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Abstract 

Peptides serve important biological functions including neuromodulation, hormonal 

regulation, cell signaling, protein localization, and enzyme inhibition. The ability to modulate 

peptide functions with precision is invaluable in biological research. Genetic tools have offered 

precise control over biological systems with cell-type specificity, and chemogenetic and 

optogenetic techniques have expanded this control, providing high temporal and spatial resolution 

through small molecules and light as signaling inputs. While these methods have been extensively 

applied to regulate protein functions, their application in controlling peptide functions is less 

explored. 

This thesis describes the engineering of chemogenetic and optogenetic protein domains for 

regulating peptide functions. These domains offer versatile control over various peptides, 

modulating biological processes through orthogonal signal inputs from small molecules and light. 

A directed evolution platform for optimizing these domains is also introduced. 

For chemogenetic control over peptides, we developed the chemically activated protein 

domains (CAPs) for controlling the accessibility of both the N- and C-terminal portions of 

functional peptides. CAPs were developed through directed evolution of an FK506 binding protein 

(FKBP). By fusing a peptide to one or both CAPs, the peptide’s function is blocked until a small 

molecule displaces them from the FKBP ligand binding site. CAPs are generally applicable to a 

range of short peptides, including a protease cleavage site (TEVcs), a dimerization-inducing 

heptapeptide (SsrA), a nuclear localization signal peptide (NLS), and an opioid peptide 
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(enkephalin), with a chemical dependence up to 156-fold. We show that the CAPs system can be 

utilized in cell cultures and multiple organs in living animals. 

The second light, oxygen, voltage sensing domain from Avena sativa phototropin 1 

(AsLOV2) has been widely applied to modulate the activity of various peptides by light. However, 

due to geometry restrictions, AsLOV2 is not applicable for peptides whose functions requires 

fusion-free N-terminus. We re-engineered AsLOV2 using circular permutation strategy to generate 

cpLOV. This modification allows modulation of the C-terminal accessibility of functional peptides 

while leaving the N-terminus unfused. Using the same strategy as CAPs and showcased by TEVcs, 

functional peptides can be fused to both AsLOV2 and cpLOV tandemly to reduce the basal activity 

and tune the dynamic range.  

To further optimize these chemical- and light-switchable protein domains, we established 

an efficient yeast surface based directed evolution platform. This platform simultaneously exhibits 

activation and leakage signals on the same yeast cell, enabling further optimization of CAPs' 

caging efficiency. The improved CAPs were then applied to regulate three neuropeptides: 

enkephalin, pituitary adenylate cyclase-activating polypeptide (PACAP), and α-melanocyte-

stimulating hormone (α-MSH), showcasing their broad applicability in modulating peptide 

functions. 

Potential future work includes the optimization of the developed switchable protein 

domains, expanding the scope of using CAPs to modulate other neuropeptides, and development 

of orthogonal switchable protein domains. 

This thesis contributes significantly to the field of peptide function modulation, offering 

novel chemogenetic and optogenetic tools and methodologies that have profound implications for 

biological research.  
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Chapter 1 Genetically Encoded Protein Switches for Modulating Cellular Processes 

 

Chapter 1 is partially adapted from: Shen, J., Zhou, G. and Wang, W., Chemogenetic Tools 

in Focus: Proximity, Conformation, and Sterics. Chemistry-Methods. (under review) 

Part of the figures are adapted from the article above and are produced by Guanwei Zhou, 

a Ph.D. student in the Wenjing Wang lab, University of Michigan. 

 

Genetic tools have revolutionized the ways to investigate biological systems at molecular 

level. Genetic encoding enables selective expression of the tools in a subset of cell populations to 

investigate their functional roles in various physiological processes and behavioral studies in 

animal models. Since biological systems and cellular processes are highly dynamic, it is important 

to have temporal and spatial control of the genetic tools delivered. Based on the controlling 

method, genetic tools can be classified into two categories: chemogenetic and optogenetic tools. 

Chemogenetic tools enable modulating biological processes through activation or 

inhibition of specific protein targets by using small molecules. Optogenetic tools utilize light as 

the user defined signal to modulate these processes. By introducing protein domains that can sense 

small molecules and light, precise control over cellular activities can be achieved, allowing 

scientists to further study biological systems. 

Here in this chapter, I summarize the designs of chemogenetic and optogenetic tools, as 

well as the knowledge gap this dissertation aim to bridge in this field. I mainly discuss about 

chemogenetic tools and introduce some typical optogenetic tool design, both categorized based on 
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the mechanisms of chemogenetic and optogenetic domains. Genetic tools that incorporate 

unnatural amino acids into protein domains are not involved here in this thesis. 

 

1.1 Chemogenetic tool design principles 

Chemogenetic tools are genetic systems controlled by chemicals. Chemogenetic tools 

allow precise temporal manipulation of various cellular processes and have been widely applied 

to interrogate the complex biological system. Since the first chemogenetic tool reported in 1993 

using a small molecule to dimerize an engineered T-cell antigen receptor (TCR)1, many new 

chemogenetic domains have been developed for regulating cell signaling, protein transportation, 

protein stability, gene expression, neuronal activity, etc. The wide range of chemogenetic tools 

share some general working mechanisms: chemically induced and disrupted proximity, chemically 

induced conformational change and allosteric control, and chemically induced steric unblocking. 

Here in this section, design strategies on chemogenetic tools will be discussed, categorized by the 

three different mechanisms above. 

 

1.1.1 Proximity control 

Chemically induced proximity (CIP) utilizes small molecules to induce the formation of 

artificial protein complexes to manipulate the protein of interest (POI) (Figure 1-1). CIP provides 

a powerful mechanism for regulating biological processes, mainly in two ways: 1) locating POIs 

to functional locations (on switch) or away from functional locations (off switch); and 2) 

reconstituting split proteins or inducing the interaction of POIs.  
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Chemically disrupted proximity (CDP), the inverse process of CIP, has also been 

developed to provide complementary design strategies (Figure 1-1). In CIP- and CDP-based 

chemogenetic tools, the applications and outputs are solely dependent on the POIs’ function rather 

than on the CIP or CDP protein, providing a generalizable chemogenetic tool design strategy. 

Therefore, CIP and CDP have been widely applied to control cell signaling, protein degradation, 

protein transportation, and gene expression. 

 

Figure 1-1 CIP system (top) involves a chemical inducer for bringing two proteins in proximity; a CDP system 

(bottom) involves a chemical disrupter for dissociating a protein pair. 

 

1.1.1.1 Available chemogenetic protein domains for proximity control 

The discovery of CIP began with three small molecules: Cyclosporin A (CsA), FK506, and 

rapamycin. CsA dimerizes CyP and calcineurin2,3; FK506 dimerizes FK506 binding protein 12 

(FKBP12, here after referred as FKBP) and calcineurin3,4; rapamycin dimerizes FKBP and the 

mammalian target of rapamycin (mTOR)4,5 (Table 1-1). The minimum binding domain of mTOR 

was further determined as the FKBP-rapamycin binding domain (FRB)6. The three small 

molecules act as “molecular glues”, where they bind to the first protein (CsA to CyP, FK506 and 

rapamycin to FKBP), forming a new binding surface, and further interact with the second one 

(CsA and FK506 to calcineurin, rapamycin to FRB) (Figure 1-2, Table 1-1). FKBP is one of the 

most broadly used domains for chemogenetic tool design. Consequently, several new ligands for 
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FKBP have been developed. A synthetic ligand for FKBP (SLF) was synthesized to tightly bind 

to FKBP7. To abolish the binding towards endogenous FKBP, the “bump-and-hole” strategy has 

been applied on FKBP and SLF, so that the new ligand SLF* (with the bump) specifically binds 

to the FKBP(F36V) mutant (with the hole)8. The optimized version of SLF* is called shield-19. 

The same strategy was applied to FRB and rapamycin, leading to the development of rapamycin 

derivatives that specifically bind to a triple mutant FRB*(K2095P, T2098L, W2101F)10,11. 

Recently, chemically induced trimerization has also been developed12 in which rapamycin induces 

the trimerization of FKBP and two split FRB fragments. 

Table 1-1 Summary of molecular glue induced CIP pairs introduced in this section. 

Chemical Inducer Protein A Protein B 

CsA CyP Calcineurin 

FK506 FKBP Calcineurin 

Rapamycin FKBP mTOR, FRB 

ABA Pyl ABI1 

GA3 GID1 GAI 

ABT-737 BCL-xL AZ1 

MTX VHH NanoCLAMP8 

CBD Nanobody CA-14 Nanobody DB-21 

FPP MBP AR 

Auxin OsTIR1 IAA17 

Danoprevir NS3a DNCR 

Grazoprevir NS3a GNCR 

To obtain orthogonal CIP pairs, molecular glues from plant systems were employed. 

Abscisic acid (ABA) induces Pyl and ABI1 dimerization13 and gibberellic acid (GA3) induces 

GID1 and GAI dimerization14 (Table 1-1).  
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Figure 1-2 CIP inducers can be classified to two types, molecular glues (top) and bifunctional molecules (bottom). 

Molecular glues bind to protein A first, forming a new binding surface for protein B to interact with. On the other 

hand, bifunctional molecules compose of two ligands targeting protein A and protein B, respectively, with a linker for 

connection. 

Besides molecular glues, another class of CIP inducer, often referred to as bifunctional 

molecules, has provided many more opportunities for CIP designs. By connecting two ligands 

together with a linker, such bifunctional molecules can induce dimerization of two user defined 

protein domains, providing more CIP pairs (Figure 1-2, Table 1-2). The very first example was 

demonstrated by inducing FKBP homodimerization by an FK506 dimer, FK10121. Similarly, a 

methotrexate (MTX) dimer was synthesized to homodimerize dihydrofolate reductase (DHFR)15. 

Such homodimerizing systems work well when there is only one POI in the system. When applied 

to dimerize two different POIs (A and B), only part of the dimerization will be heterodimers (A-

B), while homodimers (A-A and B-B) will also form. To precisely induce heterodimerization, two 

distinct ligands could be connected to induce proximity of two different fusion proteins. A 

heterodimerizing FKCsA generated by connecting FK506 and CsA was used to dimerize FKBP 

and CyP16. Similarly, SLF-TMP dimerizes FKBP and DHFR17-19. This approach could also be 

applied to induce covalent dimerization. SNAP-tag, engineered from human O6-alkylguanine-

DNA alkyltransferase, forms a covalent bond with the O6-benzylguanine moiety20,21 (Table 1-2). 

Similarly, HaloTag, which is engineered from a bacterial haloalkane dehalogenase DhaA, forms a 

covalent bond with the chloroalkane moiety22 (Table 1-2). O6-benzylguanine connected to MTX23 

dimerizes SNAP-tag and DHFR, and the HaloTag ligand connected to TMP24 dimerizes HaloTag 
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and DHFR. SNAP-tag and HaloTag can also be connected to covalently dimerize two fusion 

proteins25.  

Table 1-2 Summary of common ligand-protein pair for designing bifunctional molecules 

Protein Chemical ligands 

FKBP FK506, SLF 

FKBP(F36V) SLF*, Shield-1 

DHFR MTX, TMP 

SNAP-tag O6-benzylguanine derivatives 

HaloTag chloroalkane ligand 

Unlike with molecular glues, the chemical dosage affects the dimerization efficiency of 

bifunctional molecules. Excess bifunctional molecules bind to the protein domains separately 

rather than dimerizing them, whereas molecular-glue-based systems always favor the formation of 

ternary complexes. Additionally, bifunctional molecules are usually large, perturbing their 

druggability and performance in animal models. However, bifunctional molecules are easier to 

design than molecular glues and there are only a few molecular glues available for CIP.  

While the first few CIPs were discovered from nature (e.g., FKBP-FRB, Pyl-ABI1, DHFR, 

HaloTag, SNAP-tag, etc.), new screening and computational design platforms have significantly 

facilitated the design of new CIPs.  

Using advanced library screening and computational design, new molecular glue-based 

CIP could be developed by designing binders against a known chemical-protein complex. For 

example, a phage-displaying library encoding the human antibody fragment antigen-binding 

domain (Fab) was screened against BCL-xL complexed with the small molecule, ABT-73726. The 

resulted Fab, AZ1, binds to the BCL-xL-ABT-737 complex with a KD of 3 nM and showed no 

detectable binding in the absence of ABT-737 (Table 1-1). In another example, a nano-CLostridial 



 7 

Antibody Mimetic Proteins (nanoCLAMP) phage display library was screened against the VHH-

MTX complex27. The resulted nanoCLAMP8 binds to the apo VHH and VHH-MTX complex with 

a KD of 3.7 μM and 8.2 nM, respectively (Table 1-1).  

These two examples rely on a known chemical-protein interaction pair. To de novo 

engineer a CIP pair, a platform named COMBINES-CID was developed28. A nanobody library 

was first screened against a small molecule of interest, cannabidiol (CBD). Then a second 

nanobody library was screened against the nanobody-CBD complex. The resulted first nanobody 

CA-14 binds to CBD with a KD of 6 μM and the second nanobody DB-21 binds to the CA-14-

CBD complex with a KD of 56 nM (Table 1-1).  

Computational design has also been employed to aid CIP pair engineering. A small 

molecule binding site for farnesyl pyrophosphate (FPP) was computationally designed into the 

binding surfaces of a known protein interaction pair of maltose-binding protein (MBP) and an 

ankyrin repeat (AR) protein29 (Table 1-1). Using a split murine DHFR reporter system in 

Escherichia coli, FPP induced >100-fold dimerization (KD changes from >200μM to 2.1 μM in 

the chemical-bound state). However, this CIP pair has not been tested in mammalian cells. A 

platform named PROCISiR was also reported30 to computationally design binders for NS3a 

protein complexed with different ligands. The resulted CIP, danoprevir/NS3a complex reader 

(DNCR) and grazoprevir/NS3a complex reader (GNCR), yielded affinities of 36 pM and 140 nM 

towards the NS3a ligand binding state, respectively, with no detectable affinity towards the apo 

state (Table 1-1). These NS3a-based CIP pairs can be used in mammalian cells, allowing 

unprecedented multiplexed control with the same ligand binding protein.  

CDP is the inversed process of CIP, where small molecule binding dissociates the protein 

interaction pair, providing complementary strategies for chemogenetic tool design. Several CDPs 
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have been designed (Figure 1-1, Table 1-3). For example, self-dimerizing FKBP(F36M) can be 

disrupted by FKBP ligands31,32. The interaction between streptavidin and streptavidin-binding 

peptide can be disrupted by biotin33. The interaction between NS3a and its peptide inhibitor ANR 

can be disrupted by the NS3a small molecule inhibitors danoprevir, asunaprevir, and grazoprevir34. 

The interaction between BCL-xL and its interaction peptide LD3 could be disrupted by its small 

molecule ligands A1331852 and A115546335. 

Table 1-3 Summary of common CDP systems. 

Protein A - Protein B Chemical ligand 

FKBP(F36M) - FKBP(F36M) AP22542, AP21998, SLF 

Streptavidin - Streptavidin binding peptide Biotin 

NS3a - ANR Danoprevir, Asunaprevir, Grazoprevir 

BCL-xL - LD3 A1331852, A1155463 

NES - FKBP(L106P) Shield-1 

 

1.1.1.2 Improving spatial temporal resolution of CIPs 

Even though the addition of a small molecule provides temporal control, the diffusion of 

the small molecule to the protein domains is relatively slow. Further, it is challenging to reach 

subcellular activation. To achieve high spatiotemporal resolution activation in CIP, photocaged 

small molecules were designed to provide light-dependent gating over the chemogenetic system, 

thereby improving its spatiotemporal resolution. A typical strategy is to add a bulky, light-

degradable chemical moiety to cage the ligand’s functionality and prevent it from binding to the 

protein domain until light illumination removes the bulky group (Figure 1-3). 
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Figure 1-3 A photocaged molecule is composed of a chemical inducer modified by a photocaging moiety. Upon light 

illumination, the photocaging moiety is cleaved off from the molecule, which then induces the protein A-B 

dimerization. 

A photocaged rapamycin analogue (pRap) was developed by installing a R-methyl-6-

nitropiperonyloxycarbonyl group on the C-40 position36 (Figure 1-4). Upon irradiation with 365 

nm UV light, pRap is uncaged and induces FKBP-FRB dimerization. pRap has some basal 

dimerizing activity, which can be abolished through the use of an engineered version of FKBP, 

iFKBP37. Similarly, the rapamycin-biotin conjugate (cRb) was photocaged by connecting the 

rapamycin C-40 position with biotin using a UV light degradable 4,5-dimethoxy R-methyl 

nitrobenzyl linker38 (Figure 1-4). Similar to pRap, cRb retains basal dimerizing activity on FKBP 

and FRB. Such background is eliminated by supplying avidin in cell culture media, thereby 

retaining cRb in the extracellular media solution by its binding to biotin. Although no modification 

of the CIP pair is needed, the use of avidin is tedious and the spatial resolution is reduced due to 

free rapamycin diffusing from the extracellular environment into the cytosol. Another strategy to 

design a photocaged rapamycin was to connect two rapamycin molecules with a photocleavable 

linker (dRap, activated by 365 nm light)39 (Figure 1-4). The heterodimerization of FKBP with 

FRB is blocked until light irradiation cleaves the linker and releases rapamycin. 

Photocaged ABA40 and GA341 were synthesized by installing a 4,5-dimethoxy-2-

nitrobenzyl group on ABA (ABA-DMNB) and a 2-(o-nitro-phenyl)propyl group on GA3 (pcGA3-

3) (Figure 1-4). ABA-DMNB can be activated by 365 nm UV light. pcGA3-3 can be activated by 

Protein A-B

+

Photocaged 
molecule

Protein A Protein B

+

Photocaging moiety

Light



 10 

412 nm light. Additionally, two-photon activation at 800 nm can be used to activate pcGA3-3 to 

avoid phototoxicity and improve tissue penetration of light.  

 

Figure 1-4 Chemical structures of photocaged molecules. The photocaging moieties are highlighted in blue. 
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The examples discussed above all generate the free form of a small molecule dimerizer 

after light irradiation, and the diffusion of the small molecules reduces spatial resolution. To 

address this problem, a photocaged bifunctional dimerizer cTMP-Htag was designed24 by 

connecting a photocaged TMP molecule to the HaloTag ligand (Figure 1-4). The HaloTag ligand 

enables anchoring of the cTMP-Htag to selective compartments where HaloTag is localized, such 

as centromeres, kinetochores, mitochondria, and centrosomes. To avoid phototoxicity from UV 

light, bioluminescence can be used instead of light irradiation. An engineered HaloTag inserted 

into a circularly permuted NanoLuc (H-Luc)42,43 can covalently bind to the HaloTag ligand 

conjugated with a coumarin-caged TMP (Cou-TMP-Cl) (Figure 1-4). The addition of the 

furimazine substrate uncages the ligand through bioluminescence resonance energy transfer 

(BRET) and induces dimerization of HaloTag with DHFR. 

As discussed above, using light as an extra layer of control could improve the 

spatiotemporal resolution of CIP-based chemogenetic systems. However, UV light has low tissue 

penetration and can cause phototoxicity in animal models. The application of a two-photon laser 

for photo-uncaging could potentially address these issues but has not been tested in vivo. 

 

1.1.1.3 Reversible CIP engineering 

Reversible CIP is desirable for investigating dynamic biological processes. However, most 

CIPs suffer from slow off-kinetics and are usually considered “irreversible one-way on-switches” 

for the chemogenetic systems. This is due to the strong binding affinity of the small molecule to 

the protein domain and the high stability of the ternary protein-small-molecule-protein complex. 

For example, rapamycin binds to FKBP with a KD of 0.2 nM, and it is predicted that FRB binds to 

the FKBP-rapamycin with a KD of 12 nM44, which would not be considered reversible for 
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applications in biological processes. To achieve reversibility for a chemogenetic system, several 

strategies have been employed.  

First, on the system design level, POI activity can be switched off by anchoring the POI 

away from the correct subcellular location, since protein function and activity are highly dependent 

on location. The POI could be first activated by being localized to its active location (e.g. GTPase 

on membrane, transcription factor in nucleus), and then deactivated by being relocalized to a 

different subcellular compartment using an orthogonal CIP pair (Figure 1-5). For example, to 

deactivate functional POIs in the nucleus, they were fused to FRB and an abundant cytosolic 

protein PMA1 was fused to FKBP to anchor away the POIs to the cytoplasm45. The anchor-away 

strategy can also be applied for cytosolic proteins46. POIs were first recruited to the plasma 

membrane and activated by the FKBP/FRB CIP pair; the complex was then recruited to the 

mitochondria and deactivated by the GAI/GID1 CIP pair. In this work, one activation-deactivation 

cycle was successfully achieved. 

 

Figure 1-5 Anchor away strategy. The POI becomes inactive when a CIP system brings it to inactive locations. 

 

Figure 1-6 Competitive ligand strategy. The addition of a chemical competitor disrupts the CIP system, removing the 

POI from its active location. 

Anchor

CIP-a

Active POI

CIP-b

POI inactive location

Inactive POI

Chemical 
inducer

POI inactive location

CIP-a

Inactive POI

Cell cytosol

Chemical 

inducer

Active POI

Chemical 
competitor

CIP-b

POI active compartment



 13 

Second, on the small molecule level, the dimerization can be disrupted by competitive 

binding of a non-dimerizing ligand or photocleavage of the bifunctional molecule (Figure 1-6). 

The competitive binding strategy was applied to FKBP and SNAP-tag-based CIP47. A bifunctional 

molecule, rCD1, was developed by connecting the SNAP-tag ligand to SLF. rCD1 induces 

membrane localization of the POI. The addition of FK506 disrupts the binding of rCD1 to FKBP 

and dissociates the POI from the membrane. In a similar strategy, the bifunctional molecule SLF-

TMP locates the FKBP-POI fusion protein to the membrane18. Later addition of the competitor 

TMP disrupts the complex and releases the POI to the cytosol. The dissociated POI could be further 

relocated to the mitochondria by using another CIP pair. To use light as the “reverse signal”, a 

photocleavable bifunctional molecule, MeNV-HaXS, was developed25 by connecting HaloTag 

ligand to SNAP-tag ligand with a photocleavable methyl-6-nitroveratryl group (Figure 1-7). The 

addition of MeNV-HaXS covalently links HaloTag and SNAP-tag. UV light (360 nm) irradiation 

cleaves the linker and dissociates the CIP. Similarly, zapalog was developed19 by connecting SLF 

and TMP with a photocleavable dialkoxynitrobenzyl linker. The zapalog-induced dimerization of 

FKBP and DHFR can be readily reversed by 405 nm light irradiation. The light cleavage step here 

can also be replaced by BRET. H-Luc was used to cleave the coumarin linker between HaloTag 

ligand and TMP to disrupt dimerization42. 

 

Figure 1-7 Photocleavage strategy. Upon light illumination, the photo-sensitive linker in the bifunctional molecule 

gets cleaved, disrupting the CIP. 
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Lastly, on the CIP engineering level, a low affinity CIP pair allows the complex 

dissociation by washing away the dimerizing molecule. Recently, a CIP system, CATCHFIRE48 

(Figure 1-8), was reported that can be readily reversed by washout. The small molecule inducer 

was named match, and the two proteins were named FIREtag and FIREmate. The system is based on 

a chemogenetic fluorescent reporter pFAST. FIREtag and FIREmate are the two split halves of pFAST 

and match is the fluorogenic ligand. The half-time of dimerization upon match addition and 

dissociation upon washout are ~25 s, and the cycle can be repeated multiple times. It is also worth 

noting that CATCHFIRE allows real-time fluorescence monitoring. The match ligand is only 

fluorescent when the ternary complex is formed, alleviating the need of an extra reporting system 

to monitor the dimerization process. 

 

Figure 1-8 CATCHFIRE, a reversible CIP system involves the FIREmate and FIREtag, inducible by the ligand match. 

Simple washout of the match can reverse the dimerization. 

The three strategies described above all provide some degree of “reversibility”. The 

anchor-away and competitive binding strategies do not require extra engineering of the CIP pair 

but have a limited number of reversible cycles. Additionally, the anchor-away strategy requires 

multiple components and therefore its efficiency depends on the expression level of each 

component. Compared to the first two strategies, the “washable” CATCHFIRE system can be 

reversed multiple times, which is ideal for cell culture experiments. However, the system has low 

binding affinity to the match molecule, and CATCHFIRE is yet to be tested animal models. 

 

FIREmate FIREtag

+

POI1 POI2

match
+

-

POIs in proximity

(Washout)



 15 

1.1.1.4 Applications 

CIP and CDP provide spatiotemporal control over protein functions and various biological 

processes. In this section, we will discuss the design strategies for controlling different cellular 

processes, including protein transportation, cell signaling, protein degradation, and gene 

expression. 

Protein transportation 

CIP and CDP are frequently used to recruit the POI to or release the POI from specific 

organelles, including the inner plasma membrane, outer mitochondrial membrane, Golgi 

apparatus, nucleus, etc. Furthermore, organelles could also be transported by motor proteins.  

 

Figure 1-9 POI translocation induced by a CIP system. Localization signals or proteins help localize the CIP-a in the 

target cellular compartment. Examples of the target cellular compartment include inner plasma membrane, outer 

mitochondrial membrane, Golgi apparatus, and nucleus. 

To control POI localization, the common design is to add a subcellular localization signal 

or protein to one CIP component as an anchor, and therefore, the POI fused with the other CIP 

component will be recruited upon CIP induction (Figure 1-9). For example, POIs could be 

recruited to the mitochondria by using TOM20 or MoA30,41,46,49, to the Golgi using Giantin49, to 

the ER using Cb549, to the lysosome using LAMP49, or to the microtubule lumen using β-tubulin50. 

This process can also be reversed by using a light degradable dimerizer25, the anchor-away 

strategy46, or the reversible CIP system, CATCHFIRE48. When a CDP pair is used instead of CIP, 
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POIs can also be delocalized from the organelle’s outer membrane34. Besides directly manipulating 

the location of POIs to manipulate their activity, POI inhibitors can also be used to modulate the 

POI’s activity. The peptide inhibitor of AMP-activated protein kinase (AMPK) was localized to 

different organelle membranes, and it was discovered that inhibition of AMPK at the mitochondria 

is sufficient to induce cytosolic ATP increase51. 

