciferase fragment 

complementary to smallBit. Binding of the target weakened the interaction between latch 

and cage, causing the latch to exchange with the key. Complementation of largeBit with 

the newly-exposed smallBit established luminescent output. To achieve switching 

functionality, the thermodynamic stability of the system was tuned by mutation so that the 

latch was poised to dissociate from the cage but did not do so until the target bound, thus 

minimizing false activation while maximizing target affinity. LucCage was the first 

biosensor to be designed in silico, and whose binding specificity was altered by 

computational redesign. 
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The lucCage mechanism is analogous to that of the earlier fragment exchange 

(FREX) biosensor based on the FN3 scaffold34. The FREX sensor consisted of eGFP fused 

to the N-terminus of the HA4 monobody, which harbored the same binding-null mutations 

in our current work plus a thermodynamic tuning mutation. The tuning mutation, which 

was either Val, Ala, or Gly in place of the hydrophobic core residue Ile75, served to 

progressively destabilize FN3 without unfolding it, just as in the lucCage tuning process. 

The ‘key’ in this case was an exogenously-added peptide consisting of residues 48 to 100 

of HA4, which contained the WT sequence at the binding and tuning sites and was fused 

to mCherry. Binding of SH2, in combination with restoration of Ile at position 75, caused 

the exogenous fragment to exchange with the endogenous fragment, producing a robust 

FRET increase in cells and in vitro. FREX is thus the bimolecular version of FN3-AFF. 

Because the fluorophores were on separate molecules that came together only in the 

presence of target, background FRET signal was minimal and the ratiometric change was 

unusually strong (up to 8.6-fold). However, approximately equal concentrations of donor 

and acceptor fluorophore are required for maximal FRET response, and while it is 

straightforward to maintain this condition in vitro, it may be difficult to do so in cells. 

The attributes of the FN3-AFF sensor are that it is unimolecular, genetically 

encoded, ratiometric, reasonably fast, reversible, and customizable. It should be possible 

to rationally mutate FN3-AFFGE to bind new targets, provided that a high-resolution 

structure exists of the monobody-ligand complex. Although mutations are generally 

limited to surface-exposed residues, this procedure can still perturb the thermodynamic 

balance between the N-fold and cp-fold. If so, an additional tuning mutation at Ile75 or 

Ile75’ as described in the FREX study can be introduced to restore balance.  
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There are two main limitations of the current FN3-AFF design. First, ligand affinity 

is typically lower than that of the parental monobody. Some binding energy is inevitably 

siphoned off to drive the fold shift. The main reason, however is that transposing the ligand-

contacting residues from different monobodies onto a common scaffold does not capture 

all the nuances of the binding interactions38,53. This method can reproduce parental binding 

affinities (e.g., FN3SUMO (Table 2.2) and a VEGFR2-binding consensus-designed FN353), 

but these cases seem to be exceptions. Additional computational redesign, such as that 

employed in the lucCage study, may be expected to improve affinity. Alternately, it may 

be more facile to create new FN3-AFF sensors by applying the protein engineering steps 

outlined in Figure 2.1 to pre-existing monobodies, as was done in the optoMB and 

moonbody studies. Sites of binding-null mutations, tuning mutation, and circular 

permutation can be deduced by sequence alignment in the absence of a known structure, 

and the same 18-AA linker can be used. 

The second limitation of FN3-AFF is one experienced by most small, unimolecular 

FRET-based sensors: the donor-acceptor distance usually does not change by a large 

amount between free and bound states. It may be possible to improve the FRET response 

of our sensor by introducing peptide linkers between one or both fluorescent groups and 

the protein, to extend the donor-acceptor distance in the N-fold. 

We hypothesize the FN3-AFF sensors function via a conformational capture 

mechanism where a conformational change from the non-binding fold to the binding-fold 

occurs upon addition of ligand, and the sensor remains in the binding-fold until the ligand 

is competed off (Figure 2.3D and E). There is the possibility that some versions of the FN3-

AFF sensor, such as those that interact in a non-three dimensional interface (e.g. 
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exclusively through the FG loop), may bind to the non-binding fold via its unstructured 

binding-competent “tail” (N-terminal tail in the N-fold binding switches and the C-terminal 

tail in the CP-fold binding switches) without inducing a conformational change, termed 

“tail binding”. In tail binding, ligand binding to the sensor will stabilize the non-binding 

fold as well as the binding fold; if the Kd of the tail is the same as the binding-competent 

fold, no switching will occur and no FRET change will be observed. If the Kds of the tail 

is weaker, the conformational fold change will occur, but to a lesser extent than if no tail 

binding is present, resulting in a low FRET change and high background. This 

phenomenon, along with the FRET limitation noted above, may further explain the low 

FRET changes in the FN3-AFFGE system. The reversibility of the sensor signal when 

changing the binding competent fold (e.g. decrease in FRET in cp to N switching sensor to 

an increase in FRET in the N to cp switching sensor, Figure 2.3) suggests the FN3-AFF 

sensor is experiencing some global change upon ligand binding, operating on the expected 

AFF mechanism. However, additional studies, such as binding (SEC) of the FN3-AFF at 

various concentrations and a double mutant thereof (such as that shown in Supplemental 

Figure S2.4B), may shed light on the occurrence of tail binding or not.  

In conclusion, we created an adaptable biosensor by engineering allostery in a 

consensus-designed monobody scaffold using the alternate frame fold mechanism. By 

balancing the stabilities of the N- and cp-folds and modifying the CDR-like loop and beta 

strands of FN3, we made FN3-AFF biosensors for SH2, WDR5, and SUMO. A fourth 

sensor for HRAS was generated by mutating the binding interface only, without additional 

optimization. The fold switch occurred within seconds to minutes and was fully reversible. 
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The molecules and methodology herein provide a template for non-experts to generate 

additional genetically-encoded biosensors for targets of choice. 



101 
 

2.5 Experimental Procedures  

Generation of WDR5, SUMO, and HRAS binding monobodies 

 FN3SUMO was made by grafting the BC and FG loops from monobody SL836 onto 

FN3SH2. FN3WDR5 was created by grafting the BC and FG loops, as well as four residues 

from strand D, from the Mb(S4) monobody33 onto FN3SH2. FN3Ras was generated by 

grafting the BC and FG loops, and four residues strand D, from the NS1 monobody37 onto 

FN3SH2. Full amino acid sequences of these and all constructs are listed in Supplemental 

Figure S2.1. 

Gene Construction and Protein Purification  

The c-Abl SH2 plasmid was a gift from S. Koide (NYU Langone Health, New 

York, NY). pET11a-SUMO1 was a gift from Frauke Melchior (Addgene plasmid #53138; 

http://n2t.net/addgene:53138; RRID:Addgene_53138)54. WDR5 plasmid was a gift from 

M. Cosgrove (Upstate Medical University, Syracuse, NY). CyPet gene was kindly 

provided by Patrick Daugherty (University of California, Santa Barbara). FN3SH2 and 

HRAS genes were synthesized by GenScript (Piscataway, NJ).  cpFN3SUMO and 

cpFN3WDR5 genes were synthesized by Eurofins Genomics (Louisville, KY). Full amino 

acid sequences of all constructs are listed in Supplemental Figure S2.1. All genes were 

cloned into the pET41b E. coli expression vector and fully sequenced. 

Escherichia coli BL21(DE3) cells were transformed with the plasmids described 

above. Cultures were grown in LB medium at 37 °C to OD600 ~0.6, induced with IPTG, 

and shaken for an additional 18 – 20 h at 18 °C. FN3-AFF sensors were purified from the 

soluble fractions of cell lysates using nickel nitriloacetate resin (Gold Biotechnology, St. 

Louis, MO) following the manufacturer’s protocols. Proteins were then further purified 
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using a Superdex-75 column (Cytiva, Marlborough, MA) equilibrated in 20 mM Tris (pH 

7.4), 0.3 M NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP), and 0.005% Tween-20. 

SH234, SUMO54, and WDR555,56 were purified as described. HRAS did not contain a 

HisTag and was purified on a Q-Sepharose column (Bio-Rad) in 20 mM Tris (pH 7.4), 10 

mM NaCl, 5 mM MgCl2, 0.1 mM TCEP, 0.005 % Tween-20, using a 0.01 – 1 M NaCl 

gradient, then passing it through the Superdex-75 column as above with the addition of 5 

mM MgSO4. All proteins were judged to be >95% pure by SDS-PAGE.  

Chemical Dye Labeling           

Proteins were reduced with 1 mM TCEP for 1 h then passed through a 10DG 

desalting column (Bio-Rad, Hercules, CA) to remove the TCEP. A 2-fold excess of 

BODIPY-FL C5-maleimide (FN3-AFF samples) or Fluorescein 5 maleimide (FN3 and 

cpFN3 samples) (ThermoFisher Scientific, Waltham MA) was immediately added and the 

reaction was allowed to proceed for 1 h at room temperature or overnight at 4 °C. Excess 

dye was removed by desalting as described above. Final protein concentrations and 

labeling efficiencies of FN3-AFF proteins were calculated using the BODIPY-FL molar 

absorptivity (80,000 M-1cm-1 at 504 nm) and absorbance correction factor (0.04 at 280 nm) 

provided by the manufacturer. BODIPY-FL labeling efficiency of FN3-AFF sensors was 

typically 30 – 45 %. 

Equilibrium Binding Experiments  

BODIPY-labeled FN3-AFF (100 nM) was mixed with the ligands at the indicated 

concentration and equilibrated for 2 – 4 h at 22 °C before being read on a FluoroMax-4 

spectrofluorometer (Horiba, Kyoto, Japan). Scan settings were 490 nm excitation and 500 

– 600 nm emission. Binding buffer was 20 mM Tris (pH 7.4), 0.3 M NaCl, 0.005% Tween-
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20, 0.1% BSA, and 1 mM TCEP. BODIPY fluorescence at 510 nm was plotted as a 

function of [ligand] and fitted to the quadratic binding equation to obtain Kd. FN3-AFFGE 

binding experiments were performed as above, except fluorescence spectra were recorded 

on a SpectraMax i3x plate reader (Molecular Devices, San Jose, CA) with excitation at 435 

nm and emission from 460 – 650 nm. Kd was determined by fitting acceptor fluorescence 

only (525 nm)57 to the quadratic binding equation. 

FN3-AFFGE Kinetic Experiments  

Sensor turn-on and turn-off kinetics were tracked by exciting CyPet (435 nm) and 

monitoring YFP emission (525 nm) on the spectrofluorometer. FN3-AFFGE (0.5 μM) was 

mixed with 10 μM WDR5 at time zero, after recording the sensor-only baseline signal for 

~2 min. After binding was complete, 50 μM FN3WDR5 competitor was added. Data shown 

in Figure 3D and Figure 3E were multiplied by the appropriate factors to account for sensor 

dilution. kON and kOFF rates were obtained by fitting the binding and unbinding data to 

single exponential functions. 
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A 

 

B 
MGSKGEELFGGIVPILVELEGDVNGHKFSVSGEGEGDATYGKLTLKFICT 50 

TGKLPVPWPTLVTTLTWGVQCFSRYPDHMKQHDFFKSVMPEGYVQERTIF 100 

FKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYISHN 150 

VYITADKQKNGIKANFKARHNITDGSVQLADHYQQNTPIGDGPVILPDNH 200 

YLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGGGSGGEWQKV 250 

KVPYSSSAYTVTGLKPGTEYEFRVYAYQGGGAWHPYGSPSSVSVTTGGSG 300 

SGGASGGATGGSGGGSPSVPGNLRVTDVTSTSVTLSWDAPAVTVVHYRVE 350 

YREAGLPDNHYLSYQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKG 400 

GGSGGMVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTL 450 

KLICTTGKLPVPWPTLVTTLGYGLACFSRYPDHMKQHDFFKSAMPEGYVQ 500 

ERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYN 550 

FNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVL 600 

GEWQKVKVPYSSSAYTVTGLKPGTEYEGRVYAYQGGGRWHPYGSPSSVSV 650 

TTLEHHHHHHHH 

 
Supplemental Figure S2.1: Amino acid sequences of FN3-AFF switches. (A) FN3-

AFFSH2, FN3-AFFSUMO, FN3-AFFWDR5, and FN3-AFFRAS are shown with colors 

SH2  MCGEWKEVTVPYSSSAYTVTGLKPGTEYEFRVYAWGEDSAGAAFMYSPSSVSVTTGGSGS 60 

SUMO MCGEWKEVTVPYSSSAYTVTGLKPGTEYEFRVYAA-----YASTWYSPSSVSVTTGGSGS 55 

WDR5 MCGEWQKVKVPYSSSAYTVTGLKPGTEYEFRVYAYQGGGAWHP-YGSPSSVSVTTGGSGS 59 

HRAS MCGEWQKVEVPYSSSAYTVTGLKPGTEYEFRVYAWGWHGQVYA-AMSPSSVSVTTGGSGS 57 

  *****::* *************************            ************** 

DE loop                    FG loop 

SH2  GGASGGATGGSGGGSPSVPGNLRVTDVTSTSVTLSWDAPMSSSSVYYYRVEYREAGCGEW 120 

SUMO GGASGGATGGSGGGSPSVPGNLRVTDVTSTSVTLSWDAGR--WFVEYYRVEYREAGCGEW 113 

WDR5 GGASGGATGGSGGGSPSVPGNLRVTDVTSTSVTLSWDAPAV--TVVHYRVEYREAGCGEW 117 

HRAS GGASGGATGGSGGGSPSVPGNLRVTDVTSTSVTLSWDAPAV--TVDYYRVEYREAGCGEW 115 

 **************************************      * :************* 

                         BC loop 

SH2  KEVTVPYSSSAYTVTGLKPGTEYEGRVYAWGEDSAGYMFMYSPSSVSVTTLEHHHHHHHH 180 

SUMO KEVTVPYSSSAYTVTGLKPGTEYEGRVYAHY-----WSTWYSPSSVSVTTLEHHHHHHHH 168 

WDR5 QKVKVPYSSSAYTVTGLKPGTEYEGRVYAYQGGGR-WHPYGSPSSVSVTTLEHHHHHHHH 176 

HRAS QKVEVPYSSSAYTVTGLKPGTEYEGRVYAWGWHGQVYY-YMSPSSVSVTTLEHHHHHHHH 174 

 ::* *************************       :    ******************* 

          DE loop                    FG loop 
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corresponding to regions shown in Figure 1, as follows: red, duplicated sequence (cp-fold); 

black, 18-AA linker; purple, shared sequence; blue, duplicated sequence (N-fold); grey, 

HisTag purification sequence. CDR-like loops are indicated in bars below the sequences. 