Nuclear-cytoplasmic distribution is another way to regulate protein functions. With a 

similar design as above, by anchoring one CIP component in the nucleus or cytoplasm, the POI 

fused to the other CIP component could be transported in between the nucleus and cytoplasm 

(Figure 1-9). As mentioned above in the anchor-away strategy, by fusing one CIP component to 

the cytosolic protein PMA1, POIs in the nucleus could be transported into the cytosol45. A CIP 

component tagged with the nuclear localization signal (NLS) can be the anchor in the nucleus, and 

the addition of the small molecule dimerizer will recruit POIs tagged with the other CIP component 

into the nucleus16. Similarly, cytoplasmic localization can also be achieved by using a nuclear 

export signal (NES)52. When CATCHFIRE is used as the CIP pair, reversible nuclear or 

cytoplasmic localization is achieved48. In another strategy, SNAP-tag and HaloTag were used to 

covalently anchor the NLS-tagged POI on the Golgi apparatus by a light degradable bivalent 

dimerizer25. Subsequent light irradiation releases the POI to translocate to the nucleus. 

Protein secretion is an important protein transportation process for cell communication. 

This process can be controlled by the dimerization of the POI with an anchor protein in the ER or 

Golgi apparatus. A series of works controlling glycosyltransferase17,53,54 and sulfotransferase55 

activities by manipulating their transportation have been reported (Figure 1-10). The enzyme and 

the Golgi anchoring domain are each fused to one of the CIP components. When dimerizer is 

absent, the enzyme will be secreted directly and give minimal protein glycosylation. When induced 
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with the dimerizer, the enzyme will be retained in the Golgi apparatus to facilitate protein 

glycosylation in the secretary pathway.  

A general system named RUSH33 for controlling protein secretion was designed based on 

the CDP pair of streptavidin and streptavidin-binding peptide (SBP), which could be disrupted by 

biotin (Figure 1-10). By fusing streptavidin to the anchoring protein in the ER and Golgi, SBP-

tagged POI is retained intracellularly until the addition of biotin. When CATCHFIRE is used in 

this system instead of streptavidin and SBP, a retention-secretion-retrieval cycle can be realized 

by dimerizer’s addition-washout-addition process48.  

 

Figure 1-10 Top: Enzyme activation in Golgi apparatus regulated by a CIP system. The catalytic domain of the 

enzyme (Cat) is secreted outside of the cell, until an induced CIP system retains it in the Golgi apparatus with the Loc 

(localization domain) and reconstitute the enzyme activity. Bottom: RUSH. Biotin outcompetes the SBP to bind with 

streptavidin, resulting in the secretion of a POI. 

Beyond proteins, organelle transportation can also be controlled using CIP. By fusing both 

the organelle of interest and a motor protein with the CIP component, the organelle could be 
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kinesin19,56 and dynein56; 2) peroxisome transportation with kinesin56,57, dynein56,57, and myosin57; 

and 3) lysosome transportation with kinesin48. In such systems, the use of a light-degradable 

dimerizer19 or CATCHFIRE48 allows reversible transportation. To inhibit organelle transportation, 

a CIP pair was fused to synaptic vesicles and presynaptic proteins, inhibiting neurotransmitter 

release upon dimerizer addition58. Further, CIP can also be used to investigate the biology of 

organelles. By fusing FKBP to a 5-phosphatase INP54P and the two FRB split halves to the plasma 

membrane and ER, the chemically induced trimerization system is able to selectively deplete the 

secondary lipid messenger PI(4,5)P2 at the junction sites of the plasma membrane and ER12. 

CIP and CDP have also been used to control artificial subcellular compartment formation 

to manipulate POI localization (Figure 1-11). To generate artificial protein aggregates that mimic 

stress granules, five FKBP repeats were fused on one component and five FRB repeats on the 

other59. Upon addition of rapamycin, the multivalent components randomly dimerize with others 

and form protein aggregates. When fused to an RNA recognition motif that binds to polyadenine 

containing RNA, the artificial aggregates could sequester polyadenine containing mRNAs like 

endogenous stress granules. On the other hand, CDP can be used to dissociate the aggregate formed 

with self-aggregating domains to control cellular processes. Based on homodimerizing 

FKBP(F36M) that could be disrupted by FKBP ligands31, four repeats of FKBP(F36M) were fused 

together to form aggregates. Insulin was fused to this aggregating domain with a furin cleavage 

site so that insulin will be trapped in the ER and cannot be secreted. The addition of the FKBP 

ligand dissolves the aggregates, exposing the furin cleavage site for cleavage, and releases insulin 

for secretion. This system was initially developed for mammalian cell applications and further 

optimized by using an FKBP(F36L, I90V) mutant for yeast applications32. Further, a 10-amino-

acid NES sequence (LALKLAGLDI) fused to FKBP(L106P) can act as an aggregation domain60. 
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The addition of the ligand shield-1 could rapidly dissolve the aggregates, and the removal of shield-

1 can induce aggregation again. This aggregation domain alleviates the need of multivalent FKBP 

repeats, thus minimizing the size of the fusion proteins. 

 

Figure 1-11 Artificial subcellular compartment formation via CIP systems. 

 

Cell signaling 

Common strategies that use CIP to control cell signaling include: 1) activating POIs via 

dimerization or reconstitution of the split POI; and 2) recruiting POIs to their active locations. The 

landmark work used FK1012 to homodimerize the ζ-chain of TCR to initiate T-cell signaling1 

(Figure 1-12). A similar approach has been applied to homodimerize the intracellular signaling 

domain of the Fas receptor to induce apoptosis7,8,61 and to homodimerize STIM1 to induce calcium 

entry62. This strategy is not limited to POIs located at the plasma membrane. Induced 

homodimerization of the cytosolic protein, c-Raf-1 induces Raf signaling63, and homodimerization 

of caspase-1 or caspase-3 induces apoptosis64 (Figure 1-12). CDP, on the other hand, can be used 

to disrupt cell signaling. By dissociating the heterodimeric chimeric antigen receptor (CAR), the 

T-cell activity can be suppressed by the small molecule disruptor35.  

Splitting protein is a general protein engineering approach to control protein activity by 

controlling the split protein fragments’ reconstitution (Figure 1-12). For example, split proteins 
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were designed for a series of tyrosine kinases, including Lyn, FAK, Src, and PKA65. CIP is used 

to control the reconstitution of these split proteins.  

 

Figure 1-12 Dimerization of POIs induced by a CIP system, applicable to either constitution of functional signaling 

protein complex or reconstitution of split proteins. 

 

Figure 1-13 CIP-dependent logic gates. In the AND gate (left column), both CIP1 and CIP2 are required to activate 

the POI. In the OR gate (right column), either CIP1 or CIP2 can activate the POI. 

Signaling cascades can also be activated by recruiting POIs to specific locations using 

CIPs. Recruiting the Rac1 guanine nucleotide exchanger factor (GEF) Tiam1 to the plasma 

membrane activates the Rac pathway14,38,40. The same strategy has been applied to other signaling 

proteins, such as the Fas signaling domain16, Rac118, Src-like tyrosine kinase66, SOS67, Zap7068, 

Inp54p69 and GEF for Ras49. Orthogonal CIP pairs also enable the construction of signaling 

pathways with logic gates. GAI-GID1 and FKBP-FRB can be incorporated to the system to gate 

translocation with an “AND” gate (GA3 and rapamycin are both supplied) or an “OR” gate (either 

one is supplied)14 (Figure 1-13). The PROCISiR system discussed in section 2.1, in which the 
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DNCR and GNCR recognize NS3a bound with danoprevir and grazoprevir respectively, allows 

similar orthogonal control. This enables the control of two POIs, Tiam and LARG, with one less 

anchoring component30.  

Because cell signaling is dynamic, reversible systems are beneficial for probing cell 

signaling events. Using the competing strategy discussed in section 2.3, PI3K can be activated by 

translocation to the plasma membrane, and deactivated by the addition of a competing binder47. 

The anchor-away strategy was also applied to an inter-SH2 domain from a regulatory PI3K subunit 

to reversibly modulate PI3K’s activity, and to Tiam1 to reversibly induce Rac signaling pathway46.  

 

Protein degradation 

Targeted protein degradation is widely applied to perturb protein functions to study their 

roles in biological processes and can be used as therapeutics. CIP provides temporal gating to bring 

POIs into proximity with the cellular protein degradation machineries. Several CIP-based 

chemogenetic tools have been developed as generalizable platforms to control the stability of POIs. 

Furthermore, proteolysis targeting chimeras (PROTACs), an emerging class of therapeutic 

molecules, have been developed to bring a POI into the proximity of E3 ubiquitin ligases for 

protein degradation70-72. Recently, new mechanisms targeting lysosomal pathways have been 

developed as well73-75. Here, I focus on the chemogenetic tools for generally regulating POI 

degradation. PROTACs and related technologies were comprehensively discussed in these another 

reviews70-72.  

Platforms that tag POIs with CIP domains could be easily generalized to modulate the 

degradation of various POIs. The auxin-inducible degron was transferred from plants to yeast and 

mammalian cells76 (Figure 1-14). The TIR1 from Oryza sativa (OsTIR1), an F-box ortholog, was 
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introduced to cells to form the new E3 ligase complex. Auxins, indole3acetic acid and 

1naphthaleneacetic acid, act as molecular glues to induce the interaction between OsTIR1 and 

IAA17 (called ‘AID’), ubiquitinating AID-tagged POIs, and then lead to proteasomal degradation 

of POIs. The AID tag is compatible at both of the N- and C-terminus of the POI and has been 

applied for both nuclear and cytosolic proteins. The initial AID tag is relatively large (229 aa). The 

AID tag was shortened to AID* (residues 71–114 aa) and AID47 (residues 63–109 aa) 77. To avoid 

the introduction of the extra OsTIR1 component, three other platforms were developed with 

similar designs. The dTag system78, the HaloPROTAC system79, and TMP PROTAC system80 all 

utilize endogenous E3 ligases and tag the POI with a CIP domain. HaloPROTAC utilizes a 

bifunctional small molecule to dimerize the HaloTag fusion protein with VHL. HaloPROTAC was 

further developed to target cIAP1 as well81. In the dTag system, the bifunctional dimerizer dTag-

13 is generated by connecting shield-1 with thalidomide for targeting CRBN. dTag-13 can degrade 

FKBP(F36V)-tagged POI both in cell culture and a mouse model. dTagV-1 is a further developed 

version of dTag that targets VHL82. The bifunctional molecule TMP-pomalidomide can degrade 

eDHFR-tagged POIs by inducing their proximity with CRBN80. All the three systems are 

compatible with both N- and C-terminus tagging.  

 

Figure 1-14 CIP-tagging degradation. After a CIP system brings the POI in proximity to a ubiquitin ligase complex, 

the POI will be degraded. This approach has been used in auxin-induced degradation, dTag and HaloPROTAC. 

Some other CIP platforms used for modulating protein existence hijack the protein’s 

posttranslational modifications. The conditional protein splicing (CPS) system83,84 mimics the 
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protein splicing process (Figure 1-15). In CPS, two POIs are fused to the split VMA intein halves 

and the FKBP-FRB-induced VMA reconstitution results in splicing, yielding ligated POI. The 

system was further optimized to control split enzymes in cell culture and Drosophila 

melanogaster85. To reduce the basal activity when the split POI halves have high intrinsic 

affinities, a split ubiquitin for the rescue of function (SURF) system was developed86 (Figure 1-

16). SURF utilizes a similar design as CPS but has split ubiquitin(I13A) halves instead of split 

VMA intein halves. On one of the components, there are three FRB repeats that serve as both a 

CIP component and a degradation tag. Rapamycin induces FKBP-FRB dimerization and stabilizes 

the protein from being degraded. The consequent split ubiquitin reconstitution leads to cleavage 

of the split POI halves, resulting in full length POIs, including caspase-3, v-Src kinase, and the 

Smad3 transcription factor. In this case, the degradation of one of the components minimizes the 

basal activity. Compared to the degradation methods using the E3 ligase mechanism, CPS and 

SURF benefit from producing POIs in native forms. 

 

Figure 1-15 CPS. Upon the addition of the chemical inducer, split intein halves reconstitute, resulting in the splicing 

and the POI reconstitution. 

 

Figure 1-16 SURF. Without the chemical inducer, the POI will be degraded with the degron. CIP-induced ubiquitin 

reconstitution allows the POI to be expressed and keep stable. 

 

Gene expression 

CIP and CDP have been applied to control gene expression via the two-hybrid system and 

dCas9 system (Figure 1-17). The two-hybrid system is a robust platform that was originally used 
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to detect protein-protein interactions. In the two-hybrid system, the DNA binding domain (DBD) 

and the activation domain (AD) of a transcription factor are each fused to the CIP or CDP 

components. There are several commonly used DBD-promoter pairs: 1) Gal4-DBD with UAS; 2) 

TetR with TRE; 3) LexA-DBD with its binding site; and 4) zinc finger domain, transcription 

activator-like effector (TALE) and dCAS9-CRISPR protein with their DNA binding sites. Some 

commonly used AD include Gal4-AD, VP16, VP64 (four repeats of VP16), and VPR (VP64, p65, 

and Rta fusion protein). The two-hybrid system can be quantified by different assays depending 

on the genes encoded in the reporter gene. The reporter gene can be secreted embryonic alkaline 

phosphatase (SEAP) and luciferase for plate reader assays or fluorescent proteins for microscope 

imaging and flow cytometry. 

 

Figure 1-17 CIP-dependent two-hybrid system. The CIP system brings AD in proximity to DBD for activating gene 

expression. 

Controlling protein expression levels in cells is an easy and powerful way to study their 

functions and the two-hybrid system has been a classic application for CIPs7,16,40. A simple CIP- 

controlled two-hybrid system is a one-way “on” system. To turn the system “off”, previously 

described reversible CIP strategies can be applied to dissociate the DBD-AD complex. For 

example, a non-dimerizing ligand has been used to outcompete the dimerizer molecule87; another 

competing small molecule could dimerize with a different CIP component and recruit a repressor 

domain (RD)88; and the anchor-away strategy has been applied to transport the transcription factor 
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out of the nucleus52. Being able to initiate and terminate gene transcription with a chemical control 

enables fine tuning of protein expression levels.  

The two-hybrid system amplifies the dimerization signal via a transcriptional readout, and 

therefore provides a sensitive platform to characterize and screen CIPs. The two-hybrid system 

has been used to test the orthogonality between the ABA induced Pyl-ABI1 dimerization and the 

rapamycin induced FKBP-FRB dimerization systems13. It has also been used as a platform to 

screen for FRB mutants that selectively bind to rapamycin analogues10 and to characterize the 

binding affinities of different rapamycin analogues with different FRB mutants11. These examples 

discussed above all rely on the proximity induction of the genetically encoded DBD and AD. A 

chemical-dependent transcriptional system that recruits endogenous transcriptional systems was 

developed89,90. Gal4-DBD was fused to the minimal ligand binding domain of the glucocorticoid 

receptor. A conjugate molecule composed of Isoxazolidine (recruits endogenous transcriptional 

machinery) and OxDex (glucocorticoid receptor ligand) could recruit endogenous transcriptional 

machineries to initiate transcription. This system can upregulate reporter gene expression by 80-

fold in Hela cells90.  

 

Figure 1-18 Multiplexed control of dCas9 by orthogonal CIP pairs. The chemical ligand activates a specific CIP 

system and the corresponding gene expression. 

A dCas9-CRISPR-based two-hybrid system has been developed, enabling unprecedented 

modulation of endogenous gene expression. dCas9 activity can be controlled by rapamycin-
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induced reconstitution of split dCas991. CIP can also be applied to recruit AD or RD to dCas9 to 

up- or down-regulate gene transcription (Figure 1-18). Multiplexed control of two genes was 

achieved by using two orthogonal dCas9 systems and CIP systems92,93. For example, two dCas9 

orthologs from Streptococcus pyogenes (Sp-dCas9) and Neisseria meningitidis (Nm-dCas9) were 

fused to two orthogonal CIP pairs, GAI-GID1 and FKBP-FRB92. Sp-dCas9 and Staphylococcus 

aureus dCas9 (Sa-dCas9) were also demonstrated with GAI-GID1 and ABI-Pyl CIP pairs92. 

Furthermore, an RD, Krüppel-associated box (KRAB) can be used in parallel with an AD to 

achieve up- or down-regulation of different genes at the same time (Figure 1-18).  

 

Figure 1-19 Orthogonal control of dCas9-based gene expression by using PROCISiR. 

With orthogonal dCas9 proteins, CIP pairs, and CDP pairs, complicated gene expression 

networks can be built. Multiplexed logic gates for gene regulation can be constructed92 (Figure 1-

13, Figure 1-18). Orthogonal control of the same DNA locus was also constructed by using one 

CIP (ABI-Pyl pair) to recruit KRAB for gene down-regulation and another CIP (GAI-GID1 pair) 

to recruit VPR for gene up-regulation. Similar control could be achieved using the PROCISiR 

system30 (Figure 1-19), in which NS3a is dimerized to DNCR or GNCR depending on the ligand 

applied, and thus regulate two different genes. The NS3a-ANR CDP pair has been applied to 

control VPR dissociation from dCas934.  
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dCas9 could also be used to regulate chromatin modifications. Chromatin regulators, such 

as Hp1/Suv39h1 heterochromatin complex and mSWI/SNF (BAF) chromatin-remodeling 

complex, can be recruited via CIP to dCas9 at specific genomic loci94. Recruitment of 

HP1/Suv39h1 results in H3K9me3 deposition and gene silencing, and recruitment of BAF results 

in H3K27me3 depletion and gene activation. Another strategy is to induce chromatin looping. CIP 

was used to dimerize two dCas9 proteins targeted to the promoter of the β-globin locus and the 

HS2 region of the locus control region95. Dimerization causes chromatin looping and up-regulates 

gene expression. 

Lastly, Cre recombinase is also frequently used for genomic engineering in animal models. 

Chemogenetic control over Cre provides another way to control gene expression. The split Cre 

fragments’ reconstitution can be regulated by CIP96 (Figure 1-12). 

 

1.1.2 Conformational and allosteric control 

Protein activity can also be regulated by chemically induced conformational change. Many 

proteins contain a ligand binding site that modulates their activities (e.g., membrane receptors, 

transcription factors, etc.). For proteins without chemically-inducible properties, small molecule 

binding domains can be engineered into the protein domain to allosterically modulate the protein’s 

activity and stability. 

 

1.1.2.1 Membrane receptors 

Cell membrane receptors can often relay an extracellular ligand binding signal to 

intracellular signaling activation and provide important engineering elements for chemogenetic 
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tool design. To avoid cross talk with endogenous receptors and ligands, orthogonal ligands and 

receptors could be designed to create chemogenetic tools for regulating cellular activities. 

Alternatively, small molecule ligands could be tethered to the receptors for activity regulation. 

Designer G protein-coupled receptors (GPCRs) that are activated by orthogonal ligands 

have been engineered (Figure 1-20) and widely applied in neuroscience to modulate neuronal 

activity in selective neuronal circuits for studying causal effects on behaviors. The first designer 

GPCR developed is based on a β2-adrenergic receptor mutant, β2AR(D113S) 97. β2AR(D113S) 

can only be activated by synthetic ligands (catechol-containing esters and ketones) but not the 

endogenous β2AR agonist, adrenaline. However, the orthogonal ligands have low affinity for 

β2AR(D113S) and do not work well in animal models. A later design of a receptor activated solely 

by the synthetic ligand, RASSL was developed based on the κ-opioid receptor (κOR)98. The 

binding of the designer κOR with its endogenous peptide ligands was abolished by replacing its 

second extracellular loop with that of δ-opioid receptor. The resulted RASSL named Ro1 could 

be activated by κOR’s synthetic ligand spiradoline. However, spiradoline also activates 

endogenous κOR, and therefore, is not completely orthogonal to the endogenous biological 

system. 

 

Figure 1-20 Designer GPCRs. Orthogonal ligand can activate the designer GPCR and its downstream signaling, while 

endogenous ligand can only activate the wild-type GPCR. 

Designer receptors exclusively activated by designer drugs (DREADDs) were later 

designed and are the most widely used designer GPCRs for regulating neuronal activity. The 
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applications of DREADDs have been extensively reviewed99-102. Here, I briefly introduce the 

existing DREADDs. The M3 muscarinic acetylcholine receptor was engineered to be activated by 

a biologically inert drug metabolite103, clozapine-N-oxide (CNO), through a directed evolution 

platform where the GPCR activation is linked to yeast growth104. The resulted DREADD, hM3Dq 

is activated by CNO but not its endogenous ligand acetylcholine, and CNO does not activate the 

endogenous M3 receptor. hM3Dq couples to Gq and can be used to activate neurons105. The same 

mutations found in hM3Dq were introduced to the M4 muscarinic acetylcholine receptor, a Gi 

coupled receptor, to engineer hM4Di103, which is also activated by CNO and inert towards 

acetylcholine. hM4Di can be used for neuron silencing106.  

Besides inducing Gq and Gi signaling, DREADD for activating Gs signaling is designed 

by engineering a chimeric GPCR GsD that incorporates the extracellular ligand binding site of 

hM3Dq and the intracellular Gs binding site of the turkey erythrocyte β adrenergic receptor107. 

Activation of GsD leads to upregulation of cAMP concentrations. By mutating the DRY motif in 

hM3Dq, which is known to be important for G protein coupling activity, Rq(R165L) lost its Gq 

signaling activity and provides a DREADD only with β-arrestin signaling108. In addition to a CNO-

based DREADDs, a salvinorin-B-based κOR DREADD (KORD) has been engineered for 

multiplexed control over neuronal activities109. Through rational design, a D138N mutation was 

introduced to KOR to abolish its affinity towards its endogenous ligand, dynorphin A and increase 

its binding towards salvinorin B, which does not activate endogenous κOR. KORD is coupled with 

Gi and silences neuron on activation109.  

A similar engineering strategy has been applied to ligand-gated ion channels (LGICs). The 

glutamate-gated chloride channel (GluCl) from Caenorhabditis elegans was engineered to have 

reduced glutamate activity and retained affinity towards its synthetic ligand, ivermectin110,111 
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(IVM). GluCl does not exist in mammals, so IVM only activates the engineered GluCl. However, 

the application of GluCl is limited by its poor expression and folding due to the required co-

expression of two subunits and its non-human origin. To overcome this limitation, a human α1 

glycine receptor was engineered to be activated by IVM but have no activity for glycine112.  

A lot of engineering effort is required for modifying the receptor binding pockets to 

recognize new ligands. Alternatively, selective tethering of ligands to the receptor can be used to 

control receptor activity (Figure 1-21). This strategy relies on bifunctional small molecules 

consisting of a reactive warhead and a receptor ligand. The reactive warhead can covalently tether 

the small molecule to the modified receptors. In addition, using an azobenzene moiety as the linker 

in the small molecule creates photoswitchable tethered ligands (PTLs), allowing photoswitchable 

activation of the receptors. A PTL for Shaker K+ channel was constructed by maleimide (for 

tagging cysteine residues), azobenzene, and tetraethylammonium (for blocking the K+ channel) 

113. By introducing a cysteine residue near the ligand binding site, PTLs are covalently tethered to 

the engineered ion channel. With the same strategy, the NMDA receptor114, potassium channel 

TREK1115, metabotropic glutamate receptor mGluR2116, and GABAA receptor117 have been 

reported to be controlled in the same fashion. 

 

Figure 1-21 POI ligand tethering strategy. For the ligand tethering, PTL utilizes covalent bonding via cysteine residues 

on the POI, while PORTL fuses SNAP-tag to the N-terminus of the POI for interacting with the SNAP-tag ligand. 

Light illumination switches the ligand between two conformations. 

The use of maleimide-cysteine chemistry has several limitations118 for in vivo applications 

of PTLs: 1) the native cysteine residues on cell surfaces could be affected; 2) maleimide could 
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react with other nucleophiles in the environment such as water and glutathione; 3) the reaction 

efficiency is not high enough. To overcome such limitations, a new class of tethered ligands, 

photoswitchable orthogonal remotely tethered ligand (PORTL) (Figure 1-21), was developed118. 

Instead of using cysteine as the tethering site, PORTL uses SNAP-tag to achieve specific labeling. 

SNAP-tag is fused to the N-terminus of the metabotropic glutamate receptor 2 (mGluR2), which 

also avoids introducing cysteine mutation in the receptor. By using orthogonal tethering domains, 

multiplexed control over two types of receptors could be achieved by fusing a SNAP-tag variant, 

CLIP-tag, to mGluR2, and SNAP-tag to mGluR7119. Importantly, the wavelength of the activation 

and deactivation light were different for the two PORTLs to allow multiplexed control. 

 

Figure 1-22 DART. A protein tether on the plasma membrane through a transmembrane domain can activate or inhibit 

a receptor, with the addition of a bifunctional molecule. 

All of the PTL or PORTL examples discussed above utilize engineered receptors. To probe 

endogenous receptors, the ligand could be tethered to a separate transmembrane domain (Figure 

1-22). A technology named drugs acutely restricted by tethering (DART) has been developed120. 

By fusing HaloTag to a transmembrane domain, a  chloroalkane-conjugated ligand YM90K could 

be tethered to the membranes of selected neuronal populations to antagonize α-amino-3-hydroxy-

5-methylisoxazole-4-propionicacid receptor (AMPAR). The ligand in DART could be replaced 

with PORTLs to achieve photoswitching. SNAP-tag was fused to a single-pass transmembrane 

segment derived from low density lipoprotein receptor, so that endogenous mGluR2 could be 
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activated by the tethered ligand121. The same strategy has also been applied to the dopamine D1 

receptor122.  

 

1.1.2.2 Transcription factors 

Transcription factors that are regulated by small molecules can serve as another class of 

chemogenetic tools for regulating gene transcription. The commonly used chemically induced 

gene expression systems in mammalian cells and animal models are the Tet-Off123 and Tet-On124 

systems (Figure 1-23) derived from the tetracycline responsive transcriptional system found in 

Escherichia coli. The two systems are controlled by tetracycline or doxycycline (Dox, a stable 

analogue of tetracycline), where Dox turns off gene expression in Tet-Off and turns on in Tet-On. 

The detailed development and applications of the two systems are available in these reviews125,126.  

 

Figure 1-23 Tet-Off (top) and Tet-on system (bottom). In the Tet-Off system, either Tetracycline (Tc) or Dox can 

Turn off the gene expression. In the Tet-on system, the addition of Dox can turn on the gene expression. 

Tet-Off123 is based on a tetracycline-controlled transactivator (tTA) and its promotor, 

tetracycline response element (TRE). tTA is composed of the DNA binding domain, tetracycline 

repressor (TetR), fused with a strong AD VP16. The continuous supplement of Dox keeps the gene 

silent, and the removal of Dox initiates gene expression. This process works well for cell culture 

experiments by replacing the culture media but is more challenging for animal experiments 
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because the removal of DOX may take days in mouse models125. Because the administration of 

Dox is faster than removal, Tet-On was developed124 by engineering a reverse-TetR, which binds 

to the promoter tetracycline response element (TRE) upon Dox binding. The resulted reverse-tTA 

(rtTA) works in the opposite way as tTA and provides a Dox-induced gene activation system. Tet-

On was further optimized127 to be more sensitive to Dox to improve the performance in a mouse 

brain and reduce the basal activity under the Dox free condition. 

Similarly, transcription factors TtgR from Pseudomonas putida128 and PadR from Bacillus 

subtilis129 were transferred to mammalian cell systems for gene regulation. TtgR and PadR 

dissociate from the promoters upon induction of resveratrol and ferulic acid, respectively. By 

fusing to an AD, TtgR-VPR and VP64-PadR function in the same way as tTA. To engineer 

chemically induced transcription activation “on” systems, a RD was fused to TtgR and PadR so 

that upon chemical induction, the transcription repressor dissociates, and gene transcription is 

activated128,129.  

Another approach to obtain an orthogonal induced gene expression system is to engineer 

the transcription factors to respond to new ligands. Computational modeling and library screening 

were employed to engineer the Escherichia coli derived LacI transcription factor, which is induced 

by isopropyl β-D-1-thiogalactopyranoside (IPTG). A LacI mutant (Q291H, T276L, S279G) was 

identified, which gained high activity towards gentiobiose and completely lose activity for 

IPTG128.  

 

1.1.2.3 Protein stability modulation 

To modulate protein stability, a destabilizing domain (DD) that is degraded in the absence 

of a small molecule ligand and is stabilized upon ligand binding can be added to the POI (Figure 
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1-24). DDs are fused to POIs as tags, so that the stability of POI-DD fusion protein is chemically 

controlled. Compared to the E3 ligase dependent techniques discussed in section 2.4, such designs 

benefits from containing only one component. 

It was first discovered that protein half-life is dependent on its N-terminal residue, which 

is also known as the N-end rule130,131. An unstable DHFR mutant with an N-terminal Arg residue 

(Arg-DHFR) could be stabilized by the ligand MTX132. Further, the stability of the POI-DD fusion 

protein could also be modulated. The FRB*(K2095P, T2098L, W2101F) mutant could destabilize 

the fusion protein with glycogen-synthase-kinase-3β and be stabilized upon binding of the 

rapamycin analog, MaRap and the consequent dimerization with FKBP133,134.  

DDs that regulate POI-DD fusion protein degradation solely by ligand binding were then 

developed (Figure 1-24). Several DDs were developed based on FKBP with shield-19, DHFR with 

TMP135, estrogen receptor ligand binding domain (ERLBD) with 4OHT and CMP8136, and the 

UnaG fluorescent protein with bilirubin137. The four DDs are orthogonal to each other and could 

be applied for multiplexed control of protein stability of multiple POIs. The UnaG-DD also 

provides a fluorescent readout of POI expression level, alleviating the need for an extra expression 

marker. It is worth noting that the FKBP-DD is more efficient when fused to the N-terminus of the 

POI, while the others are not affected by fusion geometry. These DDs have been successfully 

demonstrated in animal models as well. FKBP-DD has been used to control the CAR protein level 

in CAR-T cells in a mouse model138; DHFR-DD was used to control Cre protein level to control 

POI abundance in a mouse brain139.  

 

Figure 1-24 Ligand-induced protein stabilization. The POI is destabilized by DD, unless a ligand is introduced. 
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For POIs that require unmodified terminal regions to be functional, liberation-prone degron 

(LIBRON) was developed140 (Figure 1-25). LIBRON is composed of DD (FKBP- and DHFR-DD 

were used) and a ubiquitin mutant (Ub*) whose polyubiquitination ability is abolished. When the 

fusion protein is stabilized by ligand binding, DD-Ub* will be cleaved from the POI, and the POI 

will be released in its native form. Another advantage of LIBRON is that the released POI is still 

stable even after the stabilizing ligand is removed from the system. This could be beneficial in 

animal applications, because a single dose of ligand supplementation can release the protein from 

the DD, alleviating the need of constant drug administration. Release from the DD can also be 

achieved by protease cleavage. SMASh tag was developed for time-gated production of soluble 

protein in its native form141 (Figure 1-25). SMASh tag is composed of a NS3 protease cleavage 

site followed by the NS3 protease and a degron. SMASh tag can be connected to the C-terminus 

of the POI. When the NS3 activity is inhibited by its inhibitor, asunaprevir, the degron stays 

connected and leads to whole protein degradation. When inhibitor is removed, the cleavage site 

will be cut by NS3 to separate the degron from the POI, so that the native form of the POI is 

released and stabilized. SMASh tag has been applied to control Zap70 kinase to modulate CAR-T 

cell activity142.  

 

Figure 1-25 Ligand-controlled destabilization. In LIBRON, the ubiquitin is employed to release the POI from DD. In 

SMASh tag, the protease NS3 is utilized to cleave the POI off from a degron. 

All of the DDs described above are stabilized by ligand binding. Chemical-dependent 

destabilization was achieved by tagging a hydrophobic adamantyl moiety to the POI-HaloTag 

fusion protein143,144. Upon HaloTag labeling, the adamantyl group mimics the partially denatured 
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state of the protein and causes degradation of the HaloTag-POI fusion protein by the proteosome. 

This system was successfully applied in mammalian cell culture, zebrafish embryos, and mice. 

However, the HaloTag-based strategy is not as efficient as the DDs, with only ~65% degradation 

observed when HaloTag7 is used. 

 

1.1.2.4 Allosteric switch insertion 

Chemical-dependent allosteric control of protein activity can also be achieved by inserting 

a chemogenetic switch into the allosteric sites of POIs (Figure 1-26). The conformational change 

of the inserted chemical-dependent protein switch domain could be propagated to the POI, 

modulating the POI’s activity. Tools and models for designing allosterically controlled proteins 

have been comprehensively discussed145,146. Here in this section, I discuss the chemogenetic 

allosteric switches developed. 

 

Figure 1-26 Manipulation of protein functions through allosteric switches. . Examples of allosteric switch includes 

iFKBP, uniRapR, cpDFHR. The allosteric switch is usually inserted into a loop in the POI. After ligand binding, the 

allosteric switch changes conformation and thus affect the POI’s function. 

A common mechanism of the chemogenetic allosteric switches is that the apo structure of 

the chemical-sensing domain is partially unfolded, and ligand binding stabilizes and rigidifies the 

structure. Additionally, to not completely disrupt the structure of the POI when inserting the 

chemical-sensing domain, the two termini of the chemical-sensing domain should be spatially 

close to each other. This can be achieved by truncation of the chemical-sensing domain from one 
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of the termini until the two new termini are close in space (e.g., iFKBP and uniRapR) or by circular 

permutation (e.g., cpDHFR). 

A series of chemically-controlled kinases were engineered using insertable FKBP (iFKBP) 

(Figure 1-26). iFKBP was designed by truncating the first β-sheet from the N-terminus to make 

the N- and C-termini closer in distance37. Molecular dynamic studies suggested that the iFKBP 

conformation is rigidified by its interaction with rapamycin and its consequent dimerization with 

FRB. A rapamycin controlled focal adhesion kinase (FAK) was designed by screening and 

optimization of the insertion site and the linkers connecting iFKBP with FAK37. The resulted 

rapamycin-regulated FAK could be activated as efficiently as the wild type with 50 nM rapamycin 

when FRB is present, while the required rapamycin concentration increases to 4 μM in the absence 

of FRB. Additionally, the photocaged rapamycin analogue, pRap, was used to further improve the 

spatiotemporal resolution36. This design strategy was also applied to design rapamycin-activatable 

Src and p3837. By fusing FRB to the downstream targets of Src, FAK and p130Cas, the mechanism 

of allosteric control and proximity control were utilized simultaneously, which is useful for 

dissecting the kinase activity on different targets147. Other kinases engineered with the same 

strategy include Fyn148, Src148, Lyn148, Yes148, c-Src149, and p38α149. 

When using the iFKBP domain, a second component of FRB needs to be co-expressed. To 

engineer single-component allosterically controlled POI, uniRapR domain (Figure 1-26) was 

designed150 by inserting the circular permuted FRB between the β5 and β6 barrel of iFKBP. The 

uniRapR was successfully inserted into Src kinase150, Vav2150, ITSN150, and Pak1150 to achieve 

rapamycin-dependence. 

Another example of a chemogenetic allosteric switch is circularly permuted DHFR 

(cpDHFR)151. cpDHFR is partially unfolded in the absence of its cofactor NADPH or ligand TMP. 
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cpDHFR can be inserted into nanobodies, generating the ligand-modulated antibody fragment 

(LAMA)152 (Figure 1-26). GFPLAMA was generated by the insertion of cpDHFR into the 

complementary-determining region 3 (CDR3) of a GFP nanobody. The apo GFPLAMA has low 

nanomolar affinity towards GFP, and the presence of NADPH and TMP abolishes the binding. 

Notably, the binding of GFPLAMA to GFP is reversible upon media washout on the order of 

minutes. The crystal structure of GFPLAMA suggests that the abolished binding of GFPLAMA 

towards GFP is from both allosteric effects as well as the steric hinderance of cpDHFR. Similarly, 

cpDHFP inserted into the CDR3 of a nanobody against p24 HIV capsid protein (p24LAMA) and 

into the CDR2 of a nanobody against ALFA-tag (ALFA-tagLAMA) both showed reduced binding 

affinity towards their targets upon NADPH and TMP binding. The LAMA for a nanobody against 

lamina-associated polypeptide 1 showed increased affinity upon ligand binding. 

 

1.1.3 Steric hinderance control 

To directly control the activity of a protein, chemical-dependent control of the accessibility 

of the active site can be applied. This offers an alternative approach to control protein activity 

directly in addition to controlling the protein conformation as discussed in Chapter 1.1.2. 

 

1.1.3.1 Steric unblocking of protein active site 

By fusing a CDP pair to the N- and C-termini of the POI, the POI active site can be blocked 

via steric hinderance. Addition of the small molecule disruptor dissociates the two CDP 

components and liberates the POI (Figure 1-27). The first example using this design was 

demonstrated by controlling a Rho family GEF, intersectin153. The two CDP components, BCL-

xL and BH3 were fused to the termini of the catalytic domain of intersectin. Over a five-fold 
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chemical-dependent activation could be achieved in an in vitro assay. The same design was applied 

to control the catalytic domain of a RAS activator, Son of Sevenless (SOScat), called chemically 

inducible activator of RAS (CIAR)154. A computational model, RosettaRemodel155, was used to 

guide the optimization of the linker lengths. The small molecule disruptor, A-385358 could induce 

over 10-fold activation of CIAR in a luciferase reporter assay. To show the generalizability of this 

design, the computational optimization approach was further applied to intersectin and another 

Rho family GEF VAV, resulting in 4- and 8-fold activation by A-385358 in an in vitro nucleotide 

exchange assay. Another CIAR with the CDP pair NS3a-ANR has also been developed34, further 

showing that this approach is generalizable to other orthogonal CDP pairs. 

 

Figure 1-27 Manipulation of protein functions through steric hindrance. CDP for unblocking protein active sites. The 

POI is sterically blocked by an interactive pair of proteins, until a chemical disruptor is introduced and unlock the 

protein pair. 

Besides the GEFs, the design mentioned above was used to engineer chemically inducible 

Cas9 (ciCas9)156. ciCas9 was engineered by replacing the nonessential REC2 domain of Cas9 with 

BCL-xL, and fusing BH3 to the C-terminus (Figure 1-27). ciCas9 is self-inhibited at the basal 

state and is activated by A-385358 in a dose-dependent manner. It is not clear whether ciCas9 is 

controlled by a steric hinderance mechanism similar to GEFs or by the allosteric effects caused by 

the BCL-xL-BH3 interaction. The basal activity of ciCas9 could be reduced by using BH3 variants 

with higher affinity, but the activation is reduced simultaneously. A more potent small molecule 

disruptor, A-1155463 was used to dissociate the strong CDP pair to achieve high activation157. The 
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same design can be applied to other Cas9 effectors to chemically control base editing, prime 

editing, and gene transcription158.  

 

1.1.3.2 Steric blocking of peptides 

Although many chemogenetic domains and systems have been developed to control protein 

functions, chemogenetic control of short peptides is less explored. Peptides could regulate various 

biological functions and chemically dependent protein domain for regulating peptide activity will 

expand the design of chemogenetic tools. Protein activity is highly dependent on tertiary structure 

and conformations. However, short peptide functions (especially for those shorter than 10 amino 

acids) mostly depend on their sequences and the recognition by their targets. Therefore, peptides 

could not be controlled using the mechanisms for regulating proteins, such as splitting and 

conformational change. The existing approach to modulate peptide functions include sterically 

blocking peptides by another protein domain and using CIP/CDP to control their localizations. 

 

Figure 1-28 LID. Shield outcompetes the degron from the FKBP ligand binding site, leading to the exposure of the 

degron and the degradation of the POI. 

Ligand-induced degradation (LID) domain was designed by chemically regulating the 

accessibility of a degron peptide159. LID domain is an FKBP protein with a C-terminal fusion of a 

19-amino-acid degron which binds to the FKBP binding pocket (Figure 1-28). The presence of 

the FKBP ligand shield-1 competes binding and unblocks the degron, leading to protein 

degradation. It is also determined that the last five amino acids of the degron are responsible for 
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degradation. The LID system has been successfully applied to control CAR degradation for CAR-

T cells in mice160. However, the LID system has not been applied to generally modulate peptide 

functions other than the degron. 

 

1.2 Optogenetics tool design 

Optogenetic and chemogenetic tools share the genetically encoding feature but the signals 

used to control the system are different. By introducing light-sensing domains into genetic systems, 

protein functions can be optically modulated. To enable control over different types of proteins, a 

wide range of optogenetic domains and design strategies have been developed. These optogenetic 

tools also share same mechanisms as chemogenetic ones, which are proximity regulation, 

conformational and allosteric control, and steric hinderance. Due to this similarity, the most 

commonly used optogenetic tools are briefly introduced with the same structure as Chapter 1.1, 

focusing on the light-sensing domains and the designs using them. For more details about 

optogenetic tools, OptoBase is a good resource summarizing the available optogenetic domains 

and their applications161, as well as the reviews here162-166. 

 

1.2.1 Proximity control 

Light induced proximity (LIP) utilizes light to induce a conformational change in a light-

sensing domain, and further cause homodimerization or heterodimerization (Figure 1-29). The 

conformational change is usually realized through the cofactor or the chromophore. Similar to CIP, 

LIP mechanism is also mainly used to 1) relocate POIs to their functional locations or away from 

them; 2) reconstitute split proteins or inducing interactions of POIs. The inverse process of LIP, 
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light disrupted proximity (LDP), has also been found in nature. With this mechanism, 

complementary designs have also been well explored.  

 

Figure 1-29 Light induced heterodimerization, homodimerization and homooligomerization. The interaction can be 

reversed by resting in dark or another wavelength of light. 

One major difference between the light-controlled and the chemically controlled systems 

is the reversibility. The light-sensing domains can be switched between two conformation states 

by light irradiation and dark resting, or by two different wavelengths of light irradiation. This 

reversibility allows rapid reversible control over dynamic processes. Here in this section, the LIP 

and LDP domains and the tool designs incorporating them will be discussed. 

 

1.2.1.1 Available optogenetic protein domains for proximity control 

A wide range of optogenetic domains have been discovered from microbiomes and plants, 

and further transferred to mammalian systems. Here in this section, some commonly used LIP and 

LDP domains will be introduced and categorized by their activation wavelengths. 

Light induced proximity pairs 

VVD (or Vivid) is a light, oxygen, voltage sensing (LOV) domain derived from 

Neurospora crassa. Within the LOV domain, the Per-Arnt-Sim (PAS) core bearing the flavin 

adenine dinucleotide (FAD) can be activated by blue light, and results in a cysteine-flavin 

adduct167,168. The conformational change propagates to the N-terminus of the protein and forms a 

rapidly exchanging homodimer169 (Table 1-4).  
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To achieve precise control over POIs, heterodimerization is more advantageous. VVD is 

further engineered to a heterodimerization system Magnets170 by introducing complementary 

charged residues to the binding surface of VVD homodimer (Figure 1-29). nMag and pMag 

dimerize with each other upon blue light irradiation, and their homodimerization property is 

abolished due to the charge (Table 1-4). Magnets have low dimerizing efficiency and also require 

a preincubation at low temperature (28 ℃) to allow expression and folding. Magnets were then 

optimized to avoid these constraints and with higher efficiency171. The dimerization of VVD and 

Magnets can be reversed when rested in dark. 

Cryptochrome 2 (CRY2) from Arabidopsis thaliana oligomerizes upon blue light 

irradiation172,173 (Figure 1-29, Table 1-4). It was identified that the photolyase homology region 

(PHR) of CRY2 is sufficient for the oligomerization172. Further, the blue light activated CRY2 

also dimerizes with cryptochrome-interacting basic-helix-loop-helix (CIB1) protein174 (Figure 1-

29, Table 1-4). The truncated version of CIB1 without the basic-helix-loop-helix domain (CIBN) 

is sufficient for dimerization with CRY2175. Also, the CRY2-CIBN dimerization can be induced 

by two-photon stimulation at 860 nm175. CRY2-CIBN was further optimized to have reduced dark 

dimerization activity, and can be tuned to have prolonged or shortened dimerization in response to 

a pulse of light176. 

Light scattering is a major concern when applying optogenetic tools in non-transparent 

tissues. Red and near-infrared light sensitive domains were developed to overcome the low tissue 

penetration problem when using blue light177. Phytochromes are light-sensing signaling proteins 

mediating processes in plants. Red and near-infrared light induces photoisomerization of their 

tetrapyrrole chromophores, switching the protein between two conformation states of Pr 

(absorbing red light) and Pfr (absorbing far-red light). Phytochrome B (PhyB) from Arabidopsis 
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thaliana dimerizes with phytochrome interaction factor 3 (PIF3)178,179 and phytochrome 

interaction factor 6 (PIF6)180,181 on its Pfr state (Figure 1-29, Table 1-4). Phytochrome A (PhyA) 

from Arabidopsis thaliana dimerizes with far-red elongated hypocotyl 1 (FHY1)182,183 and FHY1 

like protein (FHL)183 on its Pfr state (Table 1-4). Both PhyA and PhyB employ phycocyanobilin 

(PCB) as their cofactor. One common limitation of these two systems is that the large size of 

phytochromes (> 4.2 kilobases) limits their use in animal models when using adeno-associated 

viruses (AAVs) as the delivery method184. Recently, a truncated version of PhyA (ΔPhyA, 3.2 

kilobases) has been developed so that it is compatible with AAV delivery185.  

When applied to mammalian systems, PCB needs to be exogenously supplied or 

synthesized from heme by introducing extra enzymes186,187. To alleviate the need of this extra 

requirement, bacterial phytochrome P1 (BphP1) and its natural partner PpsR2 from 

Rhodopseudomonas palustris could be used188 (Figure 1-29, Table 1-4). BphP1 utilizes 

endogenously existing biliverdin as its cofactor. PpsR2 tend to oligomerize and also suffers from 

its large size. Q-PAS1 was further engineered from PpsR2 to be both three-times smaller and non-

oligomerizing189,190. 

Plants need to respond to ultraviolet light in order to survive. The Arabidopsis thaliana 

protein UVR8 was identified to respond to ultraviolet light191. UVR8 converts from homodimer to 

monomer upon ultraviolet-B irradiation, and the monomeric UVR8 further dimerizes with 

constitutively photomorphogenic 1 (COP1)191,192 (Table 1-4). Unlike the light-sensing proteins 

mentioned above, UVR8 does not contain external cofactors as a chromophore. Instead, it was 

proposed to utilize the cation-π interactions of two tryptophan residues (Trp285 and Trp233) with 

the two arginine residues (Arg286 and Arg338) on side chain to induce conformational change193. 
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Table 1-4 Summary of LIP pairs introduced in this section, adapted from OptoBase161. Note that CRY2 undergo 

oligomerization rather than dimerization upon activation. 

Photoreceptor 
Binding 

partner 
Cofactor 

Excitation 

wavelength 

Reversion 

wavelength 

Excitation 

time 

Reversion 

time 

VVD VVD FAD 450 nm Dark seconds hours 

pMag/nMag nMag/pMag FAD 450 nm Dark seconds 
seconds to 

hours 

*CRY2 CRY2 FAD 450 nm Dark seconds minutes 

CRY2 CIB1, CIBN FAD 450 nm Dark seconds minutes 

PhyB PIF3, PIF6 PCB 660 nm 740 nm milliseconds milliseconds 

PhyA FHY1, FHL PCB 660 nm 740 nm NA NA 

BphP1 PpsR2, Q-PAS1 Biliverdin 760 nm 
640 nm or 

Dark 
seconds seconds 

UVR8 COP1 / 300 nm Dark milliseconds hours 

 

Light disrupted proximity pairs 

The second LOV domain from Avena sativa phototropin 1 (AsLOV2) is one of the most 

widely used optogenetic domain. Similar to VVD, upon blue light irradiation, the cysteine residue 

(Cys450) in the PAS core forms a covalent bond with the cofactor flavin mononucleotide (FMN), 

resulting in conformational change and unwinds the N-terminal A’α helix194 and C-terminal Jα 

helix195,196. A LDP pair named LOVTRAP was developed utilizing this light induced 

conformational change in AsLOV2 (Figure 1-30, Table 1-5). A small protein domain Zdk was 

developed to selectively bind the dark state AsLOV2197. Upon blue light irradiation, Zdk 

dissociates from AsLOV2. Another LOV domain from Rhodobacter sphaeroides (RsLOV) was 

also employed for LDP (Table 1-5). RsLOV homodimerizes in its dark state and blue light 

irradiation dissociates the homodimer198. 
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Figure 1-30 Light disrupted proximity. The interaction can be reversed by resting in dark or another wavelength of 

light. 

Green light sensing domains fill in the gap in the wavelength spectrum. The cobalamin-

binding domain of the CarH protein from Thermus thermophilus (TtCBD) transitions from a 

homotetramer to monomer when activated with green light (Figure 1-30, Table 1-5). A 

fluorescent protein, Dronpa145N, tetramerizes in its off-state, and green light irradiation 

dissociates the tetramer199 (Figure 1-30, Table 1-5). The conformational change is initiated by a 

cis-trans isomerization of the chromophore200. Dronpa145N was further engineered to pdDronpa1, 

which is dimeric and with brighter fluorescence as well as less aggregation201 (Figure 1-30, Table 

1-5). Engineered from Dronpa145N, the Dronpa145K dimerizes with Dronpa145N. The 

Dronpa145K-Dronpa145N fusion protein performs as a homodimer at the off state, and green light 

irradiation can then dissociate this dimer199 (Figure 1-31, Table 1-5). 

 

Figure 1-31 Dronpa145K-Dronpa145N as LDP switch. 

In addition, as described above, the UVR8 homodimer dissociates when irradiated by 

ultraviolet light, and can be applied for LDP as well193 (Figure 1-30, Table 1-5). 
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Table 1-5 Summary of LDP pairs introduced in this section, adapted from OptoBase161. Note that the ones labeled 

with * forms tetramer. 

Photoreceptor 
Binding 

partner 
Cofactor Excitation Reversion 

Excitation 

time 

Reversion 

time 

AsLOV2 Zdk FMN 450 nm Dark seconds 
seconds to 

minutes 

RsLOV RsLOV FMN 450 nm Dark NA NA 

*TtCBD *TtCBD Adenosylcobalamin 545 nm Dark NA NA 

*Dronpa145N *Dronpa145N / 500 nm 400 nm seconds seconds 

pdDronpa1 pdDronpa1 / 500 nm 400 nm seconds seconds 

Dronpa145N/K Dronpa145K/N / 500 nm 400 nm seconds seconds 

UVR8 UVR8 / 300 nm Dark milliseconds hours 

 

In summary, LIP and LDP pairs controlled by different wavelengths of light have been 

developed. The major advantage of such optogenetic domains over chemogenetic ones is that they 

are usually reversible (either by resting in dark or by another wavelength of light), so that no extra 

engineering is required to achieve reversible activation in optogenetic systems. When using these 

domains, the LIP or LDP pair can be selected based on required kinetics and desired stimulation 

light wavelength. Further, the kinetics can also be tuned by protein engineering176. 

 

1.2.1.2 Applications 

LIP and LDP could be utilized in different applications with similar designs as CIP and 

CDP. Two of the main advantages of optogenetic systems is the fast kinetics and the reversibility. 

Here in this section, the typical designs using LIP and LDP are introduced. 

Protein transportation 

With similar designs as CIP and CDP, protein transportation can be achieved by light-

sensing domains as well.  
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POI membrane localization could be achieved by anchoring one LIP domain on cell 

membrane and fusing POI with the other LIP domain. When using CRY2/CIBN175, the POI 

diffuses away on order of minutes, and membrane translocation can be induced by blue light again. 

When PhyB/PIF3179 and BphP1/PpsR2188 are used, the depletion of POI from the membrane can 

be induced by infrared light. 

The same strategy can be applied for controlling nuclear-cytoplasmic distribution as well. 

By using NLS as the nuclear localization tag, one of a LIP domain can be anchored in nucleus. 

Upon stimulation with the corresponding light, POIs fused with the other LIP domain can be 

transported into nucleus. This has been achieved by using BphP1/PpsR2188 and UVR8/COP1202. 

Membrane depletion can also be achieved by using LDP. By anchoring one of a LDP 

domain on membrane, the POI fused to the other LDP domain could be located to the membrane 

as well. Upon stimulation with the corresponding light, the POI will be dissociated from the 

anchored membrane. AsLOV2/Zdk has been used to deplete POI from outer mitochondria 

membrane197. The homotetramerizing Dronpa145N and homodimerizing UVR8 has been used to 

deplete POI from plasma membrane199,203. 

Beyond proteins, LIP can be further applied to transport organelles as well. Some examples 

include transporting mitochondria204, lysosome204, endosome205 and peroxisome204,205 with dynein 

and kinesin. When PhyB/PIF6 is used, the transportation could be rapidly stopped by infrared light 

irradiation205. 

LIP can be further used to develop light induced artificial subcellular compartment 

formation. CRY2 oligomerize upon blue light excitation, providing unique advantages for 

designing such systems. When fusing intrinsically disordered region (IDR) to CRY2, protein 

aggregates can be efficiently induced206. However, this system induces random aggregation. To 
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precisely control the clustering, CRY2/CIBN can be used instead. By fusing CIBN to an ordered 

multimer forming core, CRY2 can then oligomerize and recruit the cores together (Figure 1-

32)207,208. Such system could efficiently trap proteins into these artificial compartments and perturb 

POI functions207,208. Similar to the example discussed in Chapter 1.1.1.4 using FKBP(F36M) 

clustering to control protein secretion, LDP can also achieve similar outputs. By fusing two UVR8 

repeats to POI, the fusion protein forms aggregates and are stuck in the ER. Ultraviolet light 

irradiation dissociates the aggregates and allows the POI to be secreted203. 