Underlined residues in the FG loop (here shown in the cp-fold; the analogous residues were 

mutated in the N-fold to generate FN3-AFFrev switches) denote binding-null mutations. 

The green asterisk indicates the Phe to Gly tuning mutation. (B) The sequence of FN3-

AFFGE is shown with the same color coding as in panel A, and with CyPet in green and 

cpYFP in yellow, and linkers underlined in black.  
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Supplemental Figure S2.2: Stability tuning of N-fold and cp-fold. (A) GdnHCl 

denaturation curves of FN3 (blue) and cpFN3bn (red) are shown, with the ligands to which 

they bind indicated in the insets. FN3 proteins contain the tuning mutation shown in Figure 

S1. Black data represent FN3WDR5 prior to introducing the tuning mutation. Trp emission 

spectra (300 – 450 nm with excitation at 280 nm) were recorded on a Horiba SpectraMax 

4 spectrofluorimeter and fit using Igor Pro (Wavemetrics, Inc.) to obtain the peak center. 

This value was plotted as a function of [GdnHCl] and fit to the linear extrapolation equation 

[Santoro M.M. and Bolen D.W. (1988), Biochemistry 27, 8063-8068] to obtain 

thermodynamic parameters shown in (B). Conditions were 2 μM protein, 20 mM Tris (pH 

7.4), 0.3 M NaCl, 0.005 % TWEEN-20, 22 °C. Error bars in panel A and uncertainty values 

in panel B are s.d. (n = 3).  
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Supplemental Figure S2.3: Binding affinities of FN3 and cpFN3 and validation of 

binding-null mutations. (A) Binding of FN3 (blue) and FN3bn (black) to their respective 

ligands (insets) was determined by fluorescence anisotropy. (B) Binding of cpFN3 (black) 

and cpFN3bn (red) to their respective ligands (insets) was monitored by fluorescence 

anisotropy. In panels A and B, the FN3 (blue) and cpFN3bn (red) components make up the 

FN3-AFF switch shown in Fig. 1B. For all data sets except cpFN3SH2, FN3 and cpFN3 

were labeled at the Cys positions in the main text using fluorescein 5 maleimide, and 0.25 

μM labeled protein was mixed with unlabeled ligands at the indicated concentrations. 

Samples were equilibrated for 15 min at room temperature and then fluorescence 

anisotropy was measured on a SpectraMax plate reader as described in the Methods. The 

cpFN3SH2 data set was obtained by labeling SH2 at its N-terminus (using fluorescein NHS 

ester, ThermoFisher Scientific) and titrating in unlabeled cpFN3SH2. Buffer was 20 mM 
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Tris (pH 7.4), 0.3 M NaCl, 0.005% Tween-20, and 1 mM TCEP. Anisotropy data were fit 

to the quadratic binding equation (solid lines). Error bars are s.d. (n = 3). 
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Supplemental Figure S2.4: Characterization of FN3-AFF switches by size exclusion 

chromatography. (A) FN3-AFFWDR5 was >95 % pure and monomeric. (B) FN3-AFFGE 

was >95% pure and monomeric, and binds WDR5. FN3-AFFGE is shown in cyan, WDR5 

in black, and the mixture of FN3-AFFGE and WDR5 in purple. All protein concentrations 

were 20 μM. Buffer conditions were 20 mM Tris (pH 7.4), 0.3 M NaCl, 0.005% Tween-

20, and 1 mM TCEP. Binding samples were incubated for 10 min at room temperature and 
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then injected onto a Superdex 200 Increase 10/300GL column (Cytiva, Marlborough MA) 

using a Bio-Rad DuoFlow chromatography system. 
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Supplemental Figure S2.5: FN3-AFFRas bound HRAS with Kd = 423 ± 200 nM. 

BODIPY-labeled FN3-AFFRas (50 nM) was mixed with HRAS and equilibrated for 12 h at 

22 °C before being scanned on a Fluoromax-4 spectrofluorometer as described in the 

methods. Fluorescence data (510 nm) were fit to the quadratic binding equation (solid line). 

Error bars are s.d. (n = 3).  
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Supplemental Figure S2.6: FN3WDR5 retained ligand binding activity after insertion 

of cpYFP. The cpYFP-FN3WDR5 fusion protein was mixed with WDR5 and allowed to 

equilibrate for 15 min at room temperature, whereupon fluorescence anisotropy was 

measured on a SpectraMax plate reader as described in the methods. Fitting the data to the 

quadratic binding equation (line) yielded Kd = 727.1 ± 52.9 nM. This value is ~2-fold 

higher than that of FN3WDR5 (Figure S2.3A). 
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Supplemental Figure S2.7: The turn-on rate of FN3-AFFGE did not depend on WDR5 

concentration. After recording baseline fluorescence of FN3-AFFGE (0.5 μM) for ~30 s 

(closed symbols), WDR5 was added at time zero to 5 μM (open red diamonds), 10 μM 

(open black circles), or 20 μM (open blue squares). Rates were obtained by fitting the 

decrease in cpYFP emission to single exponential functions (solid lines). Conditions were 

20 mM Tris (pH 7.4), 0.3 M NaCl, 0.005% Tween-20, and 1 mM TCEP (22 °C). 
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3.1 Abstract  

Designing proteins that can switch between active (ON) and inactive (OFF) conformations 

in response to signals such as ligand binding and incident light has been a tantalizing 

endeavor in protein engineering for over a decade. While such designs have yielded novel 

biosensors, therapeutic agents, and smart biomaterials, the response times (times for 

switching ON and OFF) of many switches have been too slow to be of practical use. Among 

the defining properties of such switches, the kinetics of switching has been the most 

challenging to optimize. This is largely due to the difficulty of characterizing the structures 

of transient states, which are required for manipulating the height of the effective free 

energy barrier between the ON and OFF states. Here we apply a computational design 

strategy in combination with biophysical experiments to rationally alter the response time 

of a WDR5-targeting FN3-AFF sensor. Interestingly, we find the same mutation, mirrored 

in each fold, can differentially effect response times, up to 2-fold, depending on the sensor 

construct tested (N to CP versus CP to N conformational change). This design strategy is 

general, narrows potential screening libraries, and may aid in optimizing the kinetics of 

other protein conformational switches.  

 

Keywords: protein switch. computational design, rate alteration 
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3.2 Introduction  

Protein conformational switches—proteins that adopt either active (ON) or inactive 

(OFF) conformations in response to signals such as ligand binding and incident light—

have been exploited as the core machinery behind novel biosensors, therapeutic agents, 

and “smart” biomaterials1,2. The fundamental characteristics of a switch include its signal-

to-noise ratio (the extent to which the switch converts between ON and OFF states), 

sensitivity (what levels of effector are required for activation), and response time (the time 

required for the switch to turn on and off). Signal-to-noise in biological switches can be a 

complex phenomenon that is sometimes modulated by agonists/antagonists that induce 

partial or alternate ON/OFF states, and improving signal-to-noise is an active subfield of 

its own in switch design. The response time has proven to be even more challenging to 

optimize. Most design strategies focus on stable states, specifically, the ON and OFF 

conformations. Switching mechanisms can consist of introducing a second stable state in a 

monomeric protein, creating new protein–protein or protein–ligand binding interfaces, and 

fusing protein domains such that they achieve input–output communication. These efforts 

are typically guided by structures of existing proteins or, more recently, by principles of de 

novo design3,4. Either way, they seek to define the structures and optimize the activities of 

the stable ON/OFF states of the protein. In general, it is left to chance that the stable states 

interconvert with reasonable rates. 

The above scenario is illustrated by the free energy diagrams of Figure 3.1 by using 

the example of a protein biosensor into which two stable conformations have been 

engineered (represented by OFF and ON states with the latter binding the target ligand; 

Figure 3.1A). Some of the basic properties of the switch, for example, signal-to-noise (turn-
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on/turn-off ratio) and limit of detection, can be optimized by adjusting the relative 

thermodynamic stabilities of OFF and ON conformations and the ligand binding affinity 

(Kd) of the ON state, respectively (Figure 3.1A). Because the structures of OFF and ON 

states are typically known, these goals can be achieved by using well-established 

experimental and theoretical approaches. The response time (given by [kON + kOFF]−1) is 

proportional to the height of the transition state ensemble (TSE) between OFF and ON. 

Accelerating the response time can be accomplished by introducing interactions that 

stabilize the TSE but not the ground states (Figure 3.1B) or, more commonly, by deleting 

native interactions that are present in the ground states but absent in the TSE (Figure 3.1C). 

In either case the TSE must be characterized by experimental and/or computational means. 

 

Figure 3.1: Manipulating barrier heights to accelerate switching rates. (A) Free energy 

diagram of a protein biosensor with stable OFF and ON states, showing the transition path 

between them (red). Optimizing the equilibrium properties of the switch (turn-on/turn-off 

ratio, limit of detection) can be achieved by introducing mutations that shift the relative 

thermodynamic stabilities of OFF and ON conformations and alter the affinity of the ON 

state for the target ligand. (B) As in a classic enzyme mechanism, conformational switching 

can be accelerated by stabilizing the TSE. (C) In practice, it is often more tractable to lower 
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the TSE barrier by destabilizing the ON and OFF folds by introducing mutations that delete 

interactions that are present in the stable states and absent in the TSE. 

 

In the design of switchable proteins, rationally tuning the kinetics of the switch (i.e., 

turn-on and turn-off rates) is sometimes needed to optimize response times to match that 

of a given biological process or practical application. Oftentimes this means making a 

switch cycle between ON and OFF sites more rapidly, so that it can react to conditions that 

change over a wide range of time scales. In other cases, the goal is to make the switch 

respond more slowly. For instance, decreasing the turn-off rate is useful for enhancing the 

sensitivity of biosensors because it enables the ON signal to accumulate and for activating 

optogenetic tools because it allows for a durable biological response that persists well after 

light is removed, with reduction of photodamage and photobleaching.  

Rational tuning of kinetics is particularly challenging as it requires the analysis of 

transient states that experiments typically cannot capture. While these transient states are 

ideally generated as part of complete, atomically detailed pathways of the switching 

process from molecular dynamics simulations, such simulations have not been feasible due 

to the long time scales of switching processes (>milliseconds). Of particular interest is 

therefore the synergistic use of experimental techniques and computational strategies that 

can enable the generation of detailed structures of transient states for the design of more 

responsive switchable proteins.  

To our knowledge, only one computational study has reported the rational 

enhancement of kinetics for a protein conformational switch5. The goal of this study was 

to speed up the slow response time (hundreds of milliseconds) of the engineered protein-
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based calcium sensor, calbindin-AFF, by at least an order of magnitude to detect fast 

physiological Ca2+ fluctuations. The computational strategy involved (i) a minimal, 

residue-level protein model, (ii) parametrization to reproduce the thermodynamic stability 

of each switch component, and (iii) the weighted ensemble (WE) path sampling strategy6. 

The WE method can efficiently generate pathways and rate constants for rare events (e.g., 

protein folding and protein binding) without introducing any external bias in the dynamics 

or altering the free energy landscape7. The only prerequisites for this strategy are the 

structure and experimental folding free energy of the non-permutant switch component. 

This strategy identified previously untested mutations that decreased response time by as 

much as 32-fold (590 to 19 ms) via preferential destabilization of the ground states relative 

to the transition path ensemble (TPE), which is defined as all transient states in productive 

pathways, beginning where the trajectory last exited the initial state and ending where the 

trajectory first entered the target state. Large, hydrophobic residues that form the most 

pairwise residue contacts in the initial ground state relative to the TPE were considered 

prime candidates for “underpacking” mutations that destabilize the ground state by 

removing hydrophobic interactions. Importantly, a negative control mutation was correctly 

predicted to have little effect on the kinetics despite being located near the other mutations. 