 

Figure 1-32 Formation of artificial subcellular compartment. CIB1 is fused to a protein that forms multimer. Blue 

light oligomerizes CRY2 and bring the cores together. 

 

Cell signaling 

LIP and LDP can be applied to control dynamic cell signaling with similar designs as the 

chemogenetic ones: 1) activating POIs via dimerization or reconstitution of the split POI; 2) 

recruiting POIs to the correct locations for function. 

CRY2 has been applied to oligomerize many different POIs to induce cell signaling, 

including: LRP6 C-terminal domain for β-catenin signaling172; RhoA for Rho GTPase 

signaling172,209; N-terminal src-homology 2 (SH2) domain from PLC-ɣ for receptor tyrosine kinase 

(RTK) signaling209; a guidance receptor named Deleted in Colorectal Cancer210; STIM1 for Ca2+ 

modulation211; an RTK tropomyosin- related kinase212. VVD has also been applied to dimerize an 
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RNA binding protein, transcriptional antiterminator protein termed LicT, for regulating RNA 

metabolism213. The inverse process can be achieved as well by using LDP. CBD has been applied 

to dissociate a homodimer RTK, murine fibroblast growth factor receptor1214. LOVTRAP has been 

applied to dissociate split protein tyrosine phosphatase 1B (PTP1B)215. 

LIP can be applied to translocate POIs to their active locations to induce cell signaling. 

PhyA/FHY1 has been applied to translocate SOScat to membrane for MAPK signaling185; 

BphP1/PpsR2 can induce recruitment of a DHPH domain of intersectin 1 to the plasma membrane 

for activation of the small GTPase Cdc42188. In another design, LDP is applied to deplete POIs 

from their inactive locations and further induce signaling. By this strategy, LOVTRAP has been 

applied to control Vav2, Rac1, and RhoA activity197. 

 

Gene expression 

Light induced gene expression can be achieved with similar designs as described in Chapter 

1.1.1.4: 1) controlling two-hybrid systems; 2) controlling dCas9 systems; 3) controlling 

recombinases. 

Two-hybrid systems could be controlled through manipulating the DBDs as well as the 

recruitment of AD. The DBDs can be modulated by controlling their location and dimerization. 

A functional TF TtCBD-TetR-VPR was located away from nucleus by another TtCBD 

anchored on plasma membrane and is therefore not functional216. Green light stimulation disrupts 

the TtCBD homotetramer and allows the TF to enter the nucleus and initiate gene transcription. A 

similar design has been applied by using BphP1/PpsR2, where the AD VP16 was located in 

nucleus by tagging with NLS, and the TetR was located in cytoplasm. Red light induces 

translocation of TetR into nucleus and further initiates gene transcription188. 
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Another way to control the DBD is to modulate their homodimerization. Some DBDs, 

including Gal4, LexA and TetR, require being in their dimeric form to bind to their target DNA 

sequence (Figure 1-33). RsLOV was fused to LexA217 and TetR218 to control this process. In the 

dark state, RsLOV homodimerizes and retain LexA and TetR in their functional dimeric form. 

Blue light irradiation dissociates RsLOV, and the conformational change in RsLOV perturbs the 

homodimer, inactivating the DBD (Figure 1-33). An inversed strategy has been applied to induce 

the formation of the homodimeric Gal4-DBD219. By truncating the homodimerizing domain from 

Gal4-DBD, the DNA-binding property is then solely controlled by the LIP domains fused to it. 

The resulted truncated-Gal4-VVD fusion protein only binds to the DNA upon blue light irradiation 

(Figure 1-33). 

 

Figure 1-33 The DBD needs to be in dimeric form to bind to DNA. The constitution of DBD can be controlled by 

LDP or LIP. 

In a typical two-hybrid system design (Figure 1-17), AD is dimerized with DBD to trigger 

gene transcription. In addition to the chemogenetic versions introduced in Chapter 1.1.1.4, LIP can 

also be applied to achieve same results. Gal4-DBD and TetR are the two typical DBDs to use. 

Since it requires a certain length of time for gene transcription, the LIPs with longer reversion time 

are used. The dimerization of DBD with AD can be induced by blue light with 

CRY2/CIBN175,176,220-222; by red light with PhyA/FHY1185, PhyB/PIF3178,223, PhyB/PIF6181,223, and 

BphP1/Q-PAS1190; by ultraviolet light with UVR8/COP1202. It is worth to note that when using 

TetR as the DBD, the gene transcription can be regulated by both Dox and light221. 
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Cas-protein-based gene expression can also be regulated with a similar fashion. LIP can be 

used to reconstitute split Cas proteins. nMag/pMag has been applied to control split Cas9224 and 

Cas12a225 reconstitution by blue light. In dCas9-based two-hybrid systems, CRY2/CIB1 has been 

applied to recruit AD by blue light226-228. 

Controlling split recombinases offers another way for gene expression and genome 

engineering. Split Cre recombinase could be controlled by CRY2/CIBN175,176,229, nMag/pMag230, 

and VVD231; split Flp has been controlled by nMag/pMag232 and VVD231; split Dre has been 

controlled by VVD231. 

 

1.2.2 Conformational and allosteric control 

As discussed above, the proximity controlling systems are rooted from the conformational 

change of the optogenetic domains induced by light. This conformational change is usually more 

significant than those of the chemogenetic domains (e.g., the AsLOV2 domain unwinds it’s A’α 

and Jα helix upon blue light irradiation), which makes them suitable for modulating POIs 

allosterically. Further, a wide range of light-sensing membrane receptors exist in microbial 

systems and have been transferred as important tools for neuron activity modulation. Here in this 

section, optically controlled membrane receptors and allosteric switches are discussed. 

 

1.2.2.1 Membrane receptors 

Neuroscience is arguably the field where optogenetic tools are mostly applied due to the 

precise and rapid control over cellular events provided by these tools. Photoreceptors have opened 

doors to a wide array of applications, from probing neural circuits and studying cell signaling to 

dissecting the complicated animal behaviors. The detailed applications of these receptors have 
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been extensively reviewed233-238, a brief overview of these tools will be provided here in this 

section. The currently used photoreceptors can be roughly divided into two categories233: 1) type 

I rhodopsins directly regulating membrane voltage by ion transportation; 2) type II rhodopsins 

regulating GPCR signaling.  

Photoreceptors regulating ion transportation 

Type I rhodopsins are often also referred to as microbial rhodopsins and are transferred 

from archaea, bacteria, algae, and fungi233. Due to their function of generating ion gradient, type I 

rhodopsins were transferred to neurons to modulate membrane voltage. These photoreceptors 

function through the light-induced isomerization of the retinal chromophore from 11-cis to all-

trans conformation, which leads to conformational change in rhodopsin239. Based on the 

mechanisms, type I rhodopsins can be further divided into ion pumps and ion channels.  

For ion pumps, the photoactivation of the receptors induces the transportation of H+ or Na+ 

out of the cells or the transportation of Cl− into the cells, resulting in hyperpolarization and 

suppression of neurotransmitter release. 

Archaerhodopsin-3 (Arch) from Halobacterium salinarum is a yellow-light-sensing H+ 

pump240. Arch has been optimized to be a more sensitive version ArchT241 as wells as eArchT to 

trigger greater photocurrent242. Prolonged activation of H+ pump perturbs H+ concentrations in 

neurons and results in intracellular pH values out of the typical physiological ranges, leading to 

suppression of firing and rebound firing. 

To avoid such drawbacks, Na+ pumps and Cl− pumps were applied to hyperpolarize 

neurons. KR2 is a green-light-sensing Na+ pump from Krokinobacter eikastus243. Halo244 and 

NpHR245 are both yellow-light-sensing Cl− pumps from Natronomonas pharaonic. NpHR was 

further optimized to eNpHR2.0 with better membrane trafficking and less aggregation246. 
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eNpHR3.0 was further developed to have 20-fold stronger inhibition than the original version and 

can be activated by far-red light as well247. 

Ion pumps require high irradiation intensity and high protein expression level to achieve 

high efficiency because only one ion is transported upon one photon absorption. In contrast, 

channelrhodopsins (ChRs) are light-sensing ion channels that transport ions passively and have 

higher efficiency. Although ChRs are discussed here after ion pumps, they are considered as the 

birth of using optogenetic approach in neuroscience, and are the most well-known optogenetic 

tools. 

Channelrhodopsin-1 (ChR1)248 and channelrhodopsin-2 (ChR2)249 from Chlamydomonas 

reinhardtii represent the first ChRs. Blue light activated ChR2 conducts H+ and Na+ ions, and the 

influx of these ions further leads to depolarization of neurons250-252. Many ChR variants have been 

engineered for broader applications (reviewed here with more details238). Here, the several 

engineering directions are briefly introduced. 

ChR2 was optimized to have increased photocurrent. Some examples include ChR2-

H134R253, ChR2-T159C254, and ChR2-XXL255. An alternative approach to reach higher ion 

conducting efficiency is to reduce the reversion kinetics. Bistable step-function-rhodopsins (SFRs) 

were engineered to have a prolonged time staying in the open state after being activated. Mutants 

on ChR2 C128 and D156 residues at the retinal binding pocket significantly reduce the reversion 

kinetic, and keeps the open state for a longer time255-258. 

As complimentary tools for SFRs, ChRs with faster kinetics were also developed. The wild 

type ChR2 cannot successfully trigger spikes at frequencies greater than 40 Hz. Some mutants 

with faster kinetics include ChR2-E123T/T159C254 (up to 60 Hz) and ChETA259 (up to 200 Hz). 

Chrono, a ChR from Stigeoclonium helveticum, also provides faster kinetics260 (up to 60 Hz). 
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To achieve multiplexed control over multiple neuron populations, ChRs sensing different 

wavelengths of light are desired. Chrono can be activated by blue and green light260. Chrimson, 

derived from Chlamydomonas noctigama, responds to red light260. PsChR from Platymonas 

subcordiformis is blue shifted and allows activation below 400 nm light261. VChR1 from Volvox 

carteri is red shifted and can be activated by yellow light262. VChR1 is further engineered to 

ReaChR, which can be activated by orange to red light263. C1V1 is a chimeric ChR between ChR1 

and VChR1 that could be activated by green to orange light258,264.  

ChRs can be engineered to conduct currents with other ions. CatCh was engineered from 

ChR2265 and has increased conductivity towards Ca2+. The ChRs mentioned above all conduct 

cations and depolarize neurons. ChRs can also be engineered to conduct Cl− anion to hyperpolarize 

neurons. With the starting point of a ChR1/ChR2 chimera, C1C2266, the conductance of cations 

can be reversed to Cl− anion by replacing the negatively charged Glu90 residue with positively 

charged residues Arg and Lys, yielding a chloride channel ChloC267. The systematic replacement 

of Glu residues in C1C2 conduction pathway also yielded another chloride channel iC1C2268. 

ChloC was further improved to iChloC269; iC1C2 was further improved to iC++ and SwiChR++270. 

Although successfully engineered to conduct anions, these ChRs still retain some cation 

conductance and were engineered to be more sensitive at the expense of slower kinetics. Natural 

anion channel rhodopsins (ACRs) were then identified from other species. ACR from Guillardia 

theta271 and Proteomonas sulcate272,273 can be activated by blue and green light, respectively. 

To overcome the low tissue penetration of blue light, BRET offers an alternative way to 

activate ChRs. A class of luminescent ChRs, luminopsins, was developed. By fusing Gaussia 

princeps luciferase (GLuc) to ChR2’s extracellular N-terminus, the supplement of coelenterazine 

substrate activates ChR2 and lead to neuron depolarization274. The efficiency of this luminopsin 
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can be further optimized by improving the GLuc’s brightness275. Similarly, an inhibitory 

luminopsin was engineered by fusing Renilla reniformis luciferase (Rluc) to NpHR’s intracellular 

C-terminus276. Coelenterazine substrate supplement leads to hyperpolarization of neurons. 

 

Figure 1-34 Design of BLINK. Kcv comprises slide helix (SH), pore-helix (PH), and transmembrane domains (TM1 

and TM2). Wiggle line is the myristoylation/palmitoylation sequence anchoring AsLOV2 to the membrane. 

Besides using rhodopsins, an alternative approach to optically modulate membrane voltage 

is to use optogenetic module AsLOV2 to induce conformational change in ion channels. Blue-

light–induced K+ channel (BLINK)277 was designed based on a small viral K+ channel Kcv278 

(Figure 1-34). By fusing the N-terminal slide helix to AsLOV2 that is anchored on plasma 

membrane by myristoylation/palmitoylation sequence, blue light irradiation induces the 

conformational change in AsLOV2 and activates the Kcv and hyperpolarize neurons. BLINK2 

was further optimized to show better expression level in neurons279. In addition, BLINK2 stays in 

the activated form over tens of minutes in dark condition and can thus be applied to freely moving 

rats. 

 

Photoreceptors regulating GPCR signaling 

 Type II rhodopsins are light-sensing GPCRs that mediate visual process in animals. 

Vertebrate rhodopsin 4 (RO4), a rod opsin, has been applied to activate postsynaptic K+ currents 

and inhibits presynaptic Ca2+ currents by Gi/o signaling252. Since RO4 suffers from bleaching and 

reduced activity after repeated stimulation, opsins from visual cones were applied to sense other 
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wavelengths of light and enable repetitive activation280. An invertebrate opsin from box jellyfish 

Carybdea rastonii, JellyOP, is bleach resistant and induces Gs signaling281. Melanopsins, Opn4 

from human (hOpn4L) and mouse (mOpn4L), can be activated and deactivated by blue and yellow 

light. hOpn4L and mOpn4L trigger Gi/o and Gq signaling, respectively282. 

 

Figure 1-35 Design of OptoXR. The light sensing section is the transmembrane domains and the extracellular loops 

of rhodopsin. The G protein binding section is the intracellular parts of the GPCR with desired signaling. 

To expand the signaling pathways that type II rhodopsins can induce, chimeric GPCR 

strategy (also known as OptoXR) has been applied (Figure 1-35). As introduced in Chapter 1.1.2.1, 

the GsD DREADD was developed by combining the ligand binding section of a GPCR with the 

intracellular G protein binding section of another GPCR. With a similar strategy, when combining 

the light-sensing section of rhodopsins with G protein binding section of other GPCRs (e.g., β2AR, 

μOR, etc.), more light-sensing GPCRs triggering different downstream signaling pathways could 

be developed. The first OptoXR, Opto-β2AR was designed by building the chimera of bovin 

rhodopsin and hamster β2AR283,284, resulting in a Gs-coupled OptoXR. Same strategy was applied 

to the Gq-coupled human α1a-adrenergic receptor (α1AR) to yield Opto-α1AR284.  

The same strategy has been applied to generate many other OptoXRs: 5HT1A chimera with 

RO4 for Gi/o signaling285; μOR chimera with RO4 for Gi/o signaling286,287; dopamine receptor D1 

(DRD1) chimera with rhodopsin for Gs signaling288,289; dopamine receptor D2 (DRD2) chimera 
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with rhodopsin for Gi/o signaling289; chemokine C-X-C motif receptor 4 (CXCR4) chimera with 

rhodopsin for Gi signaling290; adenosine A2A receptor (A2AR) with rhodopsin for Gs signaling291; 

muscarinic acetylcholine receptor M1, 2, and 3 (mAChR1, 2, 3) with rhodopsin for Gq, Gi, and Gq 

signaling, respectively289; metabotropic glutamate receptor 6 (mGluR6) chimera with melanopsin 

for Gi signaling292; 5-HT2A receptor chimera with melanopsin for Gq signaling293. More 

importantly, the OptoXR strategy could be applied to orphan GPCRs and would have the potential 

to study their biological functions289. 

By introducing GPCR α-helical residues that form contacts with Gα protein, Opto-β2AR 

was further optimized to Opto-β2AR-2.0 with 20-fold signaling increase294. With the same 

strategy, the Opto-A2AR was also optimized to Opto-A2AR-2.0295. 

 

Genetically encoded membrane-tethered ligand 

Genetically encoded ligand can be displayed on cell membrane and can be controlled 

optogenetically (Figure 1-36). The function of K+-channel-specific peptide toxin, α-dendrotoxin 

(αDTX), can be optically controlled by being fusing to AsLOV2, so that voltage-gated K+ (Kv) 

channels can be modulated296. Under the dark condition, αDTX is restricted to cell membrane 

surface and inhibits Kv. The light irradiation causes AsLOV2 Jα helix unfolding, and leads to a 

more flexible αDTX displayed on membrane, reducing the local concentration of αDTX and 

unblock Kv. 
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Figure 1-36 The inhibitor αDTX and AsLOV2 are displayed on cell membrane. The αDTX blocks the K+ channel due 

to high local concentration. Blue light irradiation unfolds the AsLOV2 Jα helix, reduces the local concentration, and 

unblocks the K+ channel. 

 

1.2.2.2 Allosteric switch 

As discussed above, optogenetic control over protein conformations can be achieved by 

transferring light-sensing functional proteins from other biological systems as well as engineering 

the light-sensing sections into other proteins based on homology. For proteins lacking such 

properties, allosteric switch insertion is a more generalizable approach. Here in this section, the 

developed optogenetic allosteric switches are introduced. 

 

Figure 1-37 Scheme of AsLOV2 insertion into POI. Whether the POI gets activated or deactivated upon blue light 

irradiation varies from case to case. 

AsLOV2 is the most widely used allosteric switch (Figure 1-37) for two reasons: 1) the 

blue light activation of AsLOV2 leads to a big conformational change, in which the N-terminal 

A’α helix194 and the C-terminal Jα helix195,196 are unwound; 2) the N-terminus and C-terminus are 
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close to each other, making it suitable for inserting into loops of POI without completely disrupting 

POI’s structure. However, the output of such control cannot be well predicted. Whether the protein 

inserted with AsLOV2 gets activated or deactivated upon light irradiation varies from case to case. 

AsLOV2 can be inserted into loops of protein binders to modulate their binding activities 

(Figure 1-37). By inserting AsLOV2 into AcrIIC3, an inhibitor protein of NmCas9, the activity 

of NmCas9 can be inhibited upon light irradiation297. Intrabodies are antibody-like proteins that 

work within live cell that bind to intracellular proteins. Optogenetic control over intrabodies 

provides temporal control on target proteins. Two classes of intrabodies, nanobody and monobody, 

have been recently reported to be optogenetically controlled by AsLOV2 domain insertion. The 

two light-controlled nanobodies, the mCherry binding LaM8-AK74 and the actin binding OptoNB, 

can reversibly bind to their targets with a light-switchable fashion298. The light-controlled 

monobody binds the SH2 domain of Abl kinase upon light irradiation299. 

Beyond protein binders, enzymes can also be regulated with the same fashion (Figure 1-

37). AsLOV2 has been inserted into several proteins to optogenetically modulate cell signaling, 

including Src300, Rac1300, Vav2300, GEF-H1300, intersectin1300, protein tyrosine phosphatase 1B 

(PTP1B)215, T cell protein tyrosine phosphatase (TCPTP)215, and pyruvate kinase M2301. For all 

the examples above, light irradiation deactivates the POIs. This approach can also offer 

optogenetic control over tool enzymes. AsLOV2 inserted DHFR302 and a proximity labeling 

enzyme, LOV-Turbo303, have been developed to have precise spatiotemporal control of enzyme 

activities. These two enzymes are activated upon light irradiation. 

VVD can serve as allosteric switches as well. By fusing two VVD proteins together, the 

light irradiation will cause dimerization and lead to a change in the distance between the N- and 



 61 

C-terminus. This switch has been applied to control several kinases including Src, ABl, b-Raf, and 

the Cre recombinase by the same insertion design304. 

Besides the insertion strategy, the rigid dark state conformation of AsLOV2 (fully folded) 

provides opportunities for allosteric control by direct fusion. The allosteric effect can be caused 

by 1) the interface between the POI and AsLOV2 (Figure 1-38); 2) the unwinding of the A’α helix 

and Jα helix of AsLOV2 can propagate to the fusion α helix of POI (Figure 1-39). 

 

Figure 1-38 Scheme of AsLOV2 fusion strategy. The allosteric effect is caused by the interface between AsLOV2 

and POI. 

 

Figure 1-39 Scheme of AsLOV2 fusion strategy. The allosteric effect is caused by the propagation to the POI α helix. 

By fusing AsLOV2 to the N-terminus of Rac1, the resulted photoactivatable-Rac1 (PA-

Rac1) activity is blocked under dark condition305 (Figure 1-38). Blue light irradiation unwinds the 

Jα helix and relieves Rac1 from being blocked. The mechanism had been initially proposed to be 

steric unblocking by the removal of the AsLOV2 PAS domain when first being developed, but 

was later identified to be the allosteric effect from the AsLOV2-Rac1 contact interface306. The PA-

Rac1 is a successful optically controlled kinase and has been applied to multiple in vivo studies 

including drosophila307, zebrafish308, and mouse brain309,310. The same strategy has been applied 

to the bacterial transcription factor trp repressor (TrpR) and the catalytic domain of caspase 7. 
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TrpR gets activated upon light irradiation and binds to its operator DNA, protecting DNA from 

nuclease digestion311. When activated with blue light, the caspase 7 becomes functional and 

induces apoptosis312. 

The conformational change of AsLOV2 A’α helix and Jα helix can be used to manipulate 

the connected α helix of POI (Figure 1-39). When fused to the C-terminus of PTP1B, the light-

induced unwinding of AsLOV2 A’α helix destabilizes the continuous α7 helix in PTP1B, so that 

PTP1B gets partially unfolded and deacticated313. TCPTP is a homologue of PTP1B and their 

catalytic domains share 70% sequence identity. This strategy was then applied to TCPTP by fusing 

AsLOV2 to the α7 helix of TCPTP. The resulted TCPTP gets deactivated upon light 

irradiation215,314.  

While the strategy of allosteric switch insertion seems generally applicable for many 

proteins, the light dependence is hard to predict. As shown above, light irradiation could lead to 

either activation or deactivation for different POIs. Same results have been observed even in the 

process of screening for insertion sites298,303, where some insertion sites provide positive 

dependence and some lead to negative dependence. 

 

1.2.3 Steric hinderance control 

Steric hinderance blocking can be achieved by optogenetic domains as well. The strategy 

discussed in Chapter 1.1.3.1, where CDP pairs block protein active sites, can be replaced by LDP 

pairs and achieve similar results. In addition, AsLOV2 domain can be directly fused to POIs to 

introduce steric hinderance, and therefore block the POIs from functional forms. As a comparison 

to Chapter 1.1.3.2, where limited chemogenetic approaches have been reported to modulate 
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peptide functions, AsLOV2 has been generally applied to cage a wide range of peptides. Here in 

this section, the optogenetic designs for modulating steric hinderance will be introduced. 

 

1.2.3.1 Steric unblocking of protein 

Steric unblocking of proteins can be achieved by two design strategies: 1) AsLOV2 direct 

fusion to POI (Figure 1-40); 2) a LDP pair fused to both termini of POI (Figure 1-41). 

The AsLOV2 C-terminal Jα helix is unfolded in its light state. When the Jα helix is fused 

to the POI, the steric hinderance from the PAS domain is removed upon light irradiation. The 

change in steric hinderance can therefore be used to modulate POI activities.  

When fused to the N-terminus of the Cre recombinase, AsLOV2 creates the steric 

hinderance to block the formation of the Cre tetramer functional form (LiCre)315 (Figure 1-40). 

Blue light irradiation removes the steric hinderance and activates the Cre recombinase. Compared 

to the split recombinase strategy, LiCre showed faster and stronger activation by light as well as a 

lower residual activity in the dark. In addition, LiCre is a single component system, so it is easier 

to be introduced into animal models as well.  

 

Figure 1-40 Scheme of AsLOV2 controlling steric hinderance. Blue light irradiation unfolds Jα helix and removes 

the hinderance. 

Beyond perturbing self-multimerization, the same strategy can be used to block POI’s 

interaction with its target to control POI activity. Light irradiation unblocks the fusion POI and 

activates it (Figure 1-40). With this design, AsLOV2 has been fused to STIM-ORAI activating 
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domain (SOAR) to control ORAI channel signaling316, as well as the repressor element 1 silencing 

transcription factor (REST) proteins to regulate neural differentiation317. 

 

Figure 1-41 Scheme of using LDP to block protein active site. Light irradiation dissociates the LDP pair and removes 

the hinderance. 

LDP pair can be fused to the two termini of a POI to block its active site. Light irradiation 

dissociates the LDP pair and activates the POI (Figure 1-41). This design using LOV/Zdk as the 

LDP was named Z-lock. Z-lock has been shown to reversibly control the activity of cofilin and a 

tubulin acetylase αTAT318. In addition, the dimeric Dronpa145N-Dronpa145K fusion protein and 

dimeric pdDronpa have been incorporated into this design, controlling Cdc42 GEF intersectin199, 

hepatitis C virus NS3-4A protease199, MEK1201, RhoA GEF319, Cas9320, and IRSp53-MIM 

homology domain321. When using the Dronpa145N-Dronpa145K fusion protein as LDP pair, there 

will be in total four Dronpa proteins fused to POIs, while the use of pdDronpa results in two 

Dronpa proteins fused and is more efficient. 

 

1.2.3.2 Steric blocking of peptides 

As discussed in Chapter 1.1.3.2, peptide functions are less dependent on their tertiary 

structure, and could not be modulated through typical protein engineering approaches such as 

splitting proteins and allosteric switching. The photoswitching mechanism of AsLOV2 provides 

unique advantage to generate steric hinderance, which has made it to be the most widely used 
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optogenetic domain for designing photoswitchable peptides. The functional peptides could be 

fused to Jα helix so that the peptide will be sterically block under the dark state and unblocked 

under the light state (Figure 1-42). Depending on the peptide it cages, AsLOV2 has been applied 

to control dimerization, enzyme inhibition, protein degradation, protein transportation, and protein 

splicing. Here in this section, the LOV domain based photoswitchable peptides will be introduced. 

 

Figure 1-42 Scheme of using AsLOV2 to block peptides. Light irradiation unfolds Jα helix and activates the peptide. 

Two AsLOV2-based dimerization pairs have been developed by caging binder peptide. 

TULIP was developed by appending a peptide epitope (SSADTWV) to the Jα helix322. Blue light 

irradiation unblocks the peptide epitope and further induces dimerization with its binder, an 

engineered PDZ domain (ePDZ)322. However, PDZ domains also exists in endogenous systems, 

and could lead to cross-talk with endogenous signaling pathways323. With the same design, 

AsLOV2 was applied to cage peptides that do not exist in mammalian systems. ipaA is a vinculin 

binding peptide from the invasin protein, and SsrA peptide is from Escherichia coli, which binds 

the protease delivery protein SspB. By appending ipaA or SsrA peptide to Jα helix, light-induced 

dimerization can be achieved324. The initial version of AsLOV2 caged SsrA showed 8-fold light 

dependence on dimerization, and was further improved to iLID showing over 50-fold 

dependence325. Both TULIP and iLID has been applied to some typically used proximity-based 

designs. For example, TULIP for peroxisome transportation326, iLID for dimerizing SOAR and 

STIM1 to induce ORAI signaling316, iLID for reconstituting a split nanobody327, iLID for inducing 

protein aggregation328, iLID for reconstituting split SNAP-tag for induced protein labeling329.  
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A head-to-head comparison has been conducted on iLID and TULIP330. Depending on the 

SspB mutant, iLID has an affinity of 0.13 μM (light) and 4.7μM (dark) when using high affinity 

SspB, and an affinity of 0.8 μM (light) and 47 μM (dark) when using low affinity SspB. TULIP 

has an affinity of 18 μM (light) and 150 μM (dark) towards ePDZ. 