This study demonstrated that the efficiency of the WE strategy relative to standard 

simulations in estimating rate constants increases exponentially with the effective free 

energy barrier and can therefore be applied to switches of a similar size (less than a few 

hundred amino acids) with even slower response times (<100 s)5. 

Here, we employ similar strategies as described above to modify the rates of our 

FN3-AFF switch (chapter 2).   We explore alternative outputs for our FN3-AFF switch and 
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use this system to experimentally validate computationally derived kinetic enhancing 

mutations. This study, along with that of DeGrave and his colleagues, demonstrates the 

next step for the rational design of biosensors: the rational enhancement of kinetics through 

synergistic use of computational and experimental methods.   

 

3.3 Results 

3.3.1 Development of a half genetically encoded FN3-AFF output system for kinetic 

alteration studies 

To assess kinetic tuning of the system, we used a partially genetically-encoded 

version of the FN3-AFF. This system reduces labeling deficiencies seen in BODIPY 

system, allows for a quantifiable ratiometric output, and allows for accurate quantification 

of each label. We replaced the N-terminal cysteine with Clover in the FN3-AFFWDR5 and 

retained the cys42 for labeling.  The resulting sensor was monomeric and retained binding 

to its ligand as determined by size exclusion chromatography (SEC) (Supplemental Figure 

3.1A). These results indicate insertion of a fluorescent protein at the N-term is 

nonperturbing to the system (also seen with cyPet, Chapter 2). There was no nonspecific 

binding of WDR5 to Clover (Supplemental Figure 3.1B), and additional controls were run 

to validate the CloverFN3-AFF functioned as expected (Supplemental Figure 3.1C and D). 

Alexa532-maleimide was added to the cloverFN3-AFF, and binding affinity was 

determined via fluorimetry. Fitting the acceptor fluorescence (545 nm) to the one-site 

binding equation yielded Kd = 104.8 ± 51.4 nM and fitting the acceptor/donor fluorescence 

(545 nm/ 516 nm) yielded a 1.1-fold decrease in FRET ratio (Supplemental Figure 3.2). 

Surprisingly, after additional experimentation with this sensor, we found there was some 
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minor non-specific labeling of one or both cysteines in Clover which may have affected 

the sensor output (Supplemental Figure 3.3 and Supplemental Table 3.1).  To confirm our 

findings are due to ligand-induced sensor switching and not a labeling artifact, we replaced 

the N-terminal Clover with red fluorescent protein mCherry, which does not contain 

cysteines.   

Although not as bright as Clover, Discosoma sp. derived mCherry is an ideal fluorescent 

protein output as it has many possible FRET pairs (as donor or acceptor), a rapidly-

maturing chromophore, and is soluble and monomeric8.  As with the cloverFN3-AFFs, the 

mCherryFN3-AFFs are monomeric by SEC and bind WDR5 (not shown).  We labeled the 

mCherryAFFs with Alexa532 (mChFN3-AFF) and determined binding affinities on the 

fluorimeter via FRET, where mCherry serves as the acceptor and Alexa532 the donor (R0 

of about 60 Å9,10).  Data was plotted as FRET ratio (acceptor/ donor) versus [WDR5].  As 

expected, there is a decrease in FRET efficiency upon WDR5 binding to the mChFN3-

AFF, consistent with a CP- to N-fold conformational change.  Fitting the acceptor 

fluorescence (605 nm) to the one-site binding equation yielded Kd = 542.0 ± 52.0 nM and 

fitting the acceptor/donor fluorescence (605 nm/ 550 nm) yielded a 1.37-fold decrease in 

FRET (Figure 3.2A). The inverse, an increase, is seen in the mChFN3-AFFrev upon WDR5 

binding, consistent with a N- to CP-fold conformational change. Fitting the data gives Kd 

= 322.6 ± 94.4 nM and 1.43-fold increase in FRET (Figure 3.2B).  
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Figure 3.2: mChFN3-AFF and mChFN3-AFFREV bind WDR5 tightly. (A) Equilibrium 

binding of mChFN3-AFF (blue) and mChFN3-AFFT96A (black). (B) Equilibrium binding 

of mChFN3-AFFrev (red) and mChFN3-AFFrev,T96A (black). (C) Raw donor (red) and 

acceptor (blue) intensities of mChFN3-AFF equilibrium binding (A) reveal both signals 

increase with increasing [WDR5]. (D) Raw donor (red) and acceptor (blue) intensities of 

mChFN3-AFFrev equilibrium binding (B) reveal both signals decrease with increasing 

[WDR5]. Error bars are s.d. (n = 3).  
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The tighter binding to WDR5 seen in the mChFN3-AFFrev relative to mChFN3-

AFF is consistent with the FN3-AFFWDR5 and FN3-AFFGE systems (vide supra, Chapter 

2), suggesting the cp-fold is favored in each of these systems, regardless of label or addition 

of fluorescent protein. We tested the mChFN3-AFF specificity by repeating the 

equilibrium FRET experiments in the presence of 10% fetal bovine serum (FBS), which 

yields Kd =1.26 µM and 1.2-fold decrease in FRET (Supplemental 3.4).  

 

3.3.2 Kinetics of mChFN3-AFF  

To assess the temporal response of the partially genetically encoded sensors, we 

measured on rates of mChFN3-AFF and mChFN3-AFFrev switches by stopped flow 

fluorimetry, exciting at Alexa532 and recording total red fluorescence.  While we expected 

to see a decrease in signal for mChFN3-AFF and increase in signal for mChFN3-AFFREV, 

kinetic data followed trends seen in the raw data for the respective sensors (Figure 3.2 C 

and D). The data fit adequately to single-exponential functions with kon summarized in 

Table 3.1.  The mChFN3-AFFrev rates (Figure 3.3B) are approximately two times as fast 

as the mChFN3-AFF rates (Figure 3.3A), which could be a result of the CP-fold being 

slightly more stable and therefore favored at equilibrium.  This hypothesis is also supported 

by a smaller amplitude change in the mChFN3-AFFrev (N to CP) switch relative to the 

mChFN3-AFF (CP to N) switch (Table 3.1). Altering the rates of the mChFN3-AFF system 

would allow for further tunability of the sensor design for applications in diverse systems.      
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Figure 3.3: Kinetics of the mChFN3-AFF (A) and mChFN3-AFFREV (B) sensors. Data 

shown is the average of one set of experiments (n = 16), shown in blue in Table 3.1. Black 

lines are the corresponding sensors with the T96A mutations.    

 

3.3.3 Rational tuning with computational methods   

Residues that would be predicted to speed up switching would be expected to 

destabilize the stable states relative to the transition path ensemble (Figure 3.1C). 

Therefore, the task was to run switching simulations of the full constructs and generate a 

large ensemble of switching pathways. The FN3-AFF was computationally modeled by 

combining an engineered N-fold, developed by combining the FN3 sequence to its 

corresponding available non-consensusized crystal structure, and an unfolded cp-fold. A 

similar strategy was used to construct FN3-AFFrev, where a cp-fold was constructed by 

taking the N-fold and introducing a “cut” at the corresponding cp-site, which was coupled 

to an unfolded N-fold. The models were tuned such that simulated ΔG matched 

experimentally determined ΔG for each corresponding frame (Chapter 2), with the shared 
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region assigned a value equal to the average of the two frames. Pre-equilibrated initial 

states for each switch were generated using the weighted ensemble (WE) strategy7, where 

multiple runs of fold switching (cp-fold to N-fold for FN3-AFF or vice versa for FN3-

AFFrev) are preformed, and rare trajectories are reweighted to hold the same value as more 

prevalent trajectories. Dynamics of these WE simulations were propagated using a 

Brownian dynamics algorithm, as implemented in the UIOWA-BD software, as described5 (see 

methods). This process is summarized in Figure 3.4A. 

For each construct, 10 independent WE simulations were run until it converged on 

the target fold. The simulation trajectories were reweighed, broken down into stable state 

structures and transition path structures, and then contact scores were calculated. These 

contact scores represented the fraction of time contacts were formed in the stable states 

versus the transition path ensemble, and higher contact scores for a given residue indicated 

that it formed more contacts in the stable states versus the transition path ensemble (Figure 

3.4B). Therefore, mutation of a residue with a high contact score would be predicted to 

speed up the switching rate in a given direction.  
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Figure 3.4: Computational workflow of rational kinetic tuning. (A) Experimental 

parameters, such as structure and stabilities, are used to generate and tune computational 

models. These models are used to run WE and Brownian dynamics simulations. Residues 

are assigned contact scores to represent the time contacts are formed per residue in the 
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stable states versus transition path ensemble. Higher contact scores indicate more contact 

in the stable states, and are predicted to speed up switching rates in a given direction upon 

mutation, which is validated experimentally. (B) Contact score map for the FN3-AFF 

switch. T96 (blue residue 166 and red residue 54 above) shows the highest contact scores 

and is predicted to be the most rate enhancing upon mutation.  

 

3.3.4 Experimental validation of identified mutations 

These studies led to the identification of several possible mutation sites, exclusively 

in the unshared regions excluding essential binding site residues. We chose to study the 

T96 position, as it had the highest contact scores in the FN3- AFFrev simulations and the 

second highest scores in the FN3-AFF simulations. Since the goal is to enhance the rates 

by destabilizing the ground state relative to the transition states, and destabilizing a single 

fold could lead to the other being favored, a T96A mutation was added to both the cp- and 

N-folds in effort of destabilizing the ground states while keeping the switch balanced.    

  We first assessed the impact of the T96A mutation on the switch stability and 

affinity. The T96A mutation destabilized the cp and cpbn folds relative to their WT 

counterparts by ΔTmut = 3.86 ± 0.50 kcal/mol and ΔTmut = 1.02 ± 0.47 kcal/mol, 

respectively (Supplemental Figure 3.5).  We predicted the mutation would approximately 

destabilize the N-fold in a similar manner, and moved onto the construction of the FN3-

AFFT96A switch. The T96A mutations did not result in the loss of binding of FN3- AFFT96A 

(Figure 3.2A) and FN3- AFFrev,T96A (Figure 3.2B), surprisingly resulting in tighter Kds due 

to an unknown mechanism.  We then assessed the effect of the T96A mutations on the 

switch rates using stopped flow, as above. Interestingly, the T96A mutations had varying 



139 
 

effects on the switch rates depending on the binding fold in the switch (fwd vs rev 

switches). The mChFN3-AFFT96A has an approximately 2-fold faster kon than its WT 

counterpart (Figure 3.3A; Table 3.1). The inverse is true in the mChFN3-AFFrev,T96A
 

system, where the T96A mutations slow the kon by approximately 0.75- fold (Figure 3.3D; 

Table 3.1).   

 k1 (s
-1) amp 

mChFN3-AFF 1.134 ± 0.026  

0.876 ± 0.013  

0.843 ± 0.011   

-1.538 ± 0.017   

-1.291 ± 0.017  

-1.337 ± 0.023  

mChFN3-AFFrev 2.008 ± 0.056  

1.747 ± 0.054  

1.571 ± 0.032      * 

0.616 ± 0.025  

0.495 ± 0.019                  

0.557 ± 0.008      * 

mChFN3-AFFT96A 2.141 ± 0.170  

1.652 ± 0.086  

1.647 ± 0.070      ** 

-0.369 ± 0.016   

-0.338 ± 0.014  

-0.268 ± 0.006      ** 

mChFN3-

AFFrev,T96A 
1.516 ± 0.020  

1.244 ± 0.023  

1.220 ± 0.016  

0.976 ± 0.018  

1.057 ± 0.023  

1.022 ± 0.020  

Table 3.1: Quantification of the stopped-flow kinetics experiments. Data was collected 

for a “set” of switches (mChFN3-AFF, mChFN3-AFFrev, mChFN3-AFFT96A, and 

mChFN3-AFFrev,T96A) on the same day to reduce technical error. Set 1 (top), set 2 (middle), 

and set 3 (bottom) are biological replicates completed on separate days. Calculated error is 

in s.d. Unless otherwise stated, n = 16 (*n = 14 and ** n = 5). 
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3.4 Discussion  

Experimental and computational strategies have matured to the point where they 

can be synergistically combined to reduce the amount of guesswork required to engineer 

protein conformational switches with desired response times. Experimentally determined 

protein structures and thermodynamic stabilities play critical roles in establishing 

computational simulations and calibrating them. Conversely, theoretical results inform 

experiments. For example, de novo approaches alone are seldom sufficient to generate 

functioning switches. Instead, they typically define structures and amino acid sequences 

that serve as the starting points for directed or random mutagenesis and library screening 

experiments.  

The power of synergistically combining experimental and computational strategies 

has been demonstrated for the engineered calbindin-AFF calcium sensor5, as discussed 

above. While time-resolved experiments can measure rate constants for the overall 

switching process and the thermodynamic stabilities of each switch component (i.e., 

folding free energies), molecular simulations can provide complete pathways for the 

switching process, including structures of transient states, which are essential for predicting 

mutations that could enhance the kinetics. The only prerequisites for these simulations are 

the structures of the individual switch components and the experimental folding free energy 

of each component. The latter is used to parametrize the simulation model to yield the 

expected relative stabilities of the stable states. In the case of an AFF switch construct, only 

the structure and folding free energy of the parent protein were required for parametrization 

of the model. The other stable state is a circular permutant of the same protein which can 

be modeled based on the structure of the parent protein. To further reduce the amount of 
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guesswork and effort required of experiments, these simulations could be used to virtually 

screen candidate mutations for enhanced response times. Importantly, both thermodynamic 

and kinetics experiments provide validation of the simulations and help inform the level of 

detail that is required of the simulation models. 