AsLOV2 can also induce covalent dimerization by caging SpyTag. When induced with 

blue light, the SpyTag is unblocked and then covalently dimerizes with SpyCatcher331. 

Beyond dimerizing peptides, AsLOV2 has been applied to cage more functional peptides 

for diverse applications. AsLOV2 has been applied to cage enzyme modulating peptides, including 

cyclic-AMP dependent kinase inhibitory peptide (PKI)332, myosin light chain kinase inhibitor 

peptide 18 (MKI)332, G-protein activating peptide α-binding-and-activating (GBA) motif333, and 

tobacco etch virus protease cleavage site (TEVcs)334-338. 

As described in Chapter 1.1.1.4 and Chapter 1.2.1.2, protein translocation requires two 

components when using proximity controlling mechanism, with one fused to POI and the other 

anchored at a subcellular location. By caging NLS or NES, AsLOV2 can induce protein nucleus-

plasma transportation with only one component. Examples include LINuS (AsLOV2 caged 

NLS)339, LANS (AsLOV2 caged NLS)340,341, and LEXY (AsLOV2 caged NES)342. 

LOV domain can also regulate protein existence by controlling stability and splicing. 

Protein splicing can be controlled by AsLOV2 through caging a split intein peptide343. Light 

activation unblocks the split intein peptide and allows the reconstitution of intein, further leading 

to protein splicing and generation of full length POI. The peptide degron developed in the ligand-

induced degradation system LID (discussed in Chapter 1.1.3.2) has been transferred to be caged 

by AsLOV2344. Light exposure unblocks the degron and induces protein degradation. AtLOV2 

from Arabidopsis thaliana was used to cage murine ornithine decarboxylase-like degradation 
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sequence cODC1345. Another special example utilized the N-end rule. Ubiquitin and a subsequent 

Arg residue were fused to the N-terminus of AsLOV2346. The cleavage of ubiquitin after protein 

translation leaves an N-terminal Arg residue on the AsLOV2-POI. The blue light irradiation 

unwinds the A’α helix and exposes the Arg residue, which leads to degradation of the whole 

protein due to the N-end rule. 

In summary, AsLOV2 domain is arguably the most versatile optogenetic domain partially 

due to its general ability to cage peptides. 

 

1.3 Comparison of chemogenetic and optogenetic tools 

Here in this chapter, I discussed three mechanisms of chemogenetic and optogenetic tool 

design based on proximity, conformational and allosteric control, and steric hinderance. The 

available chemical- and light-sensing protein domains offer various design strategies for 

manipulating biological processes and have provided valuable methods to study biological 

questions. 

Chemogenetic and optogenetic tools share the same “genetic” feature and differ in the 

signal used to control the systems. The “genetic” feature enables the precise delivery of the systems 

to specific cell types, neuronal circuits, and tissues. Some methods for selective gene delivery and 

expression include: 1) cell-type specific promoters347; 2) Cre-loxP system348; and 3) target-specific 

virus349,350. These methods could control the genetic tool expression in desired cell populations 

and thus minimize the influence and side effect on unrelated cells. Further, as mentioned in Chapter 

1.1.1.4 and Chapter 1.2.1.2, the proteins could be directed to desired subcellular organelles and 

locations, further increasing the spatial resolution of the tools. 
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The difference between these two classes of tools comes from the use of either small 

molecules or light, which determines their suitable applications for different purposes. When 

choosing from the two classes of tools, there are several factors that could be taken into concern: 

1) spatial resolution; 2) temporal resolution and reversibility; 3) delivery of chemical and light; 

and 4) side effects. 

Spatial resolution. Spatial resolution is usually considered when applying to animal 

models, since cell culture applications usually only require the spatial resolution at the “well” level. 

Small molecules are usually globally administrated, so that the expressed chemogenetic system 

could be controlled in multiple locations and organs simultaneously. In addition, even when 

injected locally, the “diffusion” nature of small molecules could reduce the spatial resolution. In 

contrast, light could be precisely delivered to restricted and specific locations, and the use of two-

photon activation could further improve the spatial resolution. 

Temporal resolution and reversibility. Temporal resolution is a major consideration 

because the activation by small molecules or light gives very different time scale, while spatial 

resolution could still be restricted by the selective tool expression as mentioned above.  

In general, chemogenetic tools are considered to have slower kinetics and lower 

reversibility compared to optogenetic tools. When applied in cell culture, small molecules need to 

diffuse in media and sometimes cross the cell membrane, which takes around tens of seconds to 

activate the chemogenetic system. In addition, usually the small molecules have high affinity 

towards the protein, the reversibility is low and need to be overcome by methods mentioned in 

Chapter 1.1.1.3. When applied in animal models, since the administrated small molecule needs to 

circulate in body until reaching the desired location, chemogenetic tools provide a relatively longer 

time scale, on order of minutes. For example, the CNO molecule used for DREADDs could reach 
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to mouse brain tissue within 15 minutes351. In addition, the reversibility of the chemogenetic 

systems depends on the metabolism and clearance of the small molecule. CNO concentration in 

mouse brain significantly decreases at 60 minutes351. On the other hand, optogenetic tools could 

provide ultrafast temporal control (as quick as milliseconds177) and reversible control. Since no 

diffusion is required and light travels at light speed, this temporal resolution is determined by how 

fast the light-sensing protein domain can be activated and reversed to basal state. 

Delivery of chemical and light. The experimental challenges need to be taken into 

consideration when making the choice of using small molecule or light. In general, small 

molecules are experimentally easier to use. For cell culture experiments, small molecules are 

delivered by adding solutions directly to cells, which is not much different than conventional cell 

culture protocols. When using light as a control, plates need to be wrapped with aluminum foils, 

and experiments need to be performed in a dark room. When applied in animal models, small 

molecules can be delivered globally, allowing the use of chemogenetic tools in deep tissues. Also, 

for long term experiments, drugs can be delivered to animal models by relatively easy ways such 

as oral dosing and injection. On the other hand, many of the currently used optogenetic proteins 

are stimulated by blue light, which suffers from weak tissue penetration (< 1 millimeter for 

brain177). Light delivery setup for animal experiments is invasive and is not ideal for experiments 

involving free-moving mice. Another important consideration would be the efficiency of delivery. 

Light can always be efficiently delivered to the desired location. But small molecules have 

different pharmacology properties. Not all small molecules can cross blood-brain barrier 

efficiently, making those systems not suitable for neuroscience applications. 

Side effects. Exogenous small molecules can crosstalk with endogenous biological 

systems. Some drugs have side effects and need to be considered when studying biological 
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questions. For example, CNO was typically considered as orthogonal to endogenous systems, 

however, it was later discovered that CNO could be metabolized into clozapine in vivo, which also 

contributes to the activation of DREADD and endogenous receptors352,353. Light is generally 

considered as orthogonal, but the phototoxicity needs to be taken into concern when prolonged 

stimulation is required. 

In summary, chemogenetic tools and optogenetic tools are complementary to each other: 

optogenetics are more suitable for studying rapid reversible processes and chemogenetics are 

suitable for long term chronic studies. 

 

1.4 Knowledge gap to fill and dissertation overview 

Besides large proteins whose function can be genetically modulated, peptides also play 

irreplaceable roles in biological events but genetic tools controlling peptides have been less 

explored. In addition to some biological events that has been extensively achieved by different 

chemogenetic and optogenetic designs, such as dimerization, protein localization, enzyme 

modulation, protein degradation, etc., peptides can serve some unique functions. For example, 

neuropeptides are important elements for neuromodulation354, but no example prior to this thesis 

has shown to genetically control the function of a specific neuropeptide. 

As discussed in Chapter 1.2.3.2, the AsLOV2 domain was the only optogenetic domain 

that has shown general ability to control peptide functions, which has made it to be a versatile and 

useful switch in optogenetic tool design. However, prior to this thesis, there has not been a 

chemogenetic domain to generally modulate peptide functions. Such a domain could greatly 

expand the chemogenetic toolbox and achieve new applications such as neuropeptide modulation. 

Further, the AsLOV2 domain is fused to the N-terminus of functional peptides, which prohibits its 
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application for peptides that requires a fusion-free N-terminus. A new optogenetic domain for 

modulating peptides in their C-terminal fusion geometry can further expand the utility of AsLOV2. 

This dissertation aims to bridge the gap described above. Together with other collaborators, 

I engineered a pair of chemogenetic switches and an optogenetic switch to generally control a 

range of peptides. Further, we developed a yeast surface display platform for the directed evolution 

of protein switches that enables the selection of two criteria properties, in which enhanced selection 

efficiency is obtained. 

Chapter 2 describes the engineering of a pair of chemically activated protein domains 

(CAPs) for controlling the accessibility of both the N- and C-terminal portion of peptides. The 

switches use FKBP(F36V) protein to sterically block functional peptides. Upon the FKBP(F36V) 

ligand binding, the functional peptide is unblocked and becomes functional. I describe the design 

and the directed evolution to develop CAPs. I further show the application of using CAPs to control 

a range of short peptides, including a protease cleavage site, a dimerization-inducing heptapeptide, 

a nuclear localization signal peptide, and an opioid peptide, with a chemical dependence up to 156-

fold. We show that the CAPs system can be utilized in cell cultures and multiple organs in living 

animals. 

Chapter 3 describes the development of a new yeast surface display directed evolution 

platform with higher selection efficiency. To evolve a switch with both good activation efficiency 

and low background activity, the conventional selection method requires alternative positive and 

negative selections to obtain the clones that meet with both of the two criteria. In this new platform, 

activation and leakage signals of a clone are shown on the same cell, so that the protein switches 

with improved dynamic ranges are selected in each round. This new selection platform reduces the 
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library diversity more efficiently and yielded improved CAPs with reduced background activity. 

The evolved CAPs were further applied to cage three neuropeptides. 

Chapter 4 describes the engineering of a new optogenetic switch, circularly permuted 

AsLOV2 (cpLOV). To optogenetically control functional peptides, they are fused to the C-

terminus of AsLOV2 domain, which is not applicable for peptides that require free N-terminus for 

functionality. We designed cpLOV, in which the functional peptides are fused via their C-terminus, 

so that new geometry could be adapted for optogenetic tool design. We show that cpLOV could 

be applied to cage TEVcs in a transcription reporter assay and could be used with AsLOV2 

tandemly to tune the dynamic range of the transcription reporter assay. 

Chapter 5 provides a summary of the key outcomes and highlights the novelty and impact 

of this dissertation. Additionally, it outlines perspective directions based on the protein switches 

and the directed evolution platform described in this thesis. 

 

Note that the two acronyms LIP and LDP are not commonly used and are just for the ease 

of writing in this thesis. 
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Chapter 2 Development of Chemical-Activated Protein Switches for Modulating Peptide 

Functions 

 

Chapter 2 is largely adapted from: Shen, J., Geng, L., Li, X., Emery, C., Kroning, K., 

Shingles, G., Lee, K., Heyden, M., Li, P. and Wang, W. A general method for chemogenetic 

control of peptide function. Nature Methods (2023), 20, 112-122. 

 

Natural or engineered peptides serve important biological functions by acting as partners 

in a dimerization pair355, inhibitors of enzyme activity332,356, protein localization357,358, and protein 

degradation159,345. Although many chemogenetic domains and systems have been developed to 

control protein functions, chemogenetic control of short peptides is less explored. The existing 

approach to modulate peptide functions include chemically modified synthetic peptides, sterically 

blocking peptides by another protein domain, and using CIP/CDP to control their localizations. 

Chemically-modified synthetic peptides incorporate removable protecting groups359 or an 

azobenzene-based chromophore360. While useful in vitro, this method has limited use in 

endogenous biological environments due to challenges in cell delivery and subsequent degradation 

of external peptides, as well as the lack of the ability to target specific cell populations.  

Another way to control peptide function is by using genetically-encoded protein 

domains159,324. By fusing a peptide to a protein that changes its conformation in the presence of 

light, caging and uncaging of the peptide can be achieved. This approach allows genetic 

introduction of peptides into living organisms and cell type specific protein expression; therefore, 
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it is well suited for biological studies. The second light, oxygen, voltage sensing domain from 

Avena sativa phototropin 1 (AsLOV2) has been used as a generally applicable protein domain to 

control peptide function324,325,332,339,340,342,344,345. As discussed in Chapter 1.2.3.2, the light-

dependent conformational change of AsLOV2’s C-terminal α helix can affect the accessibility of 

the peptide fused to it. In the dark, the peptide is blocked by the core domain of AsLOV2. In the 

light, a conformational change takes place in AsLOV2; consequently, the peptide is unblocked and 

becomes accessible195,196. Although light provides fast temporal control, its use in non-transparent 

organisms is limited by poor tissue penetration177. 

As discussed in Chapter 1.1, many chemical-dependent protein domains have been 

previously developed and used to obtain chemical control of protein proximity361,362 and 

conformation145,146,363, however, much less examples on chemogenetic control of peptides were 

reported. Protein activity is highly dependent on tertiary structure and conformation, providing 

many different opportunities to modulate on it. However, peptides are less dependent on these 

properties. Especially for short peptides (less then 10 amino acids), their functions are mostly 

dependent on their sequences and the recognition by their targets. Therefore, it remains challenging 

to control peptide functions by chemogenetic means, and no chemical-dependent protein domain 

has been shown to have general applicability in directly controlling peptide functions prior to this 

dissertation.  

The closest example of a chemogenetic tool to control peptide functions is the LID 

system159 (discussed in Chapter 1.1.3.2 with more details), where a five-amino-acid peptide that 

can induce protein degradation is blocked by an FK506 binding protein until a small molecule, 

shield-1, displaces the peptide from the ligand binding site. However, LID has not been shown to 

be able to control other peptides.  
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Additionally, some peptides could not be regulated through induced proximity mechanism 

(e.g., neuropeptides). A chemically activated protein domain that could generally control peptide 

functions is valuable for four reasons: 1) it can be easily delivered to animal models by genetic 

means; 2) it can complement the disadvantage of low tissue penetration when using light; 3) it can 

be used for peptides that cannot be modulated through proximity; 4) it will open up many more 

new opportunities for chemogenetic tool design. 

To address the absence of chemogenetic protein switches for modulating peptide functions, 

I together with Lequn Geng engineered a pair of chemically activated protein domains (CAPs) that 

can be generally applied to control a fused peptide. CAPs were developed via directed evolution 

and include two protein domains, CapN and CapC, for sterically blocking the N- and C-terminal 

portion of a peptide, respectively (Figure 2-1). Addition of shield-1 relieves steric blocking and 

activates peptide functions. We demonstrate the use of CAPs to cage tobacco etch virus protease 

cleavage site (TEVcs), the SsrA peptide, a nuclear localization signal peptide (NLS), and an opioid 

peptide, [Met5]-enkephalin. We also show that CAPs can be used in mammalian cell culture, 

mouse brains, and mouse livers, demonstrating both in vitro and in vivo utilities. 

 

Figure 2-1 Design of CAPs. CapN and CapC block the N- and C- terminal portion of a peptide, respectively. Addition 

of shield-1 releases the binding sequence from the ligand binding site, unblocking the peptide. 
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2.1 Design and directed evolution of CapN 

As discussed in Chapter 1.1.3.2, LID was designed by caging a short degron peptide 

sequence by steric hinderance. Although the degron is the only peptide shown to be caged, the 

mechanism using steric hinderance shall be generally applicable for caging other peptides. We 

then used LID as the starting point and engineered CapN by directed evolution. CapN was further 

characterized on yeast surface display platform. 

 

2.1.1 Design of CapN 

We started with designing a CAP for caging the N-terminal portion of a peptide (Figure 

2-1). The design of CapN was inspired by LID159, which is based on FKBP12(F36V), hereafter 

referred to as FKBP in this chapter. In LID, a five-amino-acid peptide degradation sequence is 

blocked by FKBP via fusion of the degradation sequence to a binding sequence that interacts with 

FKBP. The degradation sequence can be activated when an FKBP ligand, shield-1, is added to 

displace the binding sequence. LID has several desirable features as our starting point. First, the 

functionality of LID has been proven on a five-amino-acid peptide, and we hypothesized that a 

similar caging mechanism may apply to other peptides of similar sizes. Second, the ligand for LID, 

shield-1, has low nanomolar affinity for FKBP, which is over 1000-fold higher than that for the 

wild-type FKBP364. Therefore, shield-1 has minimal interference with the physiological functions 

of endogenous FKBP. Lastly, shield-1 is membrane permeable and has been previously used in 

live animals365. 



 77 

 

Figure 2-2 a, Labeling scheme for CapN-caged TEV protease cleavage site. TEVcs, TEV protease cleavage site 

(ENLYFQG). FLAG and HA are epitope tags. b, Labeling scheme of CapN-caged SsrA. CapN-SsrA is displayed on 

yeast surface by fusing to the yeast Aga2p protein. APEX2 labels protein within close proximity with biotin-phenol. 

We first tested the ability of LID to cage two short peptides that have been previously 

controlled by the AsLOV2 domain324,325,334,335. A heptapeptide, TEVcs, and an octapeptide, 

modified SsrA, were individually displayed on the yeast surface, and their accessibility was 

evaluated using a protease cleavage assay and a binding assay (Figure 2-2), respectively. The 

degradation sequence (RRRGN) in LID was replaced with TEVcs or SsrA, and the rest of the 

binding sequence and the linker were kept the same. In this initial test, we did not observe shield-

1 dependence for either TEVcs or SsrA (Figure 2-3), suggesting that LID is ineffective in 

introducing steric blocking to peptides beyond the original degradation sequence. To achieve 

generally applicable peptide switch, further engineering is required. 
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Figure 2-3 a, FACS analysis of CapN-caged TEVcs before and after directed evolution. Values are median HA 

intensity of FLAG-positive cells (Q2 + Q4). b, FACS analysis of CapN-caged SsrA before and after directed evolution, 

using labeling scheme as shown in c. Values are median biotin intensity of FLAG-positive cells (Q2 + Q4). 

 

2.1.2 Directed evolution of CapN 

We hypothesized that the binding sequence is the key for peptide caging. The amino acids 

near the C-terminus of the binding sequence are critical for interacting with the hydrophobic ligand 

binding site of FKBP (Figure 2-4), so we focused on tuning these residues.  

 

Figure 2-4 Crystal structure of FKBP12 (PDB:1FAP). The hydrophobic residues around the ligand binding site are 

shown in yellow and stick representation. 
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We applied yeast surface-based directed evolution to improve the shield-1 dependence of 

CapN, using TEVcs as the caged peptide. The libraries were generated by introducing site-

saturated mutagenesis to the last six amino acids of the binding sequence right before TEVcs 

(Figure 2-5).  

 

Figure 2-5 CapN sequence before, during, and after directed evolution. “X” indicates any of the twenty amino acids. 

Amino acids that are different from the original LID sequence are highlighted in red. 

Four libraries were selected according to the scheme shown in Figure 2-6. First, we 

performed one round of negative selection to retain CapN variants with tight caging in the absence 

of shield-1 (high expression and low cleavage). This also ensured all clones entering the second 

round of selection expressed the DNA construct without early stop codons. A round of positive 

selection was then performed to enrich clones that can efficiently uncage TEVcs upon addition of 

shield-1. After these two rounds of selections, the libraries of CapN variants started to show shield-

1 dependence. After four rounds of selections, a clear shield-1 dependence and tight cell population 

was observed, suggesting that the directed evolution was successful and sufficient. 
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Figure 2-6 FACS selection of CapN libraries to improve shield-1 dependence. Libraries were combined after the 1st 

round of selection. Values are percentage of cells in Q2 over (Q2 + Q4). 

 

2.1.3 Characterization of evolved CapN 

After four rounds of directed evolution and sequencing of forty individual clones, we found 

twenty-three distinct sequences that were rich in hydrophobic residues (Table 2-1), which agrees 

with our initial hypothesis that the interaction between binding sequence and FKBP binding pocket 

plays an important role in caging peptides. 

We characterized eight clones that appeared more than once and found a similar level of 

improvement (Appendix Figure A-1). We selected the most enriched clone as the post-evolution 

CapN (Figure 2-5, Table 2-1) for the rest of this study. Compared with the pre-evolution CapN, 

the post-evolution one showed both tighter caging and a larger shield-1 dependence (38-fold, 

difference between “+ shield-1” and “– shield-1” conditions) (Figure 2-7). Importantly, when we 

applied the same post-evolution CapN to SsrA, enhanced caging and a larger shield-1 dependence 

(59-fold) were also observed (Figure 2-7). This demonstrated the general applicability of CapN 

in controlling short peptides. 
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Table 2-1 Sequences of forty clones from the post 4th round CapN library. Twenty-three distinct sequences were 

identified. Clone #1 is the final CapN used for the rest of this study. 

Label Frequency Sequence 

#1 6 RYSPNL 

#2 5 RREVHVPM 

#3 3 LQSWYPPL 

#4 3 AKKYSPNL 

#5 2 PTNWRLPY 

#6 2 MRRDWHPP 

#7 2 NFHIPM 

#8 2 RHWNPPM 

#9 1 KRTGQLIP 

#10 1 YRWHPPY 

#11 1 LLWHPPSS 

#12 1 PRGWRMP 

#13 1 GACLNVPC 

#14 1 SRSHIPY 

#15 1 DISQCKSC 

#16 1 SCRFRPPC 

#17 1 QRPKFVPP 

#18 1 QTNWYPPL 

#19 1 PTCWHVPL 

#20 1 TTGGWHV 

#21 1 STPRHIPM 

#22 1 TSNWHPPM 

#23 1 PKRSWHLP 

We next characterized the dose response of evolved CapN system by the SsrA binding 

assay since it showed a good shield-1 dependence. The assay showed half maximum response at 

53 nM, and 100nM is sufficient to reach maximum response (Appendix Figure A-2).  

We also investigated the reversibility of CapN. Yeasts expressing the CapN-SsrA were 

first incubated with 10 μM shield-1 for 10 minutes. Shield-1 was then washed away and the yeasts 

were allowed to incubate in media for 0 hour, 1 hour, and 12 hours before performing the binding 

assay. CapN remained open 12 h after washing away shield-1 (Appendix Figure A-3). This study 

suggested that shield-1 stably binds to CapN, making CapN an irreversible “on” switch. 
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Figure 2-7 a, FACS analysis of CapN-caged TEVcs before and after directed evolution. Values are median HA 

intensity of FLAG-positive cells (Q2 + Q4). Protease cleavage (“+ shield-1” or “− shield-1”) is defined as the 

difference of the median HA signals between the + protease and – protease conditions. The shield-1 dependence is 

calculated by the ratio of protease cleavage of the “+ shield-1” and “− shield-1” conditions. b, FACS analysis of 

CapN-caged SsrA before and after directed evolution. Values are median biotin intensity of FLAG-positive cells (Q2 

+ Q4). The shield-1 dependence is calculated by the ratio of the median PE signal of the “+ shield-1” and “− shield-

1” conditions. 

 

2.2 Design and directed evolution of CapC 

Next, we sought to engineer an analogous CAP that can cage the C-terminal portion of a 

peptide (CapC). The motivation to engineer this version is three-fold. First, peptide caging is often 

the most effective when the key residues on a peptide are closely bound to the CAP proteins. 

Peptides with a crucial C-terminal portion could be better caged by CapC than CapN. Second, 

CapN is not feasible for peptides that require a free N-terminus to be functional. Third, CapN and 

CapC can be used in tandem to further reduce “leaking” in the absence of shield-1. This is 

especially critical for applications in live animals where the protein is expressed often for weeks 

to months, before the experiment is performed.  
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Based on CapN, we next engineered CapC with the similar design and further optimized it 

by directed evolution. The evolved CapC is further characterized on yeast surface display platform. 

 

2.2.1 Design of CapC 

To design CapC, we simply fused the binding sequence of CapN (RYSPNL) to the N-

terminus of FKBP with a flexible linker (SGAGSGGSGTGSGSGGS) and tested its efficacy in 

caging the SsrA peptide (Figure 2-8). SsrA was chosen because we found CapN showed a larger 

shield-1 dependence in caging SsrA (59-fold) than caging TEVcs (38-fold), which facilitates easier 

selection during directed evolution. The initial CapC construct showed promising shield-1 

dependence (1.4-fold) (Figure 2-9, first column) but the shield-1 dependence was much smaller 

than CapN (59-fold). We then performed directed evolution to further improve the shield-1 

dependence of CapC. 

 

Figure 2-8 Labeling and library selection scheme for CapC-caged SsrA. For library selection, retained populations 

are shown in triangles on the FACS plots. 
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Figure 2-9 FACS selection of CapC libraries to improve shield-1 dependence. Libraries were combined for selection. 

Values shown in plots represent median biotin intensity of FLAG-positive cells (Q2 + Q4). Experiment was conducted 

by collaboration with Dr. Lequn Geng. 

 

2.2.2 Directed evolution of CapC 

We then used directed evolution to enhance the shield-1 dependence of CapC. We kept the 

last three amino acids (Pro-Asn-Leu) of the binding sequence because they provide a hydrophobic 

surface which might be important for binding. This is confirmed by the computational simulation 

work from Dr. Matthias Heyden. The importance of the hydrophobic leucine residue was 

supported by an all-atom molecular dynamics simulation that showed leucine has a high tendency 

to interact with the FKBP hydrophobic ligand binding site (Appendix Figure A-4).  

 

Figure 2-10 CapC sequence before, during, and after directed evolution. “X” indicates any of the twenty amino acids. 
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Table 2-2 Sequences of twenty clones from the post 2nd round CapC library. Eighteen distinct sequences were 

identified. Clone #18 is the final CapC used for the rest of this study. Experiment was conducted by Dr. Lequn Geng. 