In this chapter, we created a half genetically encoded version of the FN3-AFF 

switch (Chapter 2) to study rate altering mutations identified by computational strategies. 

We found Clover is a nonideal fluorescent protein to use in combination with cysteine 

labeling, as it had some minot reactivity to the maleimide-label which resulted in varying 

results (Supplemental Figure 3.3). We moved to an mCherry-Alexa532 system to 

characterize our kinetic mutants. Computational studies revealed several promising 

mutations (Figure 3.4), of which one was characterized here. While these mutations did 

not alter the rates to the extent found in the DeGrave et al. study (32-fold5 versus 2-fold 

seen here), we surprisingly found that the same mutations can differentially effect rates 

depending on the directionality of the FN3-AFF switch. We expect this difference is due 

to the mutation differentially effecting each fold, despite previously hypothesizing it would 

act similarly, but cannot rule out the possibility that another mechanism is at play. In the 

future it would be beneficial to do more thorough computational and experimental 

screening with mutations in various positions, and in cp-fold only, N-fold only, or mirrored, 

to determine if a 32-fold rate enhancement (or close to it) is possible in this system.  

 

 

  



142 
 

3.5 Experimental Procedures 

Gene Construction and Protein Purification  

WDR5 plasmid was a gift from M. Cosgrove (Upstate Medical University, 

Syracuse, NY). cpFN3WDR5 genes were synthesized by Eurofins Genomics (Louisville, 

KY). All genes were cloned into the pET41b E. coli expression vector and fully sequenced 

in a manner analogous to that in Chapter 2.  

Escherichia coli BL21(DE3) cells were transformed with the plasmids described 

above. Cultures were grown in LB medium at 37 °C to OD600 ~0.6, induced with IPTG, 

and shaken for an additional 18 – 20 h at 18 °C. cloverFN3-AFF and mChFN3-AFF sensors 

were purified from the soluble fractions of cell lysates using nickel nitriloacetate resin 

(Gold Biotechnology, St. Louis, MO) following the manufacturer’s protocols. Proteins 

were then further purified using a Superdex-75 column (Cytiva, Marlborough, MA) 

equilibrated in 20 mM Tris (pH 7.4), 0.3 M NaCl, 1 mM tris(2-carboxyethyl)phosphine 

(TCEP), and 0.005% Tween-20. 0.1% EDTA was added to the purified FN3-AFF sensors 

prior to storage at 4 °C (short term storage) or –20 °C (long term storage). WDR511,12 was 

purified as described. All proteins were judged to be >95% pure by SDS-PAGE.  

Chemical Dye Labeling  

Proteins were reduced with 1 mM TCEP for 1 h then passed through a 10DG 

desalting column (Bio-Rad, Hercules, CA) to remove the TCEP and EDTA. A 2-fold 

excess of Alexa532-maleimide (ThermoFisher Scientific, Waltham MA) was immediately 

added and the reaction was allowed to proceed for 1 h at room temperature or overnight at 

4 °C. Excess dye was removed by desalting as described above. Final protein 

concentrations and labeling efficiencies of FN3-AFF proteins were calculated using the 
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Clover (111,000 M-1cm-1 at ~505 nm) or mCherry (72,000 M-1cm-1 at ~585 nm), and 

Alexa-532 (81,000 M-1cm-1 at ~531 nm, CF = 0.09) molar absorptivities and absorbance 

correction factors (as denoted, CFs at 280 nm) provided by the manufacturer. Labeling 

efficiencies of FN3- AFF sensors was typically >95 %. 

Equilibrium Binding Experiments   

mChFN3-AFF or mChFN3-AFFrev (500 nM) was mixed with WDR5 at the 

indicated concentration and equilibrated for 2 – 4 h at 22 °C before being read on a 

FluoroMax-4 spectrofluorometer (Horiba, Kyoto, Japan). Scan settings were 525 nm 

excitation and 540 – 700 nm emission. Binding buffer was 20 mM Tris (pH 7.4), 0.3 M 

NaCl, 0.005% Tween-20, and 1 mM TCEP. FRET (acceptor/ donor) was plotted as a 

function of [WDR5] and fitted to the quadratic binding equation to obtain Kd.  

 

Computational model construction 

Atomistic models of the AFF constructs were built by first engineering each 

individual frame using the Modeller package. Sequences for the fibronectin construct and 

a WDR5 binding domain were aligned and combined to generate the experimental switch 

sequence (with the reference coordinates being the crystal structure of each respective 

structure). The circular permutant (cp) fold was generated by editing the pdb structure file 

(6BYN) and “cutting” at the correct, experimental location. Unfolded conformations of 

each frame were generated in Amber’s tleap package as straight chains. Full AFF switching 

constructs (consisting of both frames) were generated in Modeller with the second frame 

completely unfolded. 
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Each atomistic model was then coarse-grained to one bead per residue (located at 

the Ca atoms of each residue) and to the resulting CG model was applied a Go-type 

potential energy function which is based on attractive interactions between native contacts 

(present in the original structure). The tunable parameter for this potential energy function 

(Epsilon) was chosen to match the experimental delta G of folding for each individual 

protein switch construct. This was done by running WE simulations of each isolated switch 

in either the folding or unfolding direction and then calculating a simulated delta G, all 

with a “guess” epsilon. Epsilon was then changed and additional folding/unfolding 

simulations were run until the simulated delta G matched the experimental delta G. For the 

AFF switch constructs, each frame maintained the epsilon value from the original, isolated 

switch and the shared regions of each switch were assigned an epsilon value equal to the 

average of the two frames. 

Dynamics propogation 

All simulations were run with Brownian Dynamics as implemented in the 

UIOWABD package. Parameters were kept the same as the original rate enhancement 

study5.  

Identification of residues to mutate  

For each construct, 10 independent WE simulations were run (parameters kept the 

same from the De Grave, 2018 study) until the flux into the target state of each had levelled 

off and the simulation could be considered converged. Parameters of the WE simulations 

were kept as described in the De Grave, 2018 study. Reweighting was performed and the 
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simulations were expended to ensure convergence. The reweighted ensembles were then 

used for the contact score analysis. 

Kinetic experiments 

Stopped-flow fluorescence data were recorded at 22 °C using Bio-Logic SFM-4000 

rapid mixing device and Bio-Logic MOS-200 spectrometer. Excitation was at 485 nm and 

a 497 nm high-pass filter was used for detection. One volume of mChFN3-AFF or 

mChFN3-AFFREV (2 µM) was mixed with one volume of WDR5 (20 µM) in 20 mM Tris 

(pH 7.4), 0.3 M NaCl, 1 mM TCEP, and 0.005 % TWEEN-20. Fluorescence change was 

monitored over time. Data were analyzed using the Bio-Kine software package (Bio-

Logic). 
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Supplemental Figure S3.1: CloverFN3-AFF binding and controls via size exclusion 

chromatography. (A) CloverFN3-AFF (left) and CloverFN3-AFFrev (right) were >90 % 

pure and monomeric, and able to bind WDR5. (B) There is no nonspecific binding of 

WDR5 to Clover. Additional binding controls were run: (C) FN3WDR5 (left) and FN3WDR5,bn 

(right), (D) FN3-AFFWDR5 (left) and FN3-AFFWDR5,rev (right). For all, FN3 constructs are 

shown in blue, WDR5 ligand in black, and FN3 construct-WDR5 binding in red. All 

protein concentrations were 20 μM. Buffer conditions were 20 mM Tris (pH 7.4), 0.3 M 

NaCl, 0.005% Tween-20, and 1 mM TCEP. Binding samples were incubated for 10 min to 

1 h at room temperature and then injected onto a Superdex 200 Increase 10/300GL column 

(Cytiva, Marlborough MA) using a Bio-Rad DuoFlow chromatography system.  
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Supplemental Figure S3.2: CloverFN3-AFF binding via fluorescence is tight with 

poor FRET ratio change. CloverFN3-AFF (100 nM) was mixed with WDR5 and 

equilibrated for 24 h at 22 °C before being read on a FluoroMax-4 spectrofluorometer as 

described in the methods with the following changes: scan settings were 480 nm excitation 

and 500 – 600 nm emission. FRET (acceptor/ donor) was plotted as a function of [WDR5] 

and fitted to the quadratic binding equation (solid line). Error bars are in s.d. (n = 3).   
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Supplemental Figure S3.3: CloverFN3-AFF kinetics vary depending on labeling 

method. Kinetics were collected via stopped flow fluorometry, as described in the 

methods, for (A) CloverFN3-AFF, (B) CloverFN3-AFFrev, (C) CloverFN3-AFFT96A, (D) 

CloverFN3-AFFT96A,rev. Group 1 (left) were labeled with excess dye longer than for that in 

Group 2 (right), which were labeled as described in the methods. Data shown is the average 

of total runs. Quantification of rates and amplitudes, as well as runs per experiment, are 

given in Supplemental Table 3.1.  

 

 

Supplemental Table S3.1: Quantification of cloverFN3-AFF constructs stopped flow 

kinetics experiments in Supplemental Figure 3.3.   
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Supplemental Figure S3.4: mChFN3-AFF retains WDR5 binding in a dirty 

environment. Binding specificity of mChFN3-AFF was assessed by repeating equilibrium 

binding experiments (methods; above) in the presence of 10% fetal bovine serum (FBS). 

This gives the expected cp- to N-fold decrease in FRET with Kd =1.26 µM.  
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Supplemental Figure S3.5: The T96A mutation destabilizes the cpFN3 fold. cpFN3 

(open black circle) and cpFN3T96A (closed red circle) have ΔTmut = 3.86 ± 0.50 kcal/mol. 

cpFN3bn (open black square) and cpFN3bn,T96A have ΔTmut = 1.02 ± 0.47 kcal/mol. Error 

bars are in s.d. (n = 3).  
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4.1 Abstract  

Fluorescent reporters of intracellular molecules are greatly desired for imaging 

applications. We engineered a naturally occurring fluorescent protein to act as a biosensor 

for intracellular proteins by fusing it to the 10th domain of fibronectin 3 (FN3), an antibody 

mimetic binding protein. Ligand binding to the FN3 greatly enhances the fluorescence of 

the fused fluorescent protein by causing its chromophore to mature. We demonstrate 

modularity by designing biosensors for three different proteins using FN3 proteins that are 

previously designed. We illustrate the utility of these biosensors for imaging proteins in 

cells, recognizing endogenous levels of one of the targets, WDR5. The reported class of 

biosensors enable fast design to detect a ligand of choice and study a variety of cellular 

processes.    

  

Keywords: monobody, YFP, circular permutation  
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4.2 Introduction  

Single molecule, fluorescent protein-based biosensors (FPBs) are transforming the 

study of biochemical processes in living cells and organisms. These proteins typically 

consist of one or more fluorescent proteins (FPs) from jellyfish, coral, anemone, or other 

sea creatures, fused to a receptor protein that confers specificity. Binding of the target 

analyte to the receptor domain triggers a conformational change in the protein that produces 

either a ratiometric fluorescence change (via Förster resonance energy transfer (FRET)) or 

an increase in fluorescence intensity.   

FPBs possess several qualities have made them among the most desirable sensor 

type in biology. First, their full genetic encoding allows them to be readily introduced into 

cells and used in many organisms. Second, they require no cofactors or reagents for 

operation. Lastly, their fluorescence output modes make them useful for applications that 

demand quantification of ligand concentration as well as high sensitivity. Ratiometric 

signal establishes a response that is theoretically independent of sensor concentration and 

therefore consistent from cell to cell, and fluorescence turn-on provides high sensitivity (at 

the expense of precise quantification).  

Perhaps the most influential example of an FBP is the GCaMP family of calcium 

sensors1,2. The output domain of GCaMPs is an FP that has been circularly permuted with 

its new amino and carboxy termini positioned in a β-strand that packs against the 

chromophore. The resulting structural defect allows the chromophore to mature but in a 

protonated state (presumably due to its increased solvent accessibility) that is consequently 

nonfluorescent. The recognition domain consists of calmodulin (CaM) and one of its 

cognate binding peptides (e.g., RS203) fused to each terminus of the permuted FP. On 
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binding Ca2+, CaM associates with RS20, closing around the permutation site and 

permitting the chromophore to deprotonate. By virtue of their strong and reversible 

fluorescent turn-on and rapid kinetics, GCaMPs have revolutionized the study of calcium 

signaling in cells. This sensing mechanism, however, has proven difficult to translate to 

recognition domains other than CaM. While successful examples exist4, each sensor was 

the result of a new protein engineering effort whose outcome was far from guaranteed.  

A grand challenge facing inventors of FPBs is thus to create a protein switch that 

can be readily adapted to sense new targets as they arise. Conceptually, this can be achieved 

by fusing an antibody-mimetic protein to an FP in such a way that antigen binding activates 

fluorescence. Several small, engineered, antibody-like binding scaffolds are available for 

this purpose, including monobodies5,6, nanobodies7, DARPins8,9, affibodies10,11, and de novo 

designed helical bundles12,13. Although this design is simple to envision, its execution is not 

obvious.   

Here, we created a family of fluorescent turn-on sensors that can be easily adapted 

to recognize a variety of ligands. We took advantage of a serendipitous observation from 

our earlier study in which we inserted a circularly-permuted FK506 binding protein into 

the loop connecting strands β10 and β11 of a YFP variant (YFP contains 11 β-strands)14. 

The YFP had itself been circularly permuted between strands β9 and β10 (cpYFP). The 

resulting fusion protein exhibited a 35-fold turn-on of yellow fluorescence upon addition 

of FK506 or its analog rapamycin. We hypothesized that inserting a circularly-permuted 

monobody between strands β10 and β11 of cpYFP, and possibly between other strands as 

well, would produce the same turn-on effect on binding the ligand to which the monobody 
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was raised. We further surmised that sensors for new targets could be generated by 

swapping out one monobody for another.  

We report the generation of yellow fluorescent biosensors that display a >10-fold 

turn-on in response to binding Harvey rat sarcoma virus (HRAS), c-Abl Src homology 2 

(SH2) domain, and WD repeat-containing protein 5 (WDR5) in cellulo, and a >14-fold turn 

on in vitro. These sensors were created by inserting the SH2, WDR5, and HRAS -binding 

monobodies into a yellow FP variant from Aequorea victoria, at three different loops 

within the FPs. Unlike simple reporter molecules whose fluorescence is unchanged in 

bound and free states, our sensors turn on because of binding. We demonstrated this 

capability in mammalian cells by detecting endogenously-expressed WDR5, and finding 

that it localizes to the nucleus, and detecting exogenously expressed HRAS and SH2. We 

characterize these sensors in vitro and determine the turn-on mechanism is distinct from 

that of GCaMPs and involves ligand-assisted maturation of the chromophore. This work 

provides guidance for creating additional sensors by cutting-and-pasting monobody 

domains.  

  

4.3 Results  

4.3.1 Biosensor design and nomenclature  

The sensor input domains consisted of the ~100-AA fibronectin-3 proteins (FN3, 

a.k.a. monobody) that had been previously engineered to recognize SH215, WDR516, and 

HRAS17. To make the distance between their amino and carboxy termini close enough to 

be compatible for insertion into surface loops and turns, we circularly permuted FN3 at one 

of two loops that connect its seven β-strands (labeled A – G; Figure 4.1A). The two 
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permuted FN3 variants are named by the first strand of the connected pair (FN3C and FN3E 

denote permutations at the CD loop and EF loop, respectively). These two loops were 

chosen because they lie on the side of the molecule opposite to that of the ligand binding 

interface (generally the BC and FG loops), and we previously established that the FN3C 

permutant retained ligand binding activity18. Some ligands such as HRAS interact with 

residues in strand D, which prompted us to make FN3E in which the permutation site is 

farther removed from the ligand binding site.  

  

Figure 4.1: Circular permutation sites in FN3 (A) and circular permutation and 

insertion sites in YFP (B). FN3 are highlighted in blue with their corresponding ligands 
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in grey. Red and black loops in (A) correspond to the FN3C and FN3E permutation sites, 

respectively.  YFP insertion sites in green (position 157), orange (position 174), and purple 

(position 214) in (B) correspond to YFP7, YFP8, and YFP10 respectively. The blue 

highlighted residue is the location of the color changing T203Y mutation.   

  

The sensor output domain is Clover FP (yellow variant; YFP) that was permuted 

between strands 9 and 10 of the 11-stranded β-barrel (Figure 4.1B). Circular permutation 

nomenclature is omitted for clarity. The sensors are named according to the FP loop into 

which FN3C or FN3E was introduced, superscripted by the ligand to which the FN3 

domain bound (e.g., YFP10-FN3CSH2 indicates the SH2-binding FN3C permutant was 

inserted into the loop connecting the 10th and 11th β-strands of YFP). We earlier found that 

inserting cpFKBP into YFP10 resulted in ligand-dependent turn-on14. We therefore 

introduced FN3C and FN3E domains into YFP10. We also evaluated the loops between 

strands 7 and 8 (YFP7) and between strands 8 and 9 (YFP8). We did not experiment with 

different insertion points within each loop, nor did we optimize length or composition of 

linking peptides (FN3 and FP proteins were fused without linkers).  

  

4.3.2 Biosensor performance in mammalian cells  

Biosensors were evaluated by transfecting HEK 293T cells with a plasmid 

harboring the SH2, WDR5, or HRAS sensor gene and a second plasmid expressing its 

target ligand. After 48 h, fluorescence images were recorded and compared with two 

matched controls in which the second plasmids encoded for the two non-target proteins. 

We tested 14 of the 18 possible YFP-based sensors and categorized them as successful or 
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unsuccessful, with the latter being due to one of two reasons (Table 4.1). Successful 

biosensors were bright (ON state) in cells expressing the correct ligand and dark (OFF 

state) in cells expressing the decoy ligands. Unsuccessful biosensors did not change 

fluorescence regardless of the identity of the expressed ligand and were either constantly 

dark (always off) or constantly bright (always on). Most of the sensors were in the 

successful group and showed various degrees of turn-on and baseline brightness levels. 

The top performing sensors for each ligand were YFP7-FN3CSH2, YFP8-FN3ERAS, and 

YFP10-FN3CWDR5 (Figure 4.2A). These sensors exhibited 7 to 10-fold increases in yellow 

fluorescence compared to controls (Figure 4.2A). These values are comparable to the ~4-

fold changes of first-generation GCaMP sensors1.  

  WDR5  SH2  HRAS  

  FN3C  FN3E  FN3C  FN3E  FN3C  FN3E  

YFP7    Not tested    ++  Not tested  +++  

YFP8  ++  Not tested  +  +  *    

YFP10    Not tested   *    *  +  

Table 4.1: Total possible combinations of YFP-FN3 sensors. Of 18 possible 

combinations, 14 sensors were screened in HEK 293T cells. The following colors are used 

to group sensor performance at 37 °C: best performing sensors (green), successful (blue), 

unsuccessful always ON (yellow), unsuccessful always OFF (red). Within the successful 

sensors, there were some that were too dim (+), some too bright with high background 

(+++), and some with adequate sensor performance (++). Some sensors displayed varying 

turn on abilities at lower temperatures (*). Cellular screening was performed by HS.    

 

To establish whether the observed response resulted from biosensor turn-on or from 

an increase in biosensor concentration (e.g., due to decreased turnover), we transfected 

cells with YFP10-FN3CWDR5, YFP7-FN3CSH2, or YFP8-FN3ERAS plasmids and a second 
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plasmid expressing either WDR5, SH2, or HRAS. Sensor turn-on was measured as above, 

and sensor expression levels were quantified by staining the cells with an anti-GFP 

antibody and red fluorescent secondary antibody. As in Figure 4.2A, yellow fluorescence 

of all three sensors was higher in the presence of co-expressed cognate ligand compared to 

co-expressed decoy ligand (Supplemental Figure S4.1). Red fluorescence was the same in 

cells expressing WDR5, SH2, and HRAS, indicating that turn-on was not caused by 

changes in intracellular sensor concentration.  
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Figure 4.2: YFP-FN3 sensor function in live cells. HEK293T cells were transfected with 

YFP10-FN3CWDR5 (top), YFP7-FN3CRAS (middle), or YFP8-FN3ESH2 (bottom), along with a 

second plasmid of one of the three ligands (columns) (A). Sensor turn-on was monitored 

by YFP fluorescence. Quantification (A, right) shows each sensor is specific to its intended 

ligand (n ≥ 100 cells). Cells transfected with YFP10-FN3CWDR5 only were stained with 

Rabbit-anti-GFP antibody (B) to determine where the sensor localized in the cell. The 

antibody staining reveals the sensor is present throughout the cell (red) but is only on in 

the nucleus (green). Overlaying the red and green signals shows turn on is specifically in 

the nucleus, where endogenous WDR5 is expected to be. Hoechst staining was used to 

confirm sensor turn on is specific to the nucleus (C). Cellular data collection and 

quantification performed by HS.  

  

A demanding test of a biosensor is whether it can detect the locations of endogenous 

proteins in addition to ectopically (over)expressed proteins. To determine this, we 

transfected HEK 293T cells with YFP10-FN3CWDR5 plasmid alone. Images revealed that 

YFP fluorescence localized to nuclei, as defined by staining the same cells with the nuclear 

tracking dye Hoechst19,20 (Figure 4.2C). This was not due to sensor concentration being 

higher in the nucleus than in the cytoplasm, as staining with the anti-GFP antibody showed 

the sensor was distributed evenly throughout the cell (Figure 4.2B). The merged image 

suggests that the sensor is present in the cytoplasm but is in the OFF state. Drawing a line 

through the cell and integrating the intensities of the ON biosensor (green), ON plus OFF 

biosensor (red) and Hoechst-stained nucleus (blue) confirmed that the sensor is ON in the 

nucleus and is present in the cytoplasm but OFF. We conclude that WDR5 localizes to the 
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nucleus, in agreement with recent reports21,22. This finding could not have been made using 

a conventional fluorescent reporter molecule that does not turn-on upon binding. In that 

case, the entire cell would appear as in the anti-GFP stained images, with no apparent 

localization.   

   

4.3.3 Biophysical characterization of sensors and turn-on mechanism  

To determine the binding affinities and kinetics of the biosensors, and gain insight 

into the turn-on mechanism, we purified the sensors from E. coli and characterized them 

in vitro. As anticipated, the sensors were mostly dark when they were expressed at 37 °C. 

This was due to the absence of chromophore, which absorbs at 514 nm (Figure 4.3 A-C). 

There was no evidence of mature but protonated chromophore as this species absorbs near 

400 nm23. After the ligands were added, the 514 nm absorbance peaks appeared as did the 

expected fluorescence emission spectra (Figure 4.3 A-C). Turn-on ratios ranged from 2 to 

9-fold (chromophore absorbance) and 2 to 14-fold (yellow fluorescence) at room 

temperature, summarized in Table 4.2. Addition of unlabeled competitor did not result in 

the loss of YFP intensity after 24 h (Supplemental Figure 4.2).   

    YFP10-FN3CWDR5  

  

YFP7-FN3CSH2  YFP8-FN3ERAS  

  

22 °C  Kd (µM)  0.0031 ± 0.0019  13.8 ± 8.2  0.111 ± 0.091  

kON (h-1)  0.216 ± 0.012  0.181 ± 0.002  0.097 ± 0.003  

Turn-on ratio  8.8  

14.1  

2.5  

2.4  

5.4  

9.5  

37 °C  Kd (µM)  0.378 ± 0.037  21.1 ± 1.12  6.31 ± 2.15  

kON (h-1)  0.139 ± 0.0004  0.123 ± 0.013  0.146 ± 0.009  

Turn-on ratio  12.9  

13.0  

10.8  

7.8  

7.2  

11.2  

Table 4.2: In vitro turn-on characteristics of the YFP-FN3 sensors at 22 °C and °37 

C. Turn-on ratios for absorbance at 514 nm (top) and fluorescence at 525 nm (bottom) are 
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derived from Figure 4.3 (A-C) and Supplemental Figure 4.3 (A-C). Uncertainty values are 

s.d. (n = 3).   

 

Equilibrium binding of WDR5, SH2, and HRAS to their respective YFP-FN3 

revealed an expected intensiometric increase in YFP fluorescence (Figure 4.3 D-F). Fitting 

the YFP fluorescence (525 nm) to the one-site binding equation yielded Kd = 0.0031 ± 

0.0019 µM (WDR5), Kd = 13.8 ± 8.2 µM (SH2), and Kd = 0.111 ± 0.091 µM (HRAS) 

(Figure 4.3 D-F). These findings are consistent with cell results, where the YFP10-

FN3CWDR5 sensor is able to detect endogenous levels of WDR5 (Figure 4.2B) whereas the 

other sensors are only able to detect exogenously expressed levels of their respective 

ligands. The weak binding of YFP7-FN3CSH2, as determined by YFP fluorescence, may 

also be explained by temperature-dependent nonspecific turn on (vide infra). These results 

demonstrate that while parental affinities may not always be achieved (22 nM for HA4 

(SH2)24 and 16 nM for NS1 (RAS)17), it is possible to obtain similar Kds in the YFP-FN3 

system as parental monobodies (Kd = 5 nM for WDR5-binding monobody (Mb(S4))16 

relative to Kd = 3.1 ± 1.9 nM, Table 4.2).   
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Figure 4.3: YFP-FN3 has a ligand-induced chromophore maturation turn on 

mechanism. Absorbance for apo (dotted line) versus holo (solid line) sensors for WDR5 

(A), SH2 (B), and HRAS (C) after 24h at 22 °C are shown in blue. Respective apo (dotted 

line) and holo (solid line) sensor fluorescence are shown in red. All YFP-FN3 sensors 

exhibited the expected increase in fluorescence upon equilibrium ligand binding, with 
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tightest binding seen in the WDR5 sensor (D), followed by HRAS (F), and SH2 (E). Rates 

for each sensor are slow, with apo controls (open circles) showing little to no nonspecific 

turn on for the WDR5 (G) and HRAS (I) sensors, but significant nonspecific turn on for 

the SH2 (H) sensor, relative to holo sensors (closed circle). Lines are best fits to single-

exponential equations. Error bars are s.d. (n = 3).    