Library Label Frequency Sequence 

Library 1 

#1 1 DWPPNLMTS 

#2 1 LFRPNLGSC 

#3 1 PWYPNLDST 

#4 1 WRKPNLPYS 

#5 1 VGSPNLFYM 

#6 1 ICRPNLCAT 

#7 1 KWRPNLSSC 

#8 1 VGLPNLGGY 

#9 1 IGSPNLNLY 

Library 2 

#10 1 TSPNLRWRW 

#11 1 PFPNLDYGL 

#12 2 PFPNLGEPP 

#13 1 YSPNLCGAG 

#14 1 PFPNLRSYL 

#15 1 GFPNLGYRY 

#16 1 CKPNLNRHS 

#17 1 MWPNLDNQW 

#18 1 GTPNLRPFG 

With this information, we applied site-saturated mutagenesis to the regions before and after 

the Pro-Asn-Leu sequence (Figure 2-10). The libraries were combined and selected according to 

the scheme shown in Figure 2-8 and Figure 2-9. After two rounds of sorting, a 5.7-fold shield-1 

dependence of the CapC libraries was obtained. We characterized twenty individual clones (Table 

2-2) and identified one with tight caging and a large shield-1 dependence (27-fold) as our post-

evolution CapC (Figure 2-8, Figure 2-9, and Appendix Figure A-5). 

 

2.2.3 Tandem use of CAPs 

For most of the chemogenetic tools, further optimization is usually required to reduce the 

background leakage. However, CAPs provide a much easier and modular design to overcome this 

problem since CapN and CapC could be fused to both of the termini of a peptide. 
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We next tested if using CapN and CapC together could provide tighter caging and reduce 

background. Since CapN already showed satisfying caging efficiency, a more efficient protease 

(truncated TEV protease was used for directed evolution, full length TEV protease was used for 

this experiment) was used to fully show the caging efficiency. As shown in Appendix Figure A-

6, both CapN and CapC caged TEVcs showed significant leakage in the absence of shield-1. The 

tandem use of both CAPs in caging TEVcs significantly reduced the leakage compared to using 

either CapN or CapC alone. Consequently, the shield-1 dependence of tandem CAPs (2.4-fold) 

was higher than individual CAPs (both 1.1-fold). We, therefore, used tandem CAPs for the 

following experiments in cell culture and animals whenever possible. 

 

2.3 CAPs for protein translocation 

As discussed in Chapter 1, protein translocation is a widely used method to regulate protein 

functions. This could be realized through inducing or disrupting proximity, protein cleavage from 

an anchor, and caging signaling peptide. Here we employ the two peptides that CAPs were 

developed with, SsrA and TEVcs, to manipulate protein translocation in mammalian cell culture. 

 

2.3.1 Shield-1 induced plasma membrane translocation by CAPs-caged SsrA 

To demonstrate the use of CAPs for protein translocation, we designed a shield-1 induced 

membrane localization system (Figure 2-11). In this design, CAPs-caged SsrA peptide is localized 

on the plasma membrane of HEK 293T cells by being fused to CAAX, a membrane-anchoring 

domain. The interacting partner of SsrA, SspB protein, is fused to the POI. Here, we used enhanced 

green fluorescent protein (EGFP) as the proof-of-principle POI. Without shield-1, no binding 
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between SsrA and SspB should occur, and EGFP should be found throughout the cell. Addition of 

shield-1 should uncage SsrA from CAPs and allow it to bind with SspB-EGFP, translocating EGFP 

to the membrane.  

 

Figure 2-11 a, Scheme of shield-1 induced protein translocation to plasma membrane. Membrane-anchoring domain 

is CAAX. POI, protein of interest. b, Left: Representative fluorescence microscopy images of HEK 293T cells 

expressing the constructs shown in a. Right: Intensity profiles of mCherry and EGFP along the red line in images. 

Scale bar, 20 µm. Data was acquired by collaboration with Dr. Kayla Kroning. 

As shown by Figure 2-11, under the no shield-1 condition, EGFP was localized in the 

cytosol and nucleus with no apparent membrane pattern. Upon adding shield-1, we observed 

significant EGFP translocation to the plasma membrane within 30 seconds (Figure 2-11).  

This showed that shield-1 can easily permeate through the mammalian cell membrane and 

uncage CAPs on the order of seconds, making the CAPs-shield-1 system useful for experiments 

that require a fast temporal control. By directing CAPs-SsrA to different subcellular 
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compartments, a POI could be recruited to various locations of interest in a shield-1-dependent 

manner. 

 

2.3.2 Shield-1 induced plasma membrane delocalization by CAPs-caged TEVcs 

In this application, we aimed to remove the POI from the plasma membrane. This could be 

useful for temporally-controlled perturbation of proteins that only function when localized on the 

plasma membrane. We anchored CAPs-caged TEVcs to the plasma membrane of HEK 293T cells 

by fusing CAPs to CAAX, followed by the POI, using EGFP as an example (Figure 2-12). Under 

the no shield-1 condition, the TEVcs should be inaccessible to the co-expressed TEV protease, 

and EGFP should remain localized on the plasma membrane. With shield-1, the TEVcs should be 

uncaged and cleaved by the TEV protease, releasing EGFP from the cell membrane. Figure 2-12 

shows that prior to shield-1 addition, EGFP was almost exclusively bound to the plasma 

membrane. The addition of shield-1 depleted EGFP from the plasma membrane and significantly 

increased its presence in the cytoplasm.  

Therefore, this system can delocalize proteins from the membrane to the cytoplasm in a 

shield-1-dependent manner. Similar to CAPs-caged SsrA, when directly transferred from the yeast 

surface to mammalian cell culture, CAPs were still capable of caging TEVcs efficiently. The only 

modification needed was to change the P1’ position (the last amino acid) on TEVcs from the 

canonical glycine to a less active methionine to reduce unwanted cleavage, as TEV protease is 

present for a much longer time in this assay (2-3 days) than in the yeast surface assay (3 hours). 
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Figure 2-12 a, Scheme of shield-1 induced protein translocation from plasma membrane. TEVcs(ENLYFQM). b, 

Left: Representative fluorescence microscopy images of HEK 293T cells expressing the constructs shown in c. Scale 

bar, 20 µm. Right: Quantification of EGFP total intensity distribution. The ratio is calculated by the EGFP mean 

intensity on membrane to that in cytosol. n = 27 cells from one replicate for both conditions. The center lines indicate 

mean values of the ratio. P value is determined by unpaired two-tailed t-tests. ****P < 0.0001. Data was acquired by 

collaboration with Dr. Lequn Geng. 

 

2.4 Shield-1 induced gene expression by CAPs caged SsrA 

Induced gene expression could serve as a useful method to study POI functions. Two-

hybrid platform is a robust design using induced protein-protein interactions for controlling 

transgene expression in cell culture and animal models. To achieve this, we adapted the two-hybrid 

platform and applied CAPs caged SsrA peptide and SspB as the interaction pair (Figure 2-13). In 

this design, CAPs-caged SsrA is fused to a DBD, and SspB to an AD, VP16. In the presence of 

shield-1, SspB-VP16 will be recruited to DBD-SsrA and initiate transcription of the reporter gene. 
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Figure 2-13 Scheme of shield-1-induced gene transcription. Transcription-activation domain is VP16 for all following 

experiments. DNA-binding domain is specified under each experiment. 

 

2.4.1 Optimization of the gene expression system 

We first tested this system in HEK 293T cells using the Gal4 DBD and the UAS-mCherry 

reporter gene. With the eight-amino-acid SsrA peptide (Figure 2-14) used in previous 

experiments, a ~4-fold and ~25-fold shield-1-induced increase in mCherry intensity was observed 

for CapN and CAPs caged SsrA, respectively (Figure 2-14 and Appendix Figure A-7). As 

expected, the tandem use of CAPs showed both lower background and higher shield-1 dependence 

than using CapN alone. This was consistent with our prior observation of the CAPs-caged TEVcs 

on yeast surface (Appendix Figure A-6).  

We then sought to further lower the background because transcriptional systems are highly 

sensitive and are often only practically useful when undesired transcription is reduced to a 

minimum. It has been previously shown that the amino acid sequence of SsrA is tunable325,355, so 

we truncated the SsrA sequence from both the N- and C-termini (Figure 2-14 and Appendix 

Figure A-8) to achieve more efficient caging. The truncation of the N-terminal Ala residue 
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and Appendix Figure A-8), which showed 156-fold shield-1 dependent reporter gene expression 

change, with two-fold lower background and six-fold higher shield-1 dependence (Figure 2-14) 

than the original sequence tested. 

 

Figure 2-14 a, Summary of main constructs tested. Amino acid sequences of SsrA are highlighted. b, Quantification 

of mCherry expression level for constructs shown in a. Values on the plot are the ratio of mean mCherry intensity of 

+ shield-1 to that of − shield-1 conditions for each construct. The center lines indicate mean values of mCherry 

intensity. Images are shown in Appendix Figure A-7, 8, 9. For this experiment, Gal4 was used as DBD, and UAS-

mCherry was used as reporter gene. n = 12 fields of view from one replicate for all conditions. P values are determined 

by unpaired two-tailed t-tests. **P < 0.01; ***P < 0.001; ****P < 0.0001; NS, not significant. 
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Figure 2-15 Representative fluorescence microscopy image of u3. Gal4 was used as DBD, and UAS-mCherry was 

used as reporter gene. Scale bar, 20 µm. 

 

2.4.2 Characterization of the gene expression system 

In the set of experiments screening for a better SsrA sequence, we also observed that the 

expression level of SspB-VP16, shown by EGFP signal, was positively correlated to the addition 

of shield-1 and reporter gene expression (Figure 2-14). Also, in the conditions where robust 

reporter gene expression was observed, a nuclear localization pattern was found for EGFP 

(Appendix Figure A-7, 8, 9). To investigate whether the reporter gene expression is attributed to 

the increased AD expression or the dimerization with SsrA, we further designed a control 

experiment where the SspB-EGFP-VP16 is supplied with shield-1 or media. No significant SspB-

EGFP-VP16 expression level change was observed, and no reporter gene expression was observed 

under either conditions (Figure 2-16). We hypothesized that the SsrA-SspB interaction stabilized 

the SspB protein, thereby increasing the EGFP signal. In addition, shield-1 induced a much greater 

increase in reporter gene expression than in EGFP protein level (Figure 2-14), so the reporter gene 

activation is primarily due to the dimerization of the two components rather than the increased 

SspB-VP16 protein expression level. 
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Figure 2-16 Effect of shield-1 on transcription-activation domain expression. No difference in reporter expression 

was found between the + shield-1 and – shield-1 conditions in the control study with SspB-EGFP-VP16 only. All 

scale bars, 50 µm. P values are determined by unpaired two-tailed t-tests. NS, not significant. 
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For shield-1 incubation time characterization, an incubation period as short as 30 min was 

sufficient to induce gene expression at 1 µM shield-1 concentration, but a longer incubation time, 

on the order of hours, was required for more robust gene expression (Appendix Figure A-11). 

We further performed a shield-1 titration of this transcriptional system with both CAPs 

double-caged SsrA and CapC single-caged SsrA using FACS for analysis. As shown in Figure 2-

17 and Appendix Figure A-12, the CAPs double-caged and CapC single-caged SsrA each showed 

an EC50 of 55 nM and 21 nM, respectively. 

We also applied this two-hybrid system for plate reader quantification, which is with higher 

throughput and easier experiment setup. With a luciferase reporter gene, luciferase is expressed 

upon stimulation instead of fluorescent proteins, and could be further detected by luminescence. 

The luminescence assay provided a similar result as the fluorescence assay using FACS (Figure 

2-18). 

 

Figure 2-17 Dose response curve of CapC and CAPs caged SsrA using FACS analysis. The mean mCherry intensities 

of EGFP positive cell population are plotted against shield-1 concentration. Half maximum response was observed at 

21 nM for CapC single-caged SsrA (95% confidence interval = 19 nM ~ 24 nM) and 55 nM for CAPs double-caged 

SsrA (95% confidence interval = 51 nM ~ 59 nM). Errors, s.e.m. 
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Figure 2-18 Dose response curve of CAPs caged SsrA using luciferase assay. The mean luminescence signal is plotted 

against shield-1 concentration. Half maximum response was observed at 29 nM for CAPs double-caged SsrA (95% 

confidence interval = 24 nM ~ 35 nM). Errors, s.e.m. 

 

2.4.3 Gene expression in animal models 

Before we applied this chemical-dependent transcriptional system in neuroscience studies, 

we tested it in cultured neurons. To enable homogeneous expression of DNA in these stringent 

experiments, we made single viral constructs that expressed both the DNA-binding and the 

transcription-activation domains via the self-cleaving peptide P2A or the internal ribosome entry 

site (IRES) (Figure 2-14).  

In HEK 293T cells, upon adding shield-1, the P2A and IRES constructs showed 83- and 

123-fold increase in mCherry expression, respectively, which are comparable to the two-

component system (Figure 2-14 and Appendix Figure A-9). The P2A construct was then used to 

introduce the TetR DBD and VP16 transcription-activation domain into cultured rat cortical 

neurons through adeno-associated viruses (AAV), together with another AAV encoding the TRE-

mCherry reporter gene. Shield-1 induced a 44-fold increase in mCherry reporter gene expression 

compared to the no shield-1 condition (Figure 2-19 and Appendix Figure A-13), showing that 

this system could work robustly in cultured neurons. 
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Figure 2-19 Shield-1 induced gene expression in rat cortical neurons using u4 construct. Left: Representative 

fluorescence microscopy images. For this experiment, TetR was used as DBD, and TRE-mCherry was used as reporter 

gene. Right: Quantification of mCherry expression level. The number on the plot is the ratio of mean mCherry intensity 

of + shield-1 to that of – shield-1 conditions. The center lines indicate mean values of mCherry intensity. n = 5 fields 

of view from one replicate for both conditions. Scale bar, 100 µm. P values are determined by unpaired two-tailed t-

tests. ****P < 0.0001. 

 

 

Figure 2-20 AquaShield-1 induced transgene expression in mouse brain. a, Timeline for the aquashield-1-induced 

transgene expression in mouse brain. AAV is locally injected to LHA. Aquashield-1 is locally administered to mice 

(1 μL, 1 mM). b, Left: Representative fluorescence microscopy images of brain sections of the lateral hypothalamic 

area. Scale bar, 200 µm. Right: Quantification of total number of cells expressing mCherry. Numbers on the plot are 

the ratio of mean cell count of + aquashield-1 to that of − aquashield-1 conditions. The center lines indicate mean 

values of cell count. n = 4 injection sites for both conditions. P values are determined by unpaired two-tailed t-tests. 

**P < 0.01. Experiment was conducted by collaboration with Dr. Xingyu Li and Catherine Emory. 
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injection of AAV1/2 mixed serotype viruses encoding shield-1-dependent gene regulation 

constructs into the lateral hypothalamic area (LHA). Seven days after viral delivery, aquashield-1 

(a water-soluble analogue of the shield-1 molecule160) was locally administered into LHA (Figure 

2-20). HA immunostaining of brain tissues confirmed AAV viral delivery and targeting in the 

LHA (Figure 2-20). In the saline treated control brains (− aquashield-1), there were only a few 

sparse neurons with mCherry expression throughout the entire LHA region. In contrast, mCherry 

was observed in a large cluster of LHA neurons in the aquashield-1 treated brains (+ aquashield-

1). mCherry expression in the presence of aquashield-1 was 8.4-fold higher than the control, 

suggesting a shield-1 dependent gene expression. 

 

Figure 2-21 AquaShield-1 induced transgene expression in mouse liver. a, Timeline for the aquashield-1-induced 

transgene expression in mouse liver. AAV is locally injected to liver. Aquashield-1 is administered to mice via two 

intraperitoneal (IP) injections (40 mg/kg) with 24 hours apart. b, Left: Representative fluorescence microscopy images 

of liver sections from injection site. Scale bar, 200 µm. Right: Quantification of total number of cells expressing 

mCherry. Numbers on the plot are the ratio of mean cell count of + aquashield-1 to that of − aquashield-1 conditions. 

The center lines indicate mean values of cell count. n = 4 injection sites for both conditions. P values are determined 

by unpaired two-tailed t-tests. **P < 0.01. Experiment was conducted by collaboration with Dr. Xingyu Li. 

We next tested the system in the mouse liver. On the seventh and eighth day after viral 

delivery, aquashield-1 or saline was administered via intraperitoneal (IP) injection twice (Figure 

2-21). In the control group, there were limited cells expressing mCherry; whereas the livers of the 

animals treated with aquashield-1 had a significantly greater number of cells expressing mCherry 
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(Figure 2-21), demonstrating that systematic injection of aquashield-1 can control CAPs in mouse 

liver tissues.  

Taken together, these results demonstrate that the aquashield-1-induced gene regulation 

works in multiple organs in mice, including the brain and the liver. In addition, aquashield-1 can 

be readily administered through local or IP injection to activate gene transcription in animal tissue 

of interest. This is advantageous over light-induced gene transcription systems, as chemicals 

provide a global control and introduce less disturbance to the animals. 

 

2.5 CAPs are generalizable for other peptides 

Modular chemogenetic and optogenetic domains are highly valuable for genetic tool design, 

because they can be easily incorporated into new systems for new applications. For example, as 

discussed in Chapter 1, CIP and CDP pairs could be readily applied for various purposes; AsLOV2 

domain can be engineered to cage different peptides as well as serving as an allosteric switch. For 

chemogenetic domains, there has not been a comparable domain as AsLOV2 that can be generally 

applied to cage peptides yet. 

Presumably, CAPs cage peptides by steric hinderance, and this mechanism shall be 

generally applicable beyond the SsrA and TEVcs that was employed in the directed evolution 

process. Here we are aiming to show that CAPs could be generally applied to cage other peptides, 

including NLS and [Met5]-enkephalin (hereafter referred to as enkephalin). 
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2.5.1 Shield-1 controlled protein nuclear cytosolic distribution by CAPs-caged NLS 

The nucleocytoplasmic distribution of many eukaryotic proteins is a common determinant 

of their functions35. Previously, NLS has been controlled by light through customized engineering 

of the AsLOV2 domain339,340. To test if NLS can be controlled by CAPs in a shield-1-dependent 

manner, we fused EGFP to CAPs-caged NLS (Figure 2-22).  

In the no shield-1 condition, NLS should be sterically blocked, and EGFP should be found 

throughout the cell. Addition of shield-1 should uncage CAPs and expose NLS to endogenous 

importins, bringing more EGFP to the nucleus. Due to the strength of the NLS, we added a weak 

nuclear export signal, PKIt NES339, to the construct to reduce the nuclear localization of the protein 

without shield-1. Figure 2-22 show that EGFP was found both in the cytosol and the nucleus when 

there was no shield-1. Upon addition of shield-1, EGFP was depleted from the cytosol and 

preferentially localized in the nucleus with a statistically different cytosol-to-whole-cell ratio than 

in the basal state. 

However, there was some nuclear localization pattern in the absence of shield-1, suggesting 

that the NLS is not completely blocked by CAPs. This is possibly because the residues in the 

middle of the NLS sequence are also important for importin recognition and nuclear localization, 

while CAPs are best at caging residues at the N- and C-terminal portion of a peptide. To further 

eliminate nuclear pattern in the absence of shield-1, further optimization of CAPs for caging NLS 

could be performed. Alternatively, NLS sequences with a weaker strength could be used339. We 

also noticed that under the “+ shield-1” condition, there was a weak cytosolic localization pattern 

in cells with a high level of EGFP expression. This was possibly due to the equilibrium of protein 

distribution between the nucleus and the cytosol. The current system is therefore not suited for 
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protein activation by translocating proteins to the nucleus. Instead, it can be used to remove the 

function of cytosolic proteins by depleting them from the cytosol. 

 

 

Figure 2-22 Applying CAPs to cage nuclear localization signal peptide. a, Scheme of CAPs controlling nuclear 

localization signal peptide. NES-mCherry is used to indicate the cytosol. NLS (PKKKRKV). NES 

(LQLPPLERLTLD). PKIt NES, (LALKLAGLDI). b, Left: Representative fluorescence microscopy image of HEK 

293T cells expressing the constructs shown in a. Scale bar, 20 µm. Right: Quantification of EGFP total intensity 

distribution. The ratio is calculated by the EGFP total intensity in cytosol to that in whole cell. The center lines indicate 

mean values of the ratio. n = 43 cells (+ shield-1) and n = 49 cells (– shield-1) from one replicate. This experiment 

was performed three times with similar results. P value is determined by unpaired two-tailed t-tests. ****P < 0.0001. 

 

2.5.2 Shield-1 induced opioid signaling by CapC-caged enkephalin 

We sought to apply CapC to cage peptide agonists for G-protein-coupled receptors 

(GPCRs), which are an important class of receptors regulating various physiological processes366. 
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Genetically encoded chemical-switchable peptide agonists can be targeted to specific cellular 

compartment or cell types.  

To test this application, we used CapC to cage enkephalin, an endogenous opioid peptide 

agonist for the µ-opioid receptor (µOR)367. DAMGO, a synthetic analog of enkephalin (Figure 2-

23) binds to µOR with the N-terminal tyrosine residue bound deep in the binding pocket368 (Figure 

2-23). This indicates that the N-terminus of enkephalin must be free of fusions in order to enter 

the binding pocket and interact with µOR; consequently, only the C-terminus can be tethered to a 

protein domain.  

 

Figure 2-23 Structures of µOR peptide ligands and binding pocket. a, Left: Structure of [Met5]-enkephalin and its 

analog DAMGO. Right: Crystal structure of µOR binding pocket. PDB: 6DDF. 

We tethered CapC-caged enkephalin to the extracellular N-terminus of µOR (Figure 2-24). 

A cleavable signal sequence (KTIIALSYIFCLVFA)369 is further fused to the N-terminus of 

enkephalin to direct membrane trafficking without perturbing its function. Enkephalin will not be 

able to activate µOR under the no shield-1 condition. When shield-1 is added, we expected 

enkephalin to be unblocked and then it can activate µOR (Figure 2-24). We designed two assays 

to evaluate the ability of CapC to control enkephalin’s function. The first one is to detect the µOR 

conformation change upon activation. In the second assay, we detected the downstream signaling 

events. 
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Figure 2-24 Scheme of CapC-controlled opioid peptide. 

For the first assay, we utilized a conformation specific binder Nb44, which specifically 

binds to the ligand-activated state µOR. In this design, a split luciferase assay, NanoBiT370, was 

employed to quantify the interaction between Nb44 and µOR (Figure 2-25). The binding of Nb44 

and µOR results in the reconstitution of the two split luciferase halves, SmBiT and LgBiT, and 

therefore provides a luminescence readout. Shield-1 was able to activate µOR in this assay, with 

a slightly lower level compared to loperamide (Figure 2-25). However, addition of naloxone 

showed a lower luminescence signal compared to the no drug condition, indicating µOR partial 

activation under no shield-1 condition. 

To further investigate whether CapC caged enkephalin could be applied to modulate opioid 

signaling, we next investigated the downstream cAMP level, which could be detected by the 

GloSensor371. We tested this system in HEK 293T cells pre-treated with forskolin to increase the 

cAMP level, providing a better readout of µOR’s inhibitory effect on cAMP level. As shown in 

Figure 2-26, cAMP level increased upon forskolin treatment at 15 minutes. Later, addition of 

shield-1 induced a 62% decrease in GloSensor signal compared to cells with no drug treatment at 

80 minutes (Figure 2-26). DAMGO addition at 45 minutes exhibited a similar trend to the shield-

1 condition, causing a 76% decrease in GloSensor signal by activating µOR. Together with the 

results in Figure 2-25, this suggests that enkephalin can be controlled by CapC in a shield-1-

dependent manner, and successfully induce opioid signaling event.  
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Figure 2-25 Luciferase assay for CapC-controlled opioid peptide. Cells were stimulated with 10 µM of drugs. Values 

on the plot are the luminescence signal ratios of two conditions. P values are determined by unpaired two-tailed t-

tests. **P < 0.01; ***P < 0.001; ****P < 0.0001; NS, not significant. 

 

Figure 2-26 The cAMP assay for CapC-controlled opioid peptide. A cAMP biosensor, GloSensor, was co-transfected 

to indicate cAMP level. Cells were first stimulated with forskolin (1 µM) at 15 min, then stimulated with different 

drugs (10 µM) at 45 min. Left: Full graph. Right: Zoomed-in graph of the boxed region on the left. n = 3 wells from 

one replicate for all conditions. This experiment was performed three times with similar results. Errors, s.e.m. 

Experiment was first performed by Dr. Lequn Geng and Kerry Lee.  

To further evaluate the caging efficiency in the basal state, we added the antagonist 

naloxone at 45 minutes. A 273% GloSensor signal increase was observed, indicating that the 

enkephalin was not completely caged by CapC, which was consistent with the observations in 

Figure 2-25.  

We next investigated if the inverse agonism effect of naloxone attributes to the GloSensor 

signal increase. In a control study with HEK 293T cells expressing µOR only (with the signal 

sequence and without the CapC caged enkephalin), DAMGO could still decrease cAMP level by 

activating µOR, suggesting the µOR is functional (Figure 2-27). Neither shield-1 or naloxone 
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altered the cAMP level at around 45 minutes after the initial forskolin treatment (Figure 2-27). 

This result suggests that naloxone did not function as an inverse agonist under this experiment 

condition, and the GloSensor signal increase in Figure 2-26 is due to the leakage of CapC. 

 

Figure 2-27 The cAMP assay for µOR construct. Cells were stimulated with forskolin (1 µM) at 15 min, and then 

different drugs (10 µM) at 45 min. 

This is the first example of manipulating a peptide agonist for a GPCR by a chemically 

activated protein domain. Despite the background leakage, shield-1 could uncage the CapC-caged 

enkephalin, providing a chemical-gating for regulating the activity of µOR. The background is 

possibly due to the intramolecular binding competition between enkephalin to µOR and the 

binding sequence to CapC. To reduce such leakage, the binding sequence of CapC could be further 

optimized. An alternative approach is to fuse the CapC-caged enkephalin to a separate 

transmembrane domain, so that the binding of enkephalin to µOR becomes intermolecular, which 

could potentially provide a valuable approach to regulate endogenous µOR activities. Endogenous 

opioid peptide release induces different downstream signaling responses than synthetic opioids 

used for clinical treatment372. Compared to the other strategy of using DREADD, where KORD is 

activated by an bioorthogonal agonist SALB109, regulating opioid receptor activities with opioid 

peptides is more biologically relevant.  
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The experiment methods used to produce data in Chapter 2 are provided in Appendix 

Methods A-1. 
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Chapter 3 Development of High Efficiency Yeast Display Directed Evolution Platform with 

Double Criteria Selection to Optimize Protein Switches 

 

Chapter 3 is prepared into a manuscript: Vazquez-Rivera, L., Shen, J., Shingles, G., Zhou, 

G., Li, X., Babar, W., Chen, Y., Li, P., Wang, W. A high efficiency yeast surface display platform 

for double criteria selection. (Manuscript in preparation) 

 

Optogenetic and chemogenetic tool design heavily relies on efficient protein switches. 