  

The turn-on rate (kON) of YFP-FN3 was obtained by mixing the sensor with its 

respective ligand at 22 °C and 37 °C and fitting the intensiometric change in YFP 

fluorescence at 525 nm. The data fit well to a single exponential function, yielding kON = 

0.216 ± 0.012 h-1 (WDR5), kON = 0.181 ± 0.002 h-1 (SH2), and kON = 0.097 ± 0.003 h-1 

(HRAS) (Figure 4.3 G-I). There is no nonspecific turn on after 48 h at 22 °C seen in YFP10-

FN3CWDR5 or YFP8-FN3ERAS, but there is significant turn on seen in YFP7-FN3CSH2 (Figure 

4.3H) that is lessened when the identical experiment is performed at 37 °C (Supplemental 

Figure 4.3H). A similar phenomenon is seen in cells, where cells expressing YFP7-FN3CSH2 

at 30 °C are always on, and those expressed at 37 °C only turn on with the addition of SH2 

(Table 4.1). Interestingly, turn on rates for all sensors became approximately equal at 37 

°C (Supplemental Figure 4.3 D-F; Table 4.2). Binding via size exclusion chromatography 

reveals the binding event of YFP-FN3 to its respective ligand is fast (<10 min; 

Supplemental Figure 4.4). Together, these results suggest an irreversible turn-on ligand-

induced chromophore maturation mechanism in which the rate limiting step is not ligand 

binding nor chromophore maturation (~30 min25,26), but likely a structural rearrangement 

upon ligand binding.  
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4.4 Discussion   

Fluorescent protein-based biosensors, like GCaMPs, have revolutionized protein 

interaction studies and imaging. This class of sensors utilizes one of several mechanisms 

to convert a binding event into a change in a built-in output system. For GCaMPs, this 

ON/OFF event is caused by ligand-induced protonation and deprotonation of the 

chromophore (vide supra). In another system, termed bimolecular fluorescence 

complementation (BiFC)27–29, the sensor becomes fluorescent when two complementary 

non-fluorescent N-terminal and C-terminal protein fragments, fused to a protein of interest, 

are reconstituted upon ligand binding.   

Initially constructed with Aequorea victoria GFPs and its variants27,28, BiFCs have 

been constructed with other fluorescent proteins such as Citrine30, Venus30, mCherry31,32, 

and mKate33, allowing for BiFCs with uses in variable physiological systems (eg. bacterial 

to mammalian, cells to tissues) and with variable imaging capabilities (blue to red). These 

sensors are constructed by splitting the fluorescent proteins and fusing interacting proteins 

of interest onto each fragment. In the GFP-based sensors, with some sites shared for other 

fluorescent proteins, these split sites were chosen from well characterized circular 

permutation sites, predominantly in the loops between the 6th and 7th, 7th and 8th, and 8th and 

9th β-strands, in the 7th and 8th β-strands34, and for some in the loop between the 10th and 11th 

β-strands35. Later, screening studies were performed to identify additional split sites for 

other fluorescent proteins36. Unlike GCaMPs, the BiFC sensors are irreversible37, which 

allows for analysis of weak protein-protein interactions at the cost of limited use for 

dynamic interactions.  
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The YFP-FN3 sensor described here shares several similarities to that of GCaMP 

and BiFC sensors, however the exact mechanism of the YFP-FN3 sensor is unknown. 

Structurally, the YFP-FN3 most resembles GCaMPs; both sensors require the circular 

permutation of GFP (or a variant thereof) with the insertion of a ligand sensing domain(s). 

Functionally, however, the YFP-FN3 sensors do not demonstrate the reversibility or fast 

response times found in GCaMPs1,38 (Figure 4.3 and Supplemental Figure 4.2), suggesting 

the two mechanisms are distinct (vide supra). Generating new ligand-binging GCaMP and 

BiFC sensors requires extensive screening and some trial and error4,29,39. Here we 

demonstrate that new YFP-FN3 sensors can be created by screening a very small (6 

combination) library, with turn-on outputs comparable to that for GCaMPs40 (average of 

about 8.5-fold turn) and BiFCs41 (about 9-fold turn on).    

Library screening (Table 4.1) reveals three classes of YFP-FN3 sensors, designated 

as successful and unsuccessful above. The first class, “successful” are our “sweet spot” 

sensors, where the FN3 ligand-binding translates to an intensiometric change in YFP. This 

was the largest class of sensors, with 9 of the 14 sensors tested falling in this range. Of the 

9, 5 were deemed “satisfactory sensors” with the expected intensiometric change upon 

ligand binding and good signal/noise. The best performing sensors for each ligand were 

determined to be YFP10-FN3CWDR5, YFP7-FN3CSH2, and YFP8-FN3ERAS (Figure 4.2 and 

Figure 4.3). Interestingly, these sensors had distinct YFP insertion points from each other, 

demonstrating the importance of library screening.   

The second class, “unsuccessful ON” (constantly bright) and third “unsuccessful 

OFF” (constantly dark) make up the remaining 5 of 14 sensors tested. Circularly permuting 

the FN3 at CD loop (FN3C) is mostly successful for all insertion points in the WDR5 and 
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SH2 binding sensors, but unsuccessful at each YFP insertion point for the HRAS binding 

sensors (Table 4.1).  The CD permutation site may be destabilizing in the HRAS monobody 

system, causing the sensors to always be misfolded. Lowering the expression temperature 

to 30 °C switches these sensors from always off to always on, similarly to the temperature 

dependence seen in vitro, where cells expressed at 37 °C are dark and those expressed at 

18 °C are bright (not shown). Lowering the temperature may help with protein folding 

and/or stability.     

Figure 4.4: Hypothesized mechanism of the YFP-FN3 sensor. In the absence of ligand, 

the sensor is unfolded and unable to mature. Ligand binding occurs quickly, inducing a 

conformational change in YFP, which is the rate limiting step. Once folded, the 

chromophore can mature. The following colors are used: YFP (grey to yellow), FN3 (red), 

ligand (black).   

  

We hypothesize the following mechanism for the YFP-FN3 sensors, summarized 

in Figure 4.4.  The YFP-FN3 sensor is misfolded in the absence of ligand. Upon the 

addition of ligand, the FN3 domain binds quickly (Supplemental Figure 4.4), which 
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induces a slow conformational change in the YFP domain, allowing the chromophore to 

mature (Figure 4.3). Lowering the expression temperature forces the sensors towards 

always on in vitro (vide supra). In cellulo, the sensor is expressed throughout the cell 

(Supplemental Figure 4.1) but only turns on in the presence of ligand (Figure 4.2), perhaps 

due to the mechanism described above. YFP-FN3 sensors are capable of detecting 

endogenous levels of proteins (Figure 4.2B) in a turn on dependent manner that allows for 

the localized detection of ligand (Figure 4.2C), without the use of a secondary probe. 

Moving forward, structural studies would be imperative to validating the YFP-FN3 sensor 

mechanism. Once structures and the mechanism are determined, speeding up the slow 

switching rates through synergistic coupling of computational design with experimental 

validation (Chapter 3) would be useful to making the sensor respond closer to 

physiologically relevant timescales.  

Here, we demonstrate a novel adaptable turn on sensor based off a fluorescent 

protein (YFP) - monobody scaffold. A major advantage to the YFP-FN3 sensor design is 

its small screening library. Traditionally, development of adaptable sensors requires the 

use of large combinatorial libraries with additional screening and/or engineering processes 

(Chapter 1 and 2). Here, we show we can modify the YFP-FN3 sensor to target three 

distinct ligands by screening six possible sensor combinations (per ligand), composed of 

two possible circular permutation sites in the FN3 and three insertion points in the YFP. 

Similar to the FN3-AFF sensor design18 (Chapter 2), this design serves as a platform from 

which novel ligand-binding sensors can be made. YFP-FN3 sensors are capable of 

detecting endogenous proteins in cellulo with the advantage of ligand-specific turn on, not 

seen in conventional fluorescent reporter molecules. The irreversible turn-on nature of the 



174 
 

YFP-FN3 sensor allows for the accumulation of signal over time, which could allow for 

the identification and imaging of hard to capture events, such as those from low-expression 

proteins or weak protein-protein interactions.    
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4.5 Experimental Procedures  

Cloning  

To clone pCMV-MBP-FP(FN3) constructs, MBP was first inserted into the N1 

vector using EcoRI/AgeI sites. The FN3 were circularly permuted by overlapping 

extension PCR, and then inserted into the FP using an additional round of overlapping 

extension PCR. The PCR products were ligated into the pCMV-MBP vector using 

AgeI/NotI sites. Plasmid maps for the pCMV-MBP-FP(FN3) constructs are provided in 

the Appendix. The pET41-FP(FN3) genes were cloned the same way, except there was no 

MBP and the gene was directly inserted using NdeI/XhoI sites. All genes were fully 

sequenced by Sanger sequencing.   

Cell Culture  

The plasmids were transiently transfected under the constitutive CMV promoter 

and expressed for 36-48 h. HEK283T cells were maintained in DMEM medium with 10% 

FBS and Pen/Strep antibiotics in an incubator with 5% CO2 at 37 °C. Cells were split into 

fresh media one day before transfection in a 12-well plate so that they reached 60-80% 

confluency the next day. Freshly prepared miniprep DNA (1 μg total plasmid) was then 

transfected using calcium phosphate method42, with the following modifications: CaCl2 was 

added to the plasmid mix to the final concentration of 250 mM (75 μL final volume), and 

75 μL 50 mM HEPES, 1.5 mM sodium phosphate (pH 7.0), and 150 mM NaCl (HBS 

buffer) was then added dropwise while vortexing. The transfection mixture was added 

directly to media after aging at room temperature for 15 min, and the media was changed 

12-15 h after transfection. 36 – 48 h after transfection, cells were washed with imaging 

media (DMEM, 25 mM HEPES pH 7.0, no FBS) and imaged.  
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Antibody Staining and Imaging  

For antibody staining, the biosensors were expressed in HEK293T cells for at least 

36 h. The cells were fixed with 2.5% paraformaldehyde in PBS for 20 min, followed by 2 

x 5 min washes with 10 mM Tris, 150 mM NaCl, pH 7.5. Permeabilization and blocking 

was performed with 6% BSA, 250 mM Triton X-100 in 10 mM Tris, 150 mM NaCl for 1 

hr. The primary antibodies were added at a concentration of 1:1000 in the same buffer and 

allowed to bind for 1 hr at room temperature, followed by 3 x 5 min washes with 10 mM 

Tris, 150 mM NaCl. The secondary antibody was then added at 1:1000 dilution in 10 mM 

Tris, 150 mM NaCl and incubated for 30 min. Lastly, the cells were washed 3 times with 

10 mM Tris, 150 mM NaCl, and stained with Hoechst at 1:5000 dilution for 5 min.   

For screening, cells were mounted in imaging media and imaged with Zeiss 

Axioimager Z1 upright microscope (10x/0.25 objective) equipped with a mercury lamp. 

The following filters were used for imaging: Hoechst ex365 em445/50 and YFP ex470/40 

em525/50. At least 3 fields were imaged for each replicate. Turn-on was quantified in FIJI 

by using the built-in background subtraction plugin (radius 50 pixels) and then drawing an 

ROI around the cell and calculating the average intensity inside the cell. We used a SP8 

confocal microscope (Leica microsystems, Wetzlar, Germany) for high-resolution 

confocal imaging.   

Protein Purification for in Vitro Studies  

Escherichia coli BL21(DE3) cells were transformed with the plasmids described 

above. Cultures were grown in LB medium at 37 °C to OD600 ~0.6, induced with IPTG, 

and shaken for an additional 3 – 4 h at 37 °C. YFP-FN3 sensors were purified from the 

soluble fractions of cell lysates using nickel nitriloacetate resin (Gold Biotechnology, St. 
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Louis, MO) following the manufacturer’s protocols. Proteins were then immediately frozen 

and stored at -20 °C. Once thawed, proteins were passed through a 10DG desalting column 

(Bio-Rad, Hercules, CA) equilibrated in 20 mM Tris (pH 7.4), 0.3 M NaCl, and 0.005% 

Tween-20. SH243, WDR544,45, and HRAS18 were purified as described. All proteins were 

judged to be >95% pure by SDS-PAGE.  

Equilibrium Binding Experiments  

YFP-FN3 (100 nM) was mixed with the ligands at the indicated concentrations and 

equilibrated for 24 h at 22 °C or 37 °C before being read on a SpectraMax i3x plate reader 

(Molecular Devices, San Jose, CA). Scan settings were 480 nm excitation and 505 – 600 

nm emission. Binding buffer was 20 mM Tris (pH 7.4), 0.3 M NaCl, 0.005% Tween-20, 

0.1% BSA, and 1 mM TCEP, with the addition of 5 mM MgCl2 for HRAS-containing 

samples. YFP fluorescence at 525 nm was plotted as a function of [ligand] and fitted to the 

quadratic binding equation to obtain Kd.   

Kinetic Experiments   

YFP-FN3 (0.5 μM) was mixed with 10 µM WDR5, 20 µM SH2, or 20 µM HRAS 

at time zero. Sensor turn-on kinetics were tracked by exciting YFP (490 nm) and 

monitoring its emission (505-600 nm) on a FluoroMax-4 spectrofluorometer (Horiba, 

Kyoto, Japan) over the course of 48 h. YFP fluorescence at 525 nm was plotted as a 

function of time, and kON was obtained by fitting the binding data to single exponential 

functions.  

Size Exclusion Chromatography   

YFP10-FN3CWDR5 was mixed at a 1:1 ratio with WDR5 and allowed to equilibrate 

for 10 min or 24 h at RT. Samples were spun before being run on a Superdex-200 Increase 
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column (Cytiva, Marlborough, MA) equilibrated in 20 mM Tris (pH 7.4), 0.3 M NaCl, 

0.005% Tween-20, and 1mM TCEP.   
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Supplemental Figure S4.1: YFP-FN3 sensor performance in cells is due to 

chromophore maturation, not decreased protein turnover. Each biosensor, YFP10-

FN3CWDR5 (A), YFP7-FN3CSH2 (B), and YFP8-FN3ERAS (C), was transfected along with 

each of the three ligands in HEK293T cells to test orthogonality (green; biosensor 
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fluorescence). The cells were stained with Rabbit-anti-GFP antibody (red) to verify that 

the turn-on was due to chromophore maturation and not decreased protein turnover. 

Quantification (right) shows that the amount of biosensor present in all conditions is 

identical, with turn-on exclusively due to ligand-induced chromophore maturation. 

Cellular data collected and quantification performed by HS.    
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Supplemental Figure S4.2: The YFP-FN3 sensors are irreversible. Sensor only (blue) 

shows little to no fluorescence after 24h. 10 µM WDR5 was added to 0.5 µM YFP10-

FN3CWDR5 and equilibrated at 22 °C for 24 h (red). To test for reversibility, 50 µM 

unlabeled competitor was added to the complex and equilibrated at 22 °C for 24 h (black). 

The black curve was multiplied by the appropriate factor to account for sensor dilution.    
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Supplemental Figure S4.3: YFP-FN3 in vitro characterization at 37 °C. Absorbance 

for apo (dotted line) versus holo (solid line) sensors for WDR5 (A), SH2 (B), and HRAS 

(C) after 24h at 37 °C are shown in blue. Respective apo (dotted line) and holo (solid line) 

sensor fluorescence are shown in red. All YFP-FN3 sensors exhibited the expected increase 

in fluorescence upon equilibrium ligand binding, with tightest binding seen in the WDR5 
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sensor (D), followed by HRAS (F), and SH2 (E). Rates for each sensor are slow, with apo 

controls (open circles) showing little to no nonspecific turn on for the WDR5 (G) and 

HRAS (I) sensors, but some nonspecific turn on for the SH2 (H) sensor, relative to holo 

sensors (closed circle). Lines are best fits to single-exponential equations. Error bars are 

s.d. (n = 3). 
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Supplemental Figure S4.4: YFP-FN3 ligand binding is fast, complete sensor turn on 

is slow. YFP10-FN3CWDR5 is shown in red, WDR5 in blue, and the mixture of YFP10-

FN3CWDR5 and WDR5 after 10 min in green. There is still some unbound WDR5 after 10 

min (27 kDa), but complex seen in the form of a larger molecular weight peak (63 kDa). 

After 48 h (black), excess WDR5 disappears and the complex shifts slightly to the right 

(57 kDa). YFP10-FN3CWDR5 concentration was 7 µM and WDR5 concentrations was 10 

μM. Buffer conditions were 20 mM Tris (pH 7.4), 0.3 M NaCl, 0.005% Tween-20, and 1 

mM TCEP. Binding samples were incubated for 10 min or 48 h (as indicated) at room 

temperature and then injected onto a Superdex 200 Increase 10/300GL column (Cytiva, 

Marlborough MA) using a Bio-Rad DuoFlow chromatography system.  
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5.1 Goals of this chapter 

This chapter serves as a summation of the findings of Chapters 2-4 and a space to 

propose several future directions the projects can take. Each of the following sections will 

address a summary of the results in each chapter, questions raised as a result of these 

projects, and how these questions may be addressed in the future.  

5.2 Construction of adaptable alternate frame folding monobody switches  

We engineered an adaptable alternate frame folding biosensor based on the 

monobody scaffold in Chapter 2, termed FN3-AFFs1. This required constructing ligand-

specific consensusized monobodies, circularly permuting them while retaining binding 

ability and stability, and making a final unimolecular, allosteric AFF switch. While 

BODIPY homoFRET dyes were used to characterize the multiple ligand-binding FN3-

AFFs targeting SH2, SUMO, WDR5, and hRAS, we were able to show genetic 

encodability of the system by fusing cyPet at the N-terminus and a cpYFP in the internal 

cysteine site. The FN3-AFF sensors bound their respective ligands with low µM to high 

nM affinities, and the FN3-AFFGE sensor demonstrated 1.3-fold ratiometric response to 

WDR5 binding within minutes. Moving binding mutations to the opposite folds validated 

that output seen was due to ligand binding and not a random event.  

The alternate frame folding mechanism was developed in our lab in 2008, when 

Margaret Stratton converted a calbindin D9k into a molecular Ca2+-sensing switch2. Since, 

the AFF mechanism has been used to create ribose- binding biosensors, using a ribose-

binding protein (RBP) scaffold3, as well as an artificial HIV-1 protease activated zymogen 

(barnase scaffold)4, and a color changing FK506 sensor (fluorescent protein scaffold with 

FK506 binding protein inserted)5. The AFF switches fall under the wider umbrella of 
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mutually exclusive folding (MEF) switches6, where multiple folds that share a region are 

created in a one- or multi-component system. Only one fold can exist at a time due to the 

shared region. Other examples of MEF switches include FREX7 (Chapter 1) and domain 

swapping8–10.    

The AFF mechanism can be applied to any protein that can be circularly permuted. 

In this respect, it is an adaptable mechanism, however (as shown by the characterization in 

Chapter 2) making a protein into an AFF isn’t as straightforward as a step-by-step process, 

as fine tuning may be required at each phase. This led us to create an AFF with an adaptable 

and well characterized protein scaffold, monobodies. Instead of starting from circular 

permutation to create a new AFF switch, ones can be created by swapping out binding site 

residues in the preoptimized FN3-AFF scaffold. In the future, it would be interesting to see 

if binding sites from other proteins (e.g. antibodies, antibody mimetics, or small peptides) 

can be replaced into one of the surface exposed interaction loops (e.g. the FG loop) in the 

FN3-AFF system. This would allow for the development of more ligand-targeting FN3-

AFF than those with solved monobody-ligand structures (Chapter 1). It would also be 

beneficial to test alternative sites for labeling or inserting fluorescent proteins (such as the 

N’- and C-termini), as well as the addition of linkers of varying size and composition, to 

determine if a larger conformational change (and therefore greater FRET fold-change) is 

possible. Alternative FRET pairs, such as mCherry-GFP, CyPet-YPet, nLuc-YFP, etc. can 

also be tested.  

5.3 Rational alteration of kinetics in the FN3-AFF system  

In Chapter 3, we sought to enhance the FN3-AFF kinetic performance. We 

accomplished this in a manner analogous to that by DeGrave and his colleagues11 
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(members of the Loh lab and Chong lab, whom we collaborated with for the study 

presented in Chapter 3). While other studies screen for rate-altering mutations, this is 

commonly done through extensive and often random library screenings12. Here, we 

employed a computational screening strategy with experimental validation to uncover rate 

altering mutations in the FN3-AFF system. Of several identified target sites, we chose to 

mutate the T96 position, as it had the largest contact score in the N to cp conformational 

change, and second largest contact score in the cp to N conformational change. We added 

the T96A preemptively into both folds of the switch in efforts of keeping the AFF switch 

poised. We found that this is not the case, however, as the mutation seems to differentially 

effect the stabilities of each fold; in the mChFN3-AFF, we see a 2-fold rate enhancement 

with the addition of the T96A mutations, while switching is slowed by 0.75-fold in the 

mChFN3-AFFrev. This is in stark contrast to the 32-fold rate enhancement seen in the 

original study.  

Several questions remain from this study. Will the T96A mutation behave similarly 

in the FN3-AFFGE system? Will the T96A mutation give a larger rate enhancement if it is 

only introduced into one of the two folds, or would this tip the stabilities to a point where 

the switch is trapped in the more stable conformation or there is a significant hit to affinity? 

What is the exact mechanism of the T96A mutation acting differentially in the mChFN3-

AFF versus mChFN3-AFFrev systems? Are there other mutations, or combinations thereof, 

that will give a greater rate enhancement when added to one or both AFF folds? To address 

some of these questions, additional mutations identified in Chapter 3, such as those at the 

L63 or V92 sites, can be examined in the mChFN3-AFF or FN3-AFFGE systems.  
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5.4 Construction of an adaptable ligand-induced chromophore maturation switch 

with YFP-FN3s 

We constructed another class of adaptable monobody-based biosensor scaffolds in 

Chapter 4, by fusing a cpFN3 to a cpFP. The resulting sensor, termed YFP-FN3, is an 

intensiometric sensor that is controlled by a ligand-induced chromophore maturation 

mechanism. These sensors can be created through the screening of 6 possible 

combinations, composed of two circular permutation sites in FN3 and three insertion sites 

in a cpFP. We develop YFP-FN3s that target SH2, WDR5, and HRAS by screening 14 of 

18 possible combinations and identify several potential sensors that are “successful”. The 

three best performing sensors were used for in vitro characterization, where we determine 

the sensors bind their targets with low uM to nM affinity, in the matter of hours. In cells, 

these sensors exhibit ligand-specific turn on, with the WDR5-binding sensor (YFP10-

FN3CWDR5) exhibiting activity towards endogenous WDR5.  

 The question arises: Is it possible to construct similar sensors with different colored 

outputs? The development of YFP-FN3-like sensors (cpFN3 inserted into a cpFP) from 

different fluorescent proteins would broaden the utility of the switch and allow for 

simultaneous, multiplexed imaging of multiple targets within a cell. Aequorea victoria 

mTurquoise- and Entacmaea quadricolor mTag-RFP-based YFP-FN3-like sensors are 

currently under development in our lab. The goal is to have different colored sensors (cyan, 

yellow, and red) for three targets (SH2, WDR5, HRAS) for tri-color imaging within a fixed 

or live human cell. In Chapter 4, we used YFP10-FN3CWDR5 to look at WDR5 in a cell, 

and found it localizes to the nucleus. Preliminary data indicates the mTurquoise and mTag-
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RFP versions of the sensor (targeting SH2 and HRAS respectively) localize to different 

organelles in the same cells.       

5.5 Use of adaptable switches in cellular work 

Adaptable biosensor scaffold designs would facilitate the development of 

biosensors to new targets with biologically diverse functions13–15. Genetically encoding a 

FRET pair into the sensor (Chapter 2) would give a ratiometric signal that is theoretically 

independent of sensor concentration and therefore consistent from cell to cell. On the other 

hand, a sensor based off a cpFP (Chapter 4), which has a fluorescence turn-on output, 

would provide high sensitivity (at the expense of precise quantification). Monobodies are 

excellent diversifiable protein scaffolds with several advantages in protein engineering 

over conventional antibodies, e.g. a lack of disulfide bonds allows monobodies to be 

readily expressed in reduced cellular environments. The previously developed SH2-

binding FREX biosensor7 exhibits a high affinity for SH2 with a 3-fold change in FRET 

output in COS7 cells. While the YFP-FN3 sensors are already showing promise in cells 

(Chapter 4), it is yet to be determined if the FN3-AFF sensors will have the same success. 

The YFP-FN3 and FN3-AFF sensors described here have a key advantage over FREX: it 

is easier to control transfection and subsequent expression of a one-component system over 

two. FREX, however, has the distinct advantage of having the possibility of the highest 

FRET signal change, as the two components are not constrained as in the one-component 

FN3-AFF system. The YFP-FN3 sensors have the largest fold-change of the three 

monobody-based sensors, but are not ratiometric, and thus some fine precision is lost. 

Nonetheless, these sensors, and ones of similar design, are integral to the study of analytes 

in cells to elucidate their involvement in different cellular processes and disease.     
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5.6 Future Directions  

In addition to the questions and possible ways to address them above, there are 

several other paths these projects can take. Solving the crystal structures of the FN3s (and 

co-crystal structures of the FN3s with their respective ligands) described in Chapter 2 by 

crystallography may provide insights on how different these monobodies compare to their 

parental monobodies. This could aid in the identification of mutations to improve the 

binding affinities of the FN3 to get the Kds closer to that of the parental monobodies. The 

structures of these proteins, as well as those of the YFP-FN3 sensors, may also aid in the 

identification of kinetic enhancing mutations and further elucidating the exact mechanisms 

by which these switches function.   