Protein switches are modular protein domains that can be toggled between active and inactive 

states by external signals such as light and small molecules. Although these protein switches could 

be readily incorporated for modulating various POIs, optimization on the switches is usually 

required to achieve high dynamic range. 

To develop a protein switch, rational design and computational simulation could serve as 

initial steps to provide a foundational starting point, while directed evolution is often employed as 

a critical subsequent step to achieve optimal performance. Therefore, an efficient directed 

evolution platform would be beneficial for protein switch development. 

To evolve protein switches, yeast display303,334,373, phage display26-28,325, and ribosomal 

display197 have been employed. Phage display374 and ribosome display375 benefit from their large 

library size and high throughput. Phage display offers a library size376,377 at 1010 and up to 1011. 

Ribosome display provides a library size376,377 of 1012-1013 and can reach up to 1014. Typically 

screened by affinity selection method, phage and ribosome display are suitable for improving 
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binding affinities. However, in these two platforms, the POIs are expressed in bacterial context or 

in vitro, and therefore protein misfolding and immaturity (e.g. antibodies) could be a concern. In 

addition, the dynamic range of protein switches cannot be showed during the affinity selection 

processes. On the other hand, yeast display378 offers protein expression in a eukaryotic 

environment and allows protein maturation in yeast secretion pathway. When using yeast display, 

FACS is used as the selection method, which allows monitoring of affinity changes during 

selection process. The yeast display library size379 is limited to 107, which is lower than that of 

phage and ribosome display, and the FACS screen throughput376,380 is limited to 108-109 (~108 per 

hour381). Thus, within the library size and throughput limit, yeast display provides unique 

advantages for protein switch directed evolution. 

To obtain the response to stimulation signal for protein switches, both positive and negative 

selections are required. Phage display method provides large library size and throughput, so the 

negative selection and positive selection could be performed within the same round. For example, 

to develop chemogenetic proximity switches26-28 (details discussed in Chapter 1.1.1.1), the phage 

displaying library was first subjected to negative selection on the apo state protein binder, and then 

the positive selection on the protein-small-molecule complex. After this whole round of selection, 

the phage can then be collected and amplified. The same workflow has been adapted for the 

development of optogenetic proximity switch iLID325 except that the negative and positive 

selection was based on dark and light conditions.  

When using yeast display, only one type of selection could be done in each round, which 

limits the selection efficiency. Due to the throughput, the collected yeast from FACS in a negative 

or positive selection need to be amplified before the next round of selection. For example, to evolve 

AsLOV2 inserted enzyme303 and AsLOV2 caged TEVcs334, high activation clones and low leakage 
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clones were collected in separate positive (light) and negative (dark) selections. Similarly, as 

described in Chapter 2.1.2 and Chapter 2.2.2, to evolve CapN caged TEVcs and CapC caged SsrA, 

the positive selections (with shield-1) and negative selections (no shield-1) were separately 

performed. For yeast display platforms, alternative positive and negative selections have to be 

performed to obtain the mutants with improved dynamic range.  

Although the directed evolution of CAPs was successful and they showed good dynamic 

range in caging TEVcs and SsrA (Chapter 2.3 and Chapter 2.4) with limited leakage, CAPs caging 

NLS and enkephalin still showed significant background (Chapter 2.5) and requires further 

improvement. In addition, while evolving CapC, the binding of CapC caged SsrA to SspB 

increased in both shield-1 and no shield-1 conditions after positive selection; the binding decreased 

in both conditions after negative selection (Chapter 2.2.2, Figure 2-8 and Figure 2-9). A directed 

evolution platform with higher selection efficiency is desired to further improve CAPs and is also 

beneficial for future development of new protein switches. 

Here in this chapter, I discuss the development of a yeast-display based directed evolution 

platform named DuoSelect, where both the activation and leakage signals are showed on same 

yeast cell. DuoSelect platform enables selection of clones with both high activation and low 

leakage within the same round. I demonstrate that this DuoSelect platform provides higher 

selection efficiency compared to the conventional one, and its application in further improving 

CAPs. The improved version of CAPs were then applied to cage three neuropeptides: enkephalin, 

pituitary adenylate cyclase-activating polypeptide (PACAP), and α-Melanocyte-stimulating 

hormone (α-MSH). 
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3.1 Design and development of the double criteria platform DuoSelect 

It was noticed that CapC library remained very diverse after two rounds of selection (Table 

2-2), where 18 distinct clones were identified from 20 sequences. The final clone with the best 

performance (binding sequence: GTPNLRPFG) only showed up once and provided much better 

shield-1 dependence than most of the other clones. In addition, during the directed evolution 

process, each round of positive and negative selection shifts the SspB binding for both “with 

shield-1” and “no shield-1” conditions. Therefore, the conventional yeast display selection method 

(Figure 3-1) is not efficiently selecting the clone with best dynamic range. 

 

Figure 3-1 Scheme of conventional yeast display platform selection method. CapC caged SsrA is displayed on yeast 

surface by fusing to the yeast Aga2p protein. APEX2 labels protein within close proximity with biotin-phenol. 

Alternative positive and negative selections are performed round by round. 

To improve the selection efficiency, I then aimed to design a yeast display platform, where 

“negative selection” and “positive selection” could be done on the same yeast cell. To achieve this, 

DuoSelect was designed to show both leakage and activation signals on the same yeast cell. A 

triple gating strategy was applied in DuoSelect to eliminate false positive readouts. 
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3.1.1 Design of DuoSelect 

To show both leakage and activation signals on the same yeast cell, the binding assay with 

“no shield-1” and “+ shield-1” conditions are sequentially performed on the same cells (Figure 3-

2). In the leakage labeling step, SspB-APEX2 fusion protein was allowed to bind to yeast surface 

under “no shield-1” condition. The covalently attached biotin molecules on yeast surface via 

peroxidase reaction are then stained with streptavidin-PE. The resulted yeasts are then subjected 

to an activation labeling step, where the yeast cells are treated with SspB-APEX2 fusion protein 

in the presence of shield-1. The newly attached biotin molecules are then labeled with streptavidin-

647. Therefore, the two fluorescence signals, PE and 647, represent the leakage and activation 

signals, respectively. To ensure that the two fluorescence signals accurately represent leakage and 

activation, excess amount of streptavidin-PE is used in the leakage labeling round. 

 

Figure 3-2 Scheme of DuoSelect. CapC caged SsrA is displayed on yeast surface by fusing to the yeast Aga2p protein. 

APEX2 labels protein within close proximity with biotin-phenol. Two rounds of APEX2 labeling were performed 

under no shield-1 and with shield-1 conditions. The covalently attached biotin from the two rounds was stained with 

streptavidin-PE and streptavidin-647, respectively. FLAG, epitope tag. 
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FACS is used to quantify the activation, leakage, and expression level signals. The desired 

clones shall present both high activation and low leakage, and therefore should always locate in 

the bottom right conner on the PE-647 plot (Figure 3-2). 

3.1.2 Example selection of DuoSelect 

To confirm whether the DuoSelect can separate the populations with a higher shield-1 

dependence, an example selection was first performed. Yeast cells expressing the post-evolution 

CapN-caged SsrA (positive cells) are mixed with yeast cells expressing the pre-evolution FKBP-

caged SsrA (negative cells). CapN presents a shield-1 dependence, so that positive cell population 

in DuoSelect shall differ from the negative cell population. 

 

Figure 3-3 FACS plots of example sorting. Positive cells are yeasts expressing the post-evolution CapN caged SsrA. 

Negative cells are yeasts expressing the pre-evolution FKBP caged SsrA. Only cells expressing FLAG are shown on 

plots. For each sample, positive cells and negative cells are mixed according to the ratio indicated in the first row. The 

percentage is the ratio of the cells dropped in the gate. 10 μM shield-1 was used for activation labeling. Experiment 

was conducted by collaboration with Luis Vazquez-Rivera. 

Positive cells and negative cells were mixed with different ratios, and were subjected to 

the DuoSelect labeling (Figure 3-2 and Figure 3-3). When mixing the negative cells and positive 

cells with 10:1 ratio, the two populations were successfully separated (Figure 3-3), indicating that 

DuoSelect method can separate CapN variants with different drug-dependence.  
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1000:1, the ratios of cells within the gate do not correspond to the mixing ratios anymore. When 

diluting the positive cells to 10000:1, there was still 1.1% of the cells within the gate. This result 

suggests that DuoSelect labeling strategy has high false positive rates. In a real directed evolution 

experiment, true positive cells also exist with a low ratio, so the false positives need to be taken 

into concern when performing sorting experiment. 

We noticed that the false positive cells in 10000:1 sample all exhibited very high activation 

signals (Alexa 647), above the main population of cells. This is possibly due to the nonspecific 

labeling after two rounds of APEX2 labeling. Therefore, to avoid such false positives, a 

consecutive triple gating strategy is performed (Figure 3-4). In addition to the first gate that 

collects the cells with low leakage activities, we added a gate to select the cells that fall into the 

main population in the activation graph (Figure 3-4, middle). The second gate avoids the super 

high Alexa 647 signal cells, which could result in false positives in the third gate where we collect 

the clones exhibiting both high activation and low leakage. 

 

Figure 3-4 Triple gating strategy. Only the cells fall in all the three gates are collected in sorting experiments. 

 

3.2 DuoSelect for CapC improvement 
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was first applied for the directed evolution of CapC using the same library built in Chapter 2.2.2. 

A side-by-side comparison of DuoSelect with conventional selection was performed to investigate 

the selection efficiency difference. The newly evolved CapC was further characterized on yeast 

display platform and mammalian two-hybrid system. 

 

3.2.1 Comparison of DuoSelect and conventional selection for the CapC directed evolution 

To demonstrate DuoSelect’s utility in directed evolution, it was first applied for the CapC 

library 2, from which CapC was obtained (Figure 3-5). Herein, the first version of CapC is referred 

to as CapC1.0. 

 

Figure 3-5 CapC sequence before, during, and after directed evolution. CapC1.0 is the clone obtained in Chapter 

2.2.2373. CapC1.1 is the clone obtained by DuoSelect. “X” indicates any of the twenty amino acids. 

 

Figure 3-6 FACS selection of CapC library by DuoSelect. Values above the plots are the median value of the Alexa 

647/PE signal ratios. Only Flag positive cells are shown in plots. Shield-1, 10 μM. Experiment was conducted by 

collaboration with Luis Vazquez-Rivera. 
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The CapC library was subjected to both DuoSelect (Figure 3-2) and the conventional 

selection method (Figure 3-1) for a side-by-side comparison. For DuoSelect, the consecutive triple 

gating strategy was employed (Figure 3-4), and three rounds of selection were performed 

according to the scheme shown in Figure 3-5 and Figure 3-6 to enrich the low leakage and high 

activation clones. After three rounds of selection, the population shifted towards the bottom right 

corner. The Alexa 647/PE signal ratios, meaning activation/leakage, was used to represent and 

quantify the dynamic range. The median value of the Alexa 647/PE signal ratios was calculated 

by R programming (for more analysis details, see Appendix Method B-1). The median value of 

Alexa 647/PE also continuously increased as the selection went. This result suggests that the 

DuoSelect successfully achieved the directed evolution of CapC.  

 

Figure 3-7 Selection scheme of conventional selection method. The values in the plots are the median PE signal of 

the Flag positive cells. Shield-1, 10 μM. Experiment was conducted by collaboration with Luis Vazquez-Rivera. 
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In the conventional selection process, a negative selection, a positive selection, and a 

negative selection were sequentially performed (Figure 3-7). After three rounds of sorting, an 

obvious shield-1 dependence was reproduced. 

We next investigated the selection efficiency from two aspects: 1) library diversity 

reduction; and 2) shield-1 dependence improvement in each round. A more efficient selection 

method should reduce the library diversity and improve the shield-1 dependence in less rounds of 

selection. 

Twenty-four clones from each of the post 3rd round library were sequenced (Table 3-1, 

Table 3-2). DuoSelect resulted in only nine distinct sequences with one clone highly enriched 

(seven times). In comparison, the conventional method resulted in nineteen distinct sequences, and 

the most enriched one only showed up three times. This result suggests that DuoSelect reduces 

library diversity and enriches the desired clones faster than the conventional method. The most 

enriched clone from DuoSelect was named as CapC1.1, and the one developed in Chapter 2.2.2 

was named as CapC1.0 for differentiation. 

Table 3-1 Sequences of twenty-four clones from the post 3rd round CapC library by DuoSelect. Nine distinct 

sequences were identified. CapC1.1 is the improved version of CapC used in the rest of this chapter. 

Label Frequency Sequence 

CapC1.1 7 GTPNLFGYV 

CapC1.2 4 GSPNLSHRR 

CapC1.3 4 GSPNLRASY 

CapC1.4 3 GSPNLVPHI 

CapC1.5 2 GSPNLRIPD 

CapC1.6 1 GFPNLGSWN 

CapC1.7 1 GSPNLGVRA 

CapC1.8 1 TFPNLNQTD 

CapC1.9 1 GFPNLRNVE 
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Table 3-2 Sequences of twenty-four clones from the post 3rd round CapC library by conventional selection method. 

Nineteen distinct sequences were identified. 

Label Frequency Sequence Label Frequency Sequence 

#1 3 GSPNLSSYI 
 

#10 1 GSPNLYGES 

#2 2 GTPNLRHYA #11 1 GTPNLSSTS 

#3 2 GSPNLQGRS #12 1 AWPNLYPLP 

#4 2 GSPNLRKYL #13 1 AWPNLYRME 

#5 1 GSPNLGKPD #14 1 IPPNLSRLL 

#6 1 GSPNLHSRV #15 1 KLPNLKESI 

#7 1 GSPNLNRVW #16 1 KSPNLHWRV 

#8 1 GSPNLRKGW #17 1 NFPNLSGKI 

#9 1 GSPNLRVSR #18 1 SPPNLFGDR 

   #19 1 TWPNLRGIE 

 

Figure 3-8 One-color characterization of libraries sorted by conventional selection method and DuoSelect. Values in 

the plots are the median PE signal of the Flag positive cells. Shield-1, 10 μM. Experiment was conducted by 

collaboration with Luis Vazquez-Rivera. 
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To compare the shield-1 dependence improvement, the libraries sorted from each round 

were first characterized by the one-color platform (Figure 3-1), where the cells were labeled under 

with or without shield-1 conditions and stained with streptavidin-PE. As shown in Figure 3-8, 

after one round of DuoSelect, the library already showed significant shield-1 dependence as well 

as very low leakage signal. On the other hand, after one round of negative selection by the 

conventional method, only subtle shield-1 dependence was observed, and the leakage signal is still 

significant. In addition, the median PE signal of both “no shield-1” and “with shield-1” conditions 

decreased after negative selection and increased after positive selection. After three rounds of 

sorting, the library from DuoSelect showed both higher activation and lower leakage signal than 

that from conventional method (Figure 3-8). 

 

Figure 3-9 Two-color characterization of libraries sorted by conventional selection method and DuoSelect. Values in 

the plots are the median Alexa 647/PE signal ratio of the Flag positive cells. Only Flag positive cells are shown in 

plots. Shield-1, 10 μM. Experiment was conducted by collaboration with Luis Vazquez-Rivera. 
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dependence of conventionally sorted library shifted back and forth due to the negative and positive 

selection, while the DuoSelect platform kept increasing the shield-1 dependence (Figure 3-9).  

Therefore, DuoSelect reduces library diversity and improves shield-1 dependence more 

efficiently than the conventional method. In addition, DuoSelect could also serve as a platform to 

characterize the drug dependence. 

 

3.2.2 Characterization of CapC on yeast display platform 

Nine distinct clones were obtained after three rounds of DuoSelect (Table 3-1). The ones 

appeared more than once (CapC1.1~1.5) were then characterized (Figure 3-10, Appendix Figure 

B-1) in parallel with CapC1.0.  

All the five clones showed shield-1 dependence (Appendix Figure B-1). The most 

enriched CapC1.1 showed lower leakage than CapC1.0 and still maintained good activation. 

Previous data in Chapter 2.5.2 suggested that the main concern using CapC to cage enkephalin is 

the high basal activity but not the activation. Therefore, CapC1.1 could be a better candidate for 

such applications where leakage need to be minimized. 
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Figure 3-10 a, Labeling scheme of CapC-caged SsrA. CapC-SsrA is displayed on yeast surface by fusing to the yeast 

Aga2p protein. APEX2 labels protein within close proximity with biotin-phenol. b, Comparison of CapC1.0 with 

CapC1.1 by the assay shown in a. The values in the plots are the median PE signals of the Flag positive populations. 

Shield-1, 10 μM. Experiment was conducted by collaboration with Luis Vazquez-Rivera. 

 

3.2.3 Characterization of CapC in shield-1 induced mammalian gene transcription system 

To further examine the utility of newly evolved CapC variants in mammalian systems, the 

shield-1 induced gene transcription system was employed to evaluate their performance (Figure 

3-11).  

In this assay, CapC-caged SsrA is fused to a Gal4-DBD, and SspB to VP16. In the presence 

of shield-1, SspB-VP16 will be recruited to the Gal4-DBD and initiate transcription of the reporter 
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quantified by Bright-Glo luciferase assay. To fully investigate the leakage of these variants, only 

CapC was used to cage SsrA. 

As shown in Figure 3-12, all the CapC variants except CapC1.4 showed significant shield-

1 dependence in this assay. CapC1.1 showed similar dynamic range and basal activity as CapC1.0. 

Nonetheless, CapC1.1 could still be transferred to mammalian system for efficient caging of SsrA. 

 

Figure 3-11 Scheme of shield-1-induced gene transcription assay. Addition of shield-1 uncages SsrA and recruits 

VP16 into proximity with the reporter gene to activate gene transcription. The reporter gene encodes a Photinus pyralis 

luciferase. The expression was quantified by Bright-Glo assay.  

 

Figure 3-12 Quantification of luciferase expression level. Values on the plot are the ratio of mean luminescence signal 

of + shield-1 to that of − shield-1 conditions for each construct. The center lines indicate mean values of luminescence 

intensity. Shield-1, 10 μM. P values are determined by unpaired two-tailed t-tests. **P < 0.01; ***P < 0.001; ****P 

< 0.0001; NS, not significant. Errors, s.e.m. Experiment was conducted by Gwendolyn Shingles. 
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3.3 DuoSelect for CapN directed evolution 

Given that DuoSelect successfully evolved CapC, we then sought to employ DuoSelect to 

further improve CapN. A new library was designed based on the CapN developed in Chapter 2.1 

(hereafter referred to as CapN1.0). DuoSelect was applied to perform the CapN directed evolution. 

The improved version of CapN was then characterized on yeast display platform. 

 

3.3.1 Directed evolution of CapN by DuoSelect 

To further improve CapN1.0, we sought to employ DuoSelect for a new yeast display 

library based on CapN1.0. We hypothesized that the affinity of binding sequence to FKBP could 

be improved by optimizing the preceding residues within the binding sequence. Therefore, the 

library was generated by introducing site-saturated mutagenesis to the four amino acids before the 

critical PNL sequence (Figure 3-13). 

 

Figure 3-13 CapN sequence before, during, and after directed evolution. “X” indicates any of the twenty amino acids. 

Amino acids that are different from the CapN1.0 sequence are highlighted in red. 

The CapN library was then subjected to DuoSelect sorting according to the scheme shown 

in Figure 3-14. By four rounds of selection on the population exhibiting both high activation and 

low leakage signals, a very significant improvement was observed. The Alexa 647/PE signal ratio 

was improved from 4.9 for CapN1.0 to 35.9 for the third-round library. Therefore, we further 

proved that DuoSelect is an efficient platform for directed evolution. 
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Figure 3-14 FACS selection of CapN library by DuoSelect. Values above the plots are the median value of the Alexa 

647/PE signal ratios. Only Flag positive cells are shown in plots. Shield-1, 10 μM. Experiment was conducted by Luis 

Vazquez-Rivera. 

 

3.3.2 Characterization of CapN on yeast display platform 

After three rounds of DuoSelect sorting and sequencing twenty-five individual clones, 

three distinct clones were identified (Table 3-3). When evolving CapN1.0, the last six residues in 

the binding sequence were mutated (generated RYSPNL). Here in this library, the Arg-Tyr-Ser 

sequence was further randomly mutated, but the CapN2.1~CapN2.3 sequences showed similar 

results on these three positions. The small hydrophobic Ala residue was mutated to negatively 

charged Glu and bulky hydrophobic Tyr residues. 

The three newly evolved clones were then characterized by the one-color platform (Figure 

3-1, Figure 3-15). All the three clones showed significantly lower leakage than CapN1.0. The 

most enriched CapN2.1 was employed for the rest of this study. 

Table 3-3 Sequences of twenty-five clones from the post 3rd round CapN library by DuoSelect. Three distinct 

sequences were identified. CapN2.1 is the improved version of CapN used in the rest of this chapter. 
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Figure 3-15 FACS analysis of the three clones from DuoSelect, corresponding to CapN2.1 ~ CapN2.3 shown in Table 

3-3. Values are median PE intensity of FLAG-positive cells. All three clones showed shield-1 dependence. Experiment 

was conducted by Luis Vazquez-Rivera. 
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like strategy120-122 (more details are discussed in Chapter 1.1.2.1) was employed (Figure 3-16) to 

allow the targeting of endogenous receptors. CAPs caged PACAP and α-MSH are displayed on 

cell surface in a separate component than their receptors, pituitary adenylate cyclase 1 receptor 

(PAC1R) and melanocortin-4 receptor (MC4R). 

 

Figure 3-16 Scheme of CAPs-controlled receptor ligand peptides. Top: The CapC caged peptide is tethered to the 

extracellular part of the receptor. Bottom: DART-like strategy. CAPs caged peptide is displayed on cell surface by a 

transmembrane domain. Only CapC is used for PACAP. Both CapN and CapC are used for α-MSH. 

 

3.4.1 Shield-1 induced μOR signaling by CapC1.1 caged enkephalin 

To demonstrate the application of CapC1.1, we used it to control enkephalin by the design 

shown in Chapter 2.5.2 (Figure 3-17). By detecting the amplified downstream signaling of μOR 

activation, this system could also better differentiate the caging efficiency difference between 

CapC1.0 and CapC1.1. The downstream signaling is evaluated by the second messenger cAMP, 

which is detected by GloSensor371. A cleavable signal sequence (KTIIALSYIFCLVFA)369 is fused 

to the N-terminus of enkephalin to direct membrane trafficking without perturbing its function. 
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Figure 3-17 Scheme of CapC-controlled enkephalin. Addition of shield-1 uncages enkephalin and therefore activates 

the μOR, leading to inhibition of cAMP production. cAMP is detected by GloSensor371. 

We tested this system in HEK 293T cells pre-treated with forskolin to increase the cAMP 

level, and then the cells were treated with shield-1, loperamide (agonist), naloxone (antagonist) 

and media. As shown in Figure 3-18, addition of shield-1 successfully reduced the cAMP level, 

indicating that both CapC1.0 and CapC1.1 can cage enkephalin to some extent. The addition of 

the full agonist loperamide382 also induced a decrease in cAMP level. The addition of the 

antagonist naloxone increased cAMP level, indicating that both CapC1.0 and CapC1.1 are not 

fully caging enkephalin. These results are consistent with the observations in Chapter 2.5.2. 

 

Figure 3-18 The cAMP assay for CapC1.0- and CapC1.1-controlled opioid peptide. A cAMP biosensor, GloSensor, 

was co-transfected to indicate cAMP level. Cells were first stimulated with forskolin (1 µM) at 30 min, then stimulated 

with different drugs (10 µM) at 60 min. Left: CapC1.0-caged enkephalin. Right: CapC1.1-caged enkephalin. n = 3 

wells from one replicate for all conditions. Errors, s.e.m. Experiment was conducted by collaboration with Guanwei 

Zhou. 
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Figure 3-19 Normalized luminescence graph of Figure 3-18 comparing CapC1.0 and CapC1.1. Left: Full graph. 

Right: Zoomed in graph with no drug, shield-1, and loperamide conditions. n = 3 wells from one replicate for all 

conditions. Errors, s.e.m. Experiment was first performed by collaboration with Guanwei Zhou. 

The absolute luminescence signals between the CapC1.0 and CapC1.1 are different 

(Figure 3-18). To compare the caging efficiency between the two constructs, all the signals are 

normalized to the mean luminescence of naloxone condition at the last time point (Figure 3-19). 

This will normalize the responses to the basal activity of μOR, so that the differences across the 

two transfection conditions are eliminated. When all the luminescence signals with each construct 

are normalized to the naloxone condition, the luminescence signals of shield-1 and loperamide 

with each construct aligns, suggesting that this data processing method is reasonable. 

For the shield-1 condition, the CapC1.1-caged enkephalin showed higher GloSensor signal 

than CapC1.0. To quantify this difference, the leakage is defined as the normalized luminescence 

signal difference between the naloxone and no drug conditions; the activation is defined as the 

difference between the shield-1 and no drug condition. Compared to CapC1.0, the leakage of 

CapC1.1 decreased by 14.5%, and the shield-1 induced activation increased by 74.8%. Therefore, 

CapC1.1 cages enkephalin better than CapC1.0 does, without the sacrifice of activation efficiency. 
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3.4.2 Shield-1 induced PAC1R signaling by CapC1.1 caged PACAP 

PAC1R plays a crucial role in diverse physiological processes by mediating the signaling 

with its ligand, the PACAP neuropeptide. PAC1R is primarily expressed in central and peripheral 

nervous systems. The PACAP induced PAC1R signaling has been shown to be associated with 

stress related behaviors, including depression and posttraumatic stress disorder383,384. 

Chemogenetically modulated PACAP will serve as a useful tool to study these important biological 

processes. 

 

Figure 3-20 Crystal structure of the PAC1R/PACAP(1-27) complex. Green: PAC1R. Magenta: PACAP(1-27). 

Yellow: Extracellular domain of PAC1R. PDB: 8E3X. 

PAC1R is a member of class B GPCR family, which consists of a large N-terminal 

extracellular domain (ECD). The N-terminus of PACAP is reaching into the deep binding pocket, 

so only CapC could be used to modulate its function (Figure 3-20, Appendix Figure B-2). It 

seemed to be challenging to fully cage PACAP by CapC because PACAP is much longer (> 20 

amino acids) than the peptides CAPs were used to cage (7 amino acids for NLS and SsrA). 

However, the recognition of PACAP C-terminal region by ECD is critical for the receptor 

activation383,385(Figure 3-20, Appendix Figure B-2), which provides the opportunity of 

modulating the peptide recognition. 
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Figure 3-21 Scheme of CapC-controlled PACAP. Addition of shield-1 uncages PACAP and therefore activates the 

PAC1R, leading to increase of cAMP production. cAMP is detected by GloSensor371. CD4 is a transmembrane 

domain. ECD is the N-terminal extracellular domain of PAC1R. 

A separate chain design was employed to enable the modulation of endogenous PAC1R 

and to minimize the basal activity (Figure 3-21). The CapC1.1-caged PACAP is displayed on cell 

membrane by fusing to a transmembrane domain CD4. A cleavable signal sequence 

(KTIIALSYIFCLVFA)369 is fused to the N-terminus of PACAP to aid membrane trafficking. 

PACAP will be caged until the addition of shield-1. Activation of PAC1R will lead to the increase 

of intracellular cAMP level, which can be detected by GloSensor371. 

Table 3-4 EC50 and efficacy of different PACAP variants towards PAC1R. Data is adapted from previous report386. 

PACAP variants Binding IC50 EC50 ± s.e.m. (nM) Efficacy (%) 

PACAP(1-27) 6.7 ± 1.2 5.2 ± 1.0 100 ± 2 

PACAP(1-23) 32 ± 8 51 ± 7 96 ± 2 

PACAP(1-22) 740 ± 135 960 ± 154 89 ± 4 

PACAP(1-21) > 1000 > 1000 NA 

PACAP(1-20) > 1000 > 1000 NA 

PACAP(1-19) > 1000 Inactive up to 1 μM Inactive up to 1 μM 

To achieve best caging efficiency, we first tested different C-terminal truncated PACAP 

variants. It has been previously reported that truncating the C-terminal residues in PACAP can 

alter the binding affinity and EC50 of them towards PAC1R386 (Table 3-4). The truncated PACAP 
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variants showed lower affinity and truncation beyond 6 residues abolished the activity. Therefore, 

only three variants were tested for this assay: PACAP(1-27), PACAP(1-23), and PACAP(1-22).  

 

Figure 3-22 The cAMP assay for CapC1.1-controlled PACAP variants. GloSensor and PAC1R were co-transfected. 

Cells were stimulated with shield-1 (10 µM) or media at 60 min. n = 3 wells from one replicate for all conditions. 

Errors, s.e.m. Experiment was conducted by Gwendolyn Shingles. 

 

Figure 3-23 Shield-1 dependence for CapC1.1-controlled PACAP variants. Each dot stands for the mean 

luminescence signal of one well at the last three time points (114 min, 117 min, 120min). The values in the plot are 

the ratio of the mean luminescence of shield-1 to no drug conditions. n = 3 wells from one replicate for all conditions. 

P values are determined by unpaired two-tailed t-tests. ***P < 0.001; ****P < 0.0001. 
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All the three variants showed response to shield-1 stimulation. To quantify this response, 

the mean luminescence signals of the last three time points were used to determine the shield-1 

dependence (Figure 3-23). CapC1.1-caged PACAP(1-23) showed the highest shield-1 

dependence, and provided 2.7-fold shield-1-dependent PAC1R activation. 

We reasoned that shield-1 dependence could be further improved by adjusting the protein 

expression level. Reducing the PACAP concentration on the membrane will lower the background 

activation of PAC1R (Appendix Figure B-3). When the CapC1.1-caged PACAP plasmid used for 

transfection is reduced to 10 ng/well and 5 ng/well (50 ng/well was used for previous experiments), 

the shield-1 dependence increased to over 6-fold (Appendix Figure B-3). Therefore, 5 ng/well 

transfection condition is used for latter experiments. 

To confirm that the cAMP increase is due to the PAC1R activation, a negative control was 

performed in parallel (Figure 3-24), where the cells expressed CapC1.1-CD4 without PACAP. 

The addition of shield-1 induced minimal effect for the negative control. The direct addition of the 

PACAP(1-27) agonist significantly increased the cAMP level, suggesting that PAC1R is 

functional. In comparison, when CapC1.1 caged PACAP(1-23) is expressed, shield-1 induced a 

significant increase in cAMP level (3.4-fold higher than no drug condition). PACAP(1-27) also 

activated the PAC1R and increased cAMP level (70-fold higher than no drug condition). 
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Figure 3-24 a, Scheme of the constructs tested. The CapC1.1-CD4 construct is the negative control and does not 

contain the PACAP peptide. b, The cAMP assay for CapC1.1-controlled PACAP. Cells were stimulated with shield-

1 (10 µM), PACAP(1-27) (10 µM) or media at 15 min. c, Zoomed-in graph of the boxed region in b. n = 3 wells from 

one replicate for all conditions. Errors, s.e.m. Experiment was conducted by collaboration with Gwendolyn Shingles. 

The absolute luminescence signals between the CapC1.1-caged PACAP and the negative 

control are different. To evaluate the basal activity of CapC1.1-caged PACAP, all the signals are 

normalized to the mean luminescence of the “+ PACAP(1-27)” condition at the last time point 

(Figure 3-25). For the CapC1.1-caged PACAP construct, the “no drug” condition overlaped with 

the negative controls, indicating minimal basal activity was present.  

These results suggests that PACAP(1-23) can be successfully caged by CapC1.1 and 

control PAC1R activity in a shield-1-dependent manner. The direct addition of agonist induced a 
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much higher activation under this condition. This is possibly due to the low expression level of the 

CapC1.1-caged PACAP construct. 

 

Figure 3-25 Normalized luminescence graph of Figure 3-24 comparing CapC1.1-caged PACAP with negative 

control. Top: Full graph. Bottom: Zoomed in graph with no drug, and shield-1 conditions. Solid lines are the traces of 

CapC1.1-caged PACAP construct. Dashed lines are the traces of the negative control. n = 3 wells from one replicate 

for all conditions. Errors, s.e.m. Experiment was first performed by collaboration with Gwendolyn Shingles. 

 

3.4.3 Shield-1 induced MC4R signaling by CapN2.1 and CapC1.1 double caged α-MSH 

α-MSH is a neuropeptide of the melanocortin family receptors. One of its receptor, MC4R, 

is known to be associated with food intake and energy homeostasis387. Tools to dissect the role of 

α-MSH in central nervous system could further advance the understanding of these biological 
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processes. To further show CAPs’ general ability to control peptide functions, I discuss the utility 

of CAPs to control α-MSH’s activity towards MC4R in this section (Figure 3-26). 

 

Figure 3-26 Scheme of CAPs-controlled α-MSH. Addition of shield-1 uncages α-MSH and activates the MC4R, 

leading to increase of cAMP production. cAMP is detected by GloSensor. CD4 is a transmembrane domain. 

 

Figure 3-27 Crystal structure of MC4R/α-MSH complex. Green: MC4R. Magenta: α-MSH. PDB: 7F53. 

Both the N- and C-terminus of α-MSH are exposed to extracellular environment when 

binding to MC4R (Figure 3-27). Therefore, we employed both CapN2.1 and CapC1.1 to modulate 

α-MSH accessibility (Figure 3-26) and displayed the protein on cell surface by fusing to CD4. A 

cleavable signal sequence (KTIIALSYIFCLVFA)369 is fused to the N-terminus of the protein to 

direct membrane trafficking. Addition of shield-1 uncages α-MSH and activates MC4R, leading 

to increase of cAMP level. 
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Figure 3-28 The cAMP assay for CAPs-caged α-MSH. GloSensor and MC4R were co-transfected. Cells were 

stimulated with 10 µM agonist (Bio-Ahx-Melanotan I), 10 µM shield-1, 100 µM antagonist (SNT-207707) or media 

at 15 min. Left: Full graph. Right: Zoomed in graph with no drug, shield-1, and antagonist conditions. n = 3 wells 

from one replicate for all conditions. Errors, s.e.m. Experiment was conducted by Ryan Singer. 

As shown in Figure 3-28, addition of shield-1 and the agonist Bio-Ahx-Melanotan I both 

increased the cAMP level (2.8-fold and 6.2-fold, respectively), suggesting that CAPs can modulate 

α-MSH function with a shield-1 dependent manner. However, addition of the antagonist SNT-

207707 reduces cAMP level by 85%, suggesting that α-MSH was not fully caged by CAPs. 

 

Figure 3-29 The cAMP assay for the control study. Only GloSensor and MC4R were cotransfected. Cells were 

stimulated with 10 µM agonist (Bio-Ahx-Melanotan I), 10 µM shield-1, 100 µM antagonist (SNT-207707) or media 

at 15 min. Left: Full graph. Right: Zoomed in graph with no drug, shield-1, and antagonist conditions. n = 3 wells 

from one replicate for all conditions. Errors, s.e.m. Experiment was conducted by Ryan Singer. 

To further confirm that shield-1 functions by uncaging α-MSH, a control study was 

conducted where no CAPs-caged α-MSH was expressed in cells. The agonist Bio-Ahx-Melanotan 

0 20 40 60 80

0

50000

100000

150000

200000

CapN-MSH-CapC

Time (min)

MSH31 (PNL evolved) +
shield-1

MSH31 (PNL evolved) +
10 uM
Bio-Ahx-Melanotan I

MSH31 (PNL evolved) +
100 uM SNT-207707

MSH31 (PNL evolved) no
drug

0 20 40 60 80

0

20000

40000

60000

80000

CapN-MSH-CapC zoom

Time (min)

MSH31 (PNL evolved) +
shield-1

MSH31 (PNL evolved) +
100 uM SNT-207707

MSH31 (PNL evolved)
no drug

CAPs-caged α-MSH

cAMP level

CAPs-caged α-MSH

cAMP level

Time (min)

R
e

la
ti
v
e

lu
m

in
e

s
c
e

n
c
e

Drug

Drug

Time (min)

R
e

la
ti
v
e

lu
m

in
e

s
c
e

n
c
e

Agonist

Shield-1

No drug

Antagonist

0 20 40 60 80

0

50000

100000

150000

200000

CapN-MSH-CapC control

Time (min)

shield-1

Bio-Ahx-Melanotan I

100 uM SNT-207707

MSH12 no drug

0 20 40 60 80

0

2000

4000

6000

CapN-MSH-CapC control zoom

Time (min)

shield-1

100 uM SNT-207707

MSH12 no drug

MC4R

cAMP level

MC4R

cAMP level

Time (min)

R
e

la
ti
v
e

lu
m

in
e

s
c
e

n
c
e

Time (min)

R
e

la
ti
v
e

lu
m

in
e

s
c
e

n
c
e

Drug

Agonist

0 20 40 60 80

0

2000

4000

6000

CapN-MSH-CapC control zoom

Time (min)

shield-1

100 uM SNT-207707

MSH12 no drug

Shield-1

No drug

Antagonist
Drug



 135 

I drastically increased the cAMP level, suggesting that MC4R is functional. No obvious cAMP 

level was detected under the shield-1 and antagonist conditions. Therefore, shield-1 could not alter 

cAMP level by itself alone, and MC4R has minimal basal activity. 

To investigate the biology of α-MSH, previous studies typically aimed to modulate neurons 

that express pro-opiomelanocortin (POMC), from which α-MSH is generated. DREADDs and 

rhodopsins have been applied to modulate the POMC neurons. The CAPs controlled α-MSH could 

potentially offer a new way to study this biology by directly modulating the endogenous receptors 

of α-MSH. 

 

The experiment methods used to produce data in Chapter 3 are provided in Appendix 

Methods B-2. 

I acknowledge the following individuals for their contribution on this project. The 

characterization data of DuoSelect and CapC1.1 was reproduced by Luis Vazquez-Rivera, a Ph.D. 

student from the Wenjing Wang lab, University of Michigan. Directed evolution of CapN was 

performed by Luis Vazquez-Rivera. CapC1.1-controlled enkephalin was from the collaborative 

work with Guanwei Zhou, a Ph.D. student from the Wenjing Wang lab, University of Michigan. 

CapC1.1-controlled PACAP was from the collaborative work with my undergraduate trainee 

Gwendolyn Shingles from Department of Chemistry, University of Michigan. CAPs-controlled α-

MSH was performed by Ryan Singer, a Ph.D. student from the Wenjing Wang lab, University of 

Michigan. 
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Chapter 4 Development of a Light-Activated Protein Switch for Modulating Peptide 

Functions 

 

Chapter 4 is largely adapted from: Geng, L., Shen, J. and Wang, W. Circularly permuted 

AsLOV2 as an optogenetic module for engineering photoswitchable peptides. Chemical 

Communications (2021), 57(65), 8051-8054. 

 

Optogenetic tools have been transformative by enabling manipulation of specific cellular 

processes using light388-390. Their genetic encodability and light-dependence allow fast and 

reversible control of cellular events in specific cell types. Light-sensing proteins are crucial 

building blocks for engineering optogenetic tools. Among them, the AsLOV2 domain has been 

most well-studied196,391-393 and most widely applied to modulate the activity of various proteins 

and peptides277,311,312,322,324,325,339,344,394-396. 

 

Figure 4-1 Reversible light-dependent conversion of the AsLOV2 domain. 
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against the PAS domain through hydrophobic packing and hydrogen bonding interactions195,196,391 

(Figure 4-1). With light irradiation, a cysteine residue (C450) in the protein core forms a covalent 

bond with the cofactor flavin mononucleotide, and the conformational change propagates to the 

Jα-helix, causing it to unwind from the rest of the protein195,196,391. The typical approach to render 

a peptide or protein photoswitchable is therefore to fuse it to the C-terminus of the Jα-helix directly. 

This introduces steric hindrance (“blocking”) in the dark state which is “unblocked” in the light 

state. 

While this light-dependent conformational change of AsLOV2 has been useful for protein 

engineering, it limits the use of AsLOV2 to only cage the N-terminal portion of a peptide and 

precludes the possibilities to cage peptides where their function requires a free N-terminus (e.g., 

enkephalin and PACAP as described in Chapter 3.4). In addition, for some peptides, it will be 

more effective to cage the C-terminus that contains critical residues. Therefore, a similar light-

sensing domain that can cage the C-terminal portion of a peptide complements AsLOV2 and 

expands the designs of optogenetic tools.  

To bridge this gap, Lequn and I engineered a circularly permuted AsLOV2 domain, cpLOV. 

cpLOV retains light-sensing capability while allowing modulation of peptides’ activities by 

controlling their C-terminal portion. A conceptually similar design397 has been reported to cage 

the C-terminal portion of SsrA peptide for inducing dimerization, and also embedded NLS and 

NES in the Jα helix to control protein transportation. An earlier work398 fused a 4E-BP399 peptide 

between the Jα helix and PAS core, which enables photoswitchable inhibition of human eukaryotic 

initiation factor 4E (eIF4E). Our design focuses on caging of short peptides (< 10 amino acids) 

with a free N-terminus. In addition, similar to the strategy described in Chapter 2, where CapN 

and CapC could be tandemly used, simultaneous caging of both the N- and C-termini of a peptide 
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using cpLOV and AsLOV2 together provides enhanced caging of the peptide target and alters the 

dynamic range of an existing optogenetic tool. Therefore, cpLOV represents a new light-sensing 

module useful for engineering optogenetic tools. 

 

4.1 Rational design of cpLOV 

To engineer cpLOV, we started from an AsLOV2 variant, hLOV1337, which contains 15 

mutations from the wild-type AsLOV2 and has been shown to have superior caging in the dark 

state. We first connected the hLOV1 termini with a flexible linker. Based on the crystal structure391 

(Figure 4-2), we reasoned that a four-amino-acid (GSGS) linker is sufficient to connect the 

original N- and C-termini of the LOV domain. We then introduced a new opening at the original 

“hinge region” connecting Jα-helix to the protein core. We split between amino acids L520 and 

H521, as H521 is the first helical residue on the Jα-helix.  

 

Figure 4-2 Design of the circularly permuted AsLOV2 (cpLOV) based on the AsLOV2 domain (PDB: 2V1A). 

To check whether the light-induced conformational change of Jα-helix could still take place 

in cpLOV, we used cpLOV to cage a heptapeptide, SsrA, and used a yeast surface-based binding 

assay similar to the one used for CAPs described in Chapter 2.2.2 (Figure 4-3) to evaluate its 
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accessibility in the dark and light states. Yeast surface display was used because this allows future 

directed evolution to improve cpLOV.  

 

Figure 4-3 Yeast surface display assay for testing cpLOV’s caging of SsrA peptide. cpLOV caged SsrA is expressed 

on the yeast surface. Under light irradiation, SsrA is uncaged and recruits SspB-APEX2 fusion protein. The APEX2 

can covalently label proteins in proximity with biotin-phenol molecule. Flag tag indicates protein expression and was 

measured by anti-Flag antibody labeling. Biotin indicates SsrA-SspB interaction and was measured by streptavidin 

labeling. 

 

Figure 4-4 The architecture of AsLOV2, hLOV, and cpLOV(a) domain. In cpLOV(a), the original N- and C- termini 

are linked through a four-amino-acid GSGS linker. 

 

Figure 4-5 The Jα helix sequences and truncation sites for different cpLOVs. SsrA peptide sequence, AANDENY. 

The SsrA sequence for hLOV is adapted from the previously reported iLID325. 
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We screened 10 fusion sites along the Jα-helix (Figure 4-4, Figure 4-5), from V529 to 

Q538, as it has been shown that the fusion sites on the Jα-helix affect the light-dependence of each 

peptide322,339,400. Since the absolute difference of the biotin signal is low (Appendix Figure C-1), 

to better quantify the dynamic range, the binding was measured by the biotin/flag signal ratio of 

each individual cell, so that the sample-to-sample differences (e.g. technical errors, yeast growth 

difference and difference in antibody labeling) are minimized. The mean of the ratios was used to 

represent the SspB binding of each clone. The significance test was performed by using R coding 

(see Appendix Method C-1). 

 

Figure 4-6 Bar plot of biotin/Flag signal ratio for different constructs under light and dark conditions. Biotin and Flag 

signals were measured by flow cytometry. Biotin/Flag signal ratio of cells expressing Flag tag were calculated. The 

bars in the plot indicate the mean of the ratio and the error bars indicate the standard error of the mean. The values 

above bars indicate the ratio of the mean biotin/Flag signal ratio between light and dark conditions (only for the ones 

with significant difference). P values were determined by unpaired two-tailed t-test. *P < 0.05; **P < 0.01; ***P < 

0.001; ns, not significant. Data was acquired by collaboration with Dr. Lequn Geng. 

Out of the ten constructs tested, three (cpLOV(b), cpLOV(i), cpLOV(j)) showed significant 

light-induced signal increase (Figure 4-6). Among them, cpLOV(i) showed comparable light-to-

dark ratio as hLOV1. This shows that cpLOV retains light-sensing capability and its dynamic range 

can be similar to hLOV1. Our results also highlight the importance of fusion site screening when 

using cpLOV. Similar to previous studies using LOV domain, identifying the optimal fusion 

cp
LO

V
a

cp
LO

Vb

cp
LO

Vc

cp
LO

Vd

cp
LO

V
e

cp
LO

Vf

cp
LO

Vg

cp
LO

Vh

cp
LO

V
i

cp
LO

Vj

hL
OV

0.000

0.005

0.010

0.015

SsrA PE/Flag

Light

Dark

hLO
V

cp
LO

V(a
)

cpLO
V
(b

)

cp
LO

V(c
)

cp
LO

V(d
)

cp
LO

V(e
)

cp
LO

V(f)

cp
LO

V(g
)

cp
LO

V(h
)

cpLO
V(i)

cpLO
V(j)

0

0.005

0.010

0.015

B
io

ti
n

/
F

la
g

Light

Dark1.5

*

ns

ns

ns ns

ns

1.7

**

2.1

*** 2.1

*
ns

ns



 141 

position is key to the successful engineering of the photoswitchable peptides, and the optimal 

fusion site for each peptide should be tested individually. 

 

4.2 cpLOV as the replacement of existing AsLOV2 for caging TEVcs 

We then investigated the performance of cpLOV comparing to the well-established domain 

hLOV1 in a sensitive transcriptional assay SPARK337, where TEVcs is caged.  

Before moving to SPARK assay, we first tested the fusion site using the yeast surface 

display platform (Figure 4-7). We tested the light-dependent protease cleavage of the TEVcs-

cpLOV fusion construct (Figure 4-8). Similar to the analysis in Figure 4-6, the HA/Flag signal 

ratio is used to minimize the sample differences (Figure 4-9). The cleavage is represented by the 

HA/Flag ratio difference between the “+ protease” and “− protease” conditions (Figure 4-10). The 

construct showed a light-dependent protease cleavage efficiency in between that of the AsLOV2 

and hLOV1 domains. 

 

Figure 4-7 Yeast surface display assay for testing the cpLOV caged-TEVcs. Under light irradiation, TEVcs is uncaged 

and cleaved by TEV protease (TEVp), causing a reduction of HA signal. Flag tag indicating protein expression and 

HA indicating protease cleavage are measured by Flag and HA antibody labeling. 
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Figure 4-8 The Jα helix sequences and truncation sites for AsLOV2, hLOV, and cpLOV. TEVcs sequence, 

ENLYFQS. 

 

Figure 4-9 Bar plot of HA/Flag signal ratio for different constructs. HA and Flag signals were measured by flow 

cytometry. HA/Flag signal ratio of cells expressing Flag tag were calculated. The bars in the plot indicate the mean of 

the ratio and the error bars indicate the standard error of the mean. P values are determined by unpaired two-tailed t-

test. ****P < 0.0001. Data was acquired by collaboration with Dr. Lequn Geng. 

 

Figure 4-10 Bar plot of protease cleavage level of different constructs under light and dark conditions. Light or dark 

cleavage efficiency is defined as the difference of the HA/Flag ratio value between + protease, light or dark condition 

and – protease condition. The values above bars indicate the ratio of light cleavage to dark cleavage. 

We then applied this cpLOV for caging TEVcs in a sensitive DRD1-SPARK assay337 to 

evaluate the caging efficiency of cpLOV (Figure 4-11). Only under light and dopamine condition, 

can the transcription factor be cleaved from membrane and translocate to nucleus to induce reporter 

gene expression. Using mCherry as the reporter, the cells treated with four different conditions 

were imaged and quantified by mCherry sum intensity (Figure 4-12). cpLOV provided a good 
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light dependence of 8.4-fold, and the cpLOV based SPARK showed as high as 15.4-fold signal to 

noise ratio (Figure 4-12). 

 

Figure 4-11 Scheme of the DRD1-SPARK assay in HEK293T cells. Under dark and no dopamine condition, the 

TEVcs is caged and not cleaved. Hence, no mCherry is expressed. Under light and dopamine stimulation, the TEVcs 

is uncaged and cleaved by the protease brought into its proximity via the DRD1-arrestion interaction. The transcription 

factor is released from the membrane to initiate mCherry expression. TEVcs, ENLYFQM. 

 

 

Figure 4-12 Left: Confocal fluorescence images of the transcriptional assay in Figure 4-11. The cells were stimulated 

with light and/or 100 μM dopamine for 10 minutes. Scale bar, 50 μm. Right: Dot plot of relative mCherry sum intensity 

in each image. Eight to ten images were analyzed for each condition. The values above the dots indicate the ratio of 

total intensity between two conditions. P values were determined by Wilcoxon-Mann-Whitney test. ****P < 0.0001. 

Data was acquired by collaboration with Dr. Lequn Geng. 
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4.3 Tandem caging strategy with cpLOV for background reduction and dynamic range 

tuning 

We next investigated the effects of tandem caging by both cpLOV and AsLOV2 for 

improving the peptide caging efficiency in the dark. This is because one of the long-standing 

challenges associated with using light-sensing proteins is the insufficient caging and the 

consequent high background activity in the dark state. Although extensive engineering efforts have 

improved the dark-state caging of AsLOV2 via rational design392 and directed evolution325,334, an 

easy and readily applicable approach to improve the peptide caging efficiency in the dark will be 

highly advantageous. Tighter caging in the dark is especially important for experiments that are 

highly sensitive or require expression of the protein for an extended period of time.  

We investigated the strategy of tandem caging by AsLOV2 variants and cpLOV comparing 

to the conventional single caging by the efficient hLOV1 (Figure 4-13). The SPARK assay shown 

in Figure 4-11 was used to measure caging and uncaging.  

 

Figure 4-13 Scheme of single and tandemly caged TEVcs in SPARK assay. TEVcs, ENLYFQM. 
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Figure 4-14 Left: Confocal fluorescence images of the dual-caged-TEVcs transcriptional assay in HEK293T cells. 

The cells were stimulated with light and/or 100 μM dopamine 30 minutes. Scale bar, 50 μm. Right: Quantification of 

the mCherry reporter gene expression. P value is determined by unpaired two-tailed t-test. Data was acquired by 

collaboration with Dr. Lequn Geng. 

We first tested dual caging with hLOV1 and cpLOV (Figure 4-13, middle), because 

hLOV1 provides the best caging efficiency among all AsLOV2 variants. During a 72-hour 

lentiviral transduction period, tandem caging reduced the background by over 90% and effectively 

shifted the dynamic range to the lower end (Figure 4-14). However, this design resulted in 

significantly reduced activation signal (Figure 4-14), presumably because the TEVcs is deeply 

embedded in hLOV1 and might have lost accessibility to TEV protease in the dual-caging 

configuration.  

Therefore, we replaced hLOV1 with another AsLOV2 variant, eLOV334, which has a lower 

caging efficiency. This eLOV/cpLOV construct (Figure 4-13, right) reduced the assay background 

by up to 15-fold (Figure 4-15) while still achieving a significant amount of activation. Although 

the activation was reduced by 7-fold, we still obtained a high light-dependent dynamic range of 

42-fold. This demonstrates that dual-caging can effectively shift the light-dependent dynamic 

range to a lower end. In principle, this strategy can be generally applied to photoswitchable 

peptides, and we expect optogenetic tools that suffer from high background to particularly benefit 

from such design. 
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Figure 4-15 Left: Confocal fluorescence images of the single and tandemly caged SPARK assay. The cells were 

stimulated with light and/or 100 μM dopamine for 10 minutes. Scale bar, 50 μm. Right: Dot plot of relative mCherry 

sum intensity in each image. Twelve images were analyzed for each condition. The values indicate the ratio of total 

intensity between two conditions. P values were determined by Wilcoxon-Mann-Whitney test. **P < 0.01; ****P < 

0.0001. Data was acquired by collaboration with Dr. Lequn Geng. 

 

The experiment methods used to produce data in Chapter 4 are provided in Appendix 

Methods C-2. 

The experiments were conducted by the collaboration work with Dr. Lequn Geng, a former 

Ph.D. student from Wenjing Wang lab, University of Michigan. 
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Chapter 5 Summary of Results and Future Directions 

This thesis demonstrated the development of two genetic tools: a pair of chemogenetic 

protein domains CAPs and an optogenetic domain cpLOV for modulating the accessibility of 

peptides. For future optimization of these protein switches, an efficient yeast surface based directed 

evolution platform was established. In Chapter 5, I summarize the results form Chapters 2-4 and 

discuss the possible future directions of this research. 

 

5.1 Summary and discussion of research results 

In Chapter 2, we engineered a pair of small-molecule-dependent protein domains, CAPs, 

to control peptide activity. CAPs were shown to have general applicability in caging short peptides, 

including TEVcs, SsrA