We chose to make our adaptable biosensors with the monobody scaffold, but many 

other antibody mimetic or adaptable scaffolds exist that we would have chosen (Chapter 

1). Designed ankyrin repeat proteins (DARPins16) are small (~15 kDa) engineered 

adaptable protein scaffolds that demonstrate nM – pM affinities towards its analytes. They 

can be linked together to build multispecific and multifunctional proteins in a single 

molecule, without affecting function or expression. We can take a page from the DARPin 

design playbook to create multispecific monobody-based scaffolds. Two monobodies can 

be fused to a cpFP in a manner similar to GCaMPs, where one monobody is fused to the 

N-terminal of the cpGFP and another at the C-terminal. Binding of both monobodies to 

their respective ligands would induce a conformational change in GFP to occur, resulting 

in an increase in fluorescence. This type of sensor could be useful in the identification of 

post-translationally modified proteins, e.g. SUMOylated-p53. One monobody can target 

SUMO, while the other targets a site on p53 (or another protein that gets SUMOylated). 
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This in theory is a lot easier said than done, as we demonstrated that inserting a protein into 

a cpFP, and subsequent binding of the bioreceptor to its target results in increased 

fluorescence in a manner distinct from GCaMPs.    

Demonstrating the FN3-AFF or YFP-FN3 sensors utilities in a disease relevant 

model would drive the technologies forward. While all the analytes targeted have some 

relevance or implications in disease (Chapter 1), I will discuss a possible application for 

the FN3-AFFSUMO system (Chapter 2). 

Colon cancer is the third most common cancer among men and women in the 

United States, and is in the top three most common cancers diagnosed worldwide17 along 

with lung and breast cancers.  Found in the large intestine (colon) and rectum, the end of 

the gastrointestinal tract, colon cancer is predominantly an adenocarcinoma, a cancer 

affecting the epithelial lining of tissues.  It is believed the constant turnover of these 

epithelial lining cells, as well as their constant exposure to foods and potential toxins, make 

these cells susceptible to mistakes and mutations, ultimately leading to cancer.  Colon 

cancer typically begins as benign polyps in the inner cavity of the colon, but over time, 

approximately 8-10 years, these precancerous polyps could internalize and become 

cancerous.  Metastasis to the liver, abdominal cavity, and lungs is then possible17.  Lifestyle 

choices, including eating a high fat diet and smoking, could increase the risk of developing 

colorectal cancer.   Genetics also play a role in increased risk factors, especially if one has 

immediate family members with colon disease, or one has chronic ulcerative colitis or 

predisposition for increased polyps.  Constant screening for those at risk is necessary to 

screen for polyps to minimize the risk of developing colon cancer.  These screening tests 

usually involve analyzing biopsies from colonoscopies, an uncomfortable and invasive 



202 
 

procedure for the patient.  Finding new markers for colon cancer diagnosis and prognosis 

could improve treatment and outcome for the patient18. 

 

Studies have shown that SUMOylated p53 is upregulated in colorectal cancers19–

21.  While some studies show accumulation of SUMOylated-p53 in the nucleus19,20, most 

studies looking at the role of SUMOylated p53 in cancers are done in vitro or using fixed 

cells, eliminating valuable information about accumulation and localization in live cells 

over time.  SUMOylated-p53 may be trackable in live cells with a genetically-encoded 

version of the FN3-AFFSUMO sensor. The GE-FN3-AFFSUMO sensor could be transfected 

into human colon cancer cell lines HCT 116 and Caco-2 (colorectal adenocarcinomas) as 

cancer models, with CCD-28Co cells (non-disease colon model) controls. Expression 

levels of the transfected sensor could be checked via microscopy, with western blots of cell 

lysates run for further validation. In the healthy colon line, we would expect SUMO levels 

to be undetectable19. Due to its upregulation in cancers, HCT 116 and CCD-28Co cell lines 

would be expected to show SUMO-binding in the form of a FRET or intensiometric 

change, predominately in the nucleus. SUMO1 KO Caco-2 and CCD-28Co (control) cell 

lines could be created and co-transfected with the GE-FN3-AFFSUMO sensor and an 

inducible SUMO1 pDEST vector to monitor accumulation and localization of 

SUMOylated-p53 over time. Imaging and quantification of FRET signal would be 

performed as described7. Individual cells could be tracked over time to see of this 

expression is localized to the cytosol, nucleus, or both depending on time after SUMO1 

induction.                    
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Chapter 6: Appendix  

 

6.1 Appendix figures and tables: These tables provide supporting evidence for Chapter 

2 and quick reference for concepts in Chapters 2-4.  

Appendix Table 1: Stability data for all constructs used in FN3-AFF and FN3-

AFFrev in the SH2-binding system 

Appendix Table 2: Reference table of FN3-AFF and YFP-FN3 construct affinities 

and turn-on ratios. 

Appendix Figure 6.1: SDS-PAGE gel of SH2-binding FN3-AFF and its individual 

components. 
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Appendix Table 6.2: Stability data for all constructs used in FN3-AFF and FN3-

AFFrev in the SH2-binding system. Binding mutations (bn) are slightly destabilizing to 

the fold. Errors shown are s.d. (n = 3).  

∆G cm 

FN3  7.22 ± 0.13 3.09 ± 0.03 

FN3bn
 6.39 ± 0.40 2.84 ± 0.07 

cpFN3  9.14 ± 0.96 4.05 ± 0.02 

cpFN3bn 6.54 ± 0.06 3.69 ± 0.01 

 

Appendix Table 6.3: Reference table of FN3-AFF and YFP-FN3 construct affinities 

and turn-on ratios. Error shown is s.d. (n = 3).  

Construct 
SH2 Kd  

(µM) 

SUMO Kd 

(µM) 

WDR5 Kd 

(µM) 

Ras Kd  

(µM) 

FN3 0.18 ± 0.75 0.05 ± 0.02 0.34 ± 0.03 
NA 

cpFN3 0.22 ± 0.08 0.62 ± 0.20 0.34 ± 0.03 
NA 

FN3-AFF 
1.05 ± 0.61 

1.25-fold 

1.92 ± 0.16 

1.41-fold 

1.38 ± 0.58 

1.38-fold 

0.42 ± 0.20 nM 

1.19-fold 

FN3-AFFrev 
3.60 ± 2.05 

1.38-fold 

1.52 ± 0.96 

1.34-fold 

0.26 ± 0.08 

1.11-fold 

NA 

FN3-AFFGE NA NA 
0.72 ± 0.12  

1.31-fold 

NA 

FN3-AFFGE,rev NA NA 
0.35 ± 0.06  

1.17-fold 

NA 

CloverFN3-AFF 

(bad label) 
NA NA 

0.104 ± 0.05 

1.1-fold  

NA 

mChFN3-AFF NA NA 
0.54 ± 0.05 

1.37-fold 

NA 

mChFN3-AFFrev NA NA 
0.32 ± 0.09 

1.43-fold 

NA 

YFP-FN3  

at 22 °C 

13.8 ± 8.2 

1.2-fold 
NA 

0.0031 ± 0.0019 

5.8-fold 

0.111 ± 0.091 

21.5-fold 

YFP-FN3  

at 37 °C 

21.1 ± 1.12 

2.6-fold 
NA 

0.38 ± 0.04 

4.9-fold 

6.31 ± 2.15 

11.9-fold 

Parental 

0.022 

(Wojcik, 

2010) 

0.068 

(Gilbreth, 

2011) 

0.005 

(Gupta,  

2018) 

0.016 

(Spencer-

Smith, 2017) 
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Appendix Figure 6.4: SDS-PAGE gel of SH2-binding FN3-AFF and its individual 

components. SH2 alone was run for size comparison (theoretically 13 kDa). The N-fold 

(theor. 11 kDa) runs smaller than its corresponding cp-fold, likely due to the long linker in 

the cp-fold. The FN3-AFF (theor. 18 kDa) runs correspondingly larger than its individual 

components. The N-fold sample is faint due to underloading on the gel.     
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6.2 Additional cloning methods:  

 

FN-AFF construction 

N frame: FN3_SH2 DNA and FN3_Wdr5 sequences were amplified with oligonucleotide 

primers 1 and 2 and Q5® DNA polymerase (New England BioLabs, Ipswitch MA) and 

inserted between NdeI and XhoI sites of pET41 (MilliporeSigma, Darmstadt, Germany) 

without the stop codon.  FN3_SUMO sequence was assembled by overlap extension PCR 

(doi: 10.1016/0003-2697(89)90103-6); The N-terminal half (AA 1 to 41) and the C-

terminal half (AA 42 to 99) of the gene were first amplified with Q5 DNA polymerase 

(NEB, Ipswitch MA) with primers 1 and 4, and primers 2 and 3, respectively.  The full 

length FN3 sequence was amplified using previous two PCR products as a template with 

primers 1 and 2 and inserted into pET41 plasmid. The resulting FN3_Sumo has Cys 

inserted between two Gly in C/D loop.  FN_hRas sequence was generated in three steps as 

FN_Wdr5 gene as the template; (1) The double mutations of V31D, H32Y were introduced.  

(2) K48 was changed to glutamic acid. (3) the new F/G loop for hRas binding was replaced 

with one for Wdr5 (YQGGGRWHPYG to WGWHGQVYYYM).  All three steps were 

accomplished using In-Fusion HD Cloning Kit (Takara). 

 

Primers 

# 

 DNA sequence 

1 N_N_NdeI GATC CATATG GGT AGC CCG AGC GTT CCG 

2 N_C_XhoIgc GATC CTCGAG GGT GGT AAC GCT AAC GCT GC 
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3 CysIns GCG GGT TGT GGC GAG TGG AAG GAA GTG ACC G 

4 CysIns gc CTC GCC ACA ACC CGC TTC ACG ATA CTC AAC 

ACG G 

5 CP_N_NdeI GATC CATATG TGT GGC GAG TGG AAG GAA GTG 

6 CP_C_XhoIgc GATC CTCGAG ACC CGC TTC ACG ATA CTC AAC 

7 CP_N_NdeI 

(Wdr5) 

GATC CATATG TGT GGC GAG TGG CAG AAA GTG  

8  18Nlinker GATC GCTAGC GGT GGT GCG ACT GGA GGC AGT 

GGC GGT GGT AGC CCG AGC GTT CCG GGC 

9 18Clinkergc GATC GCTAGC ACC ACC ACT GCC TGA ACC TCC 

GGT GGT AAC GCT AAC GCT GCT C 

 

N-frame destabilizing mutation, Phe to Gly in F β-sheet and Cys insertion between two 

Gly in C/D loop were generated using In-Fusion HD Cloning Kit (Takara).  Mutations 

which abolish ligand binding were also introduced with In-Fusion HD cloning kit (Takara).  

The amino acid position numbers and identities of the mutations are listed below. 

Mutations in FN SH2 SUMO WDR5 hRas 

N-frame destabilizing 

mutation 

F71G F69G F69G F69G 

Binding Mutations Y83A, M84A H74A, W76A R79A Y82A, Y83A 

Two Gly position in 

C/D loop 

43/44 41/42 41/42 41/42 
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CP frame: FN3_SH2 CP42 sequence was amplified with primers 5, and 6 using Q5® 

DNA polymerase (New England BioLabs, Ipswitch MA) and inserted between NdeI and 

XhoI sites of pET41 (MilliporeSigma, Darmstadt, Germany) without the stop codon.  The 

CP frame of other FN3 was prepared in two steps.  First, the C-terminal half of CP was 

amplified with primers 6 and 8 and inserted between NheI and XhoI sites of pET41 

FNSumo CP.  Next, the N-terminal half was amplified with primers 5 and 9 for FNSh2 or 

7 and 9 for FNWdr5 and FNras and inserted into between NdeI and NheI sites.  The final 

CP has Cys following N-terminal Met. 

AFF assembly: The N frame of appropriate FN3 was amplified with primers 2, and 8 and 

replaced with the C-terminal half of respective CP between NheI and XhoI sites in pET41 

FN3 CP construct. 

CyPet/cp195Y FN_WDR5: The CP frame of FN_Wdr5 was linked downstream of the 

CyPet gene with a GGGSG linker.  The N frame with FRET acceptor was prepared by 

amplification of the clover CP195 with 203Y gene (doi.org/10.1021/acssensors.1c02239) 

followed by the insertion between 41Gly and 42Gly via Megaprimer restriction enzyme 

free cloning method (doi:10.1016/j.jsb.2010.06.016 and doi: 10.1016/B978-0-12-385120-

8.00017-6).   

  

https://doi.org/10.1021/acssensors.1c02239
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6.3 Plasmid maps of pCMV-MBP-FP(FN3) constructs 

Plasmid maps for all 3 pCMV-MBP-FP(FN3) constructs. The constructs are named as 

follows: 

SH2-targeting YFP-FN3: pCMV-MBP-CP195-cp42FN3SH2ins155-N1 

WDR5-targeting YFP-FN3: pCMV-MBP-CP195-cpFN3WDR5WT-N1 

hRAS-targeting YFP-FN3: pCMV-MBP-CP195-cp70Ras175-N1 
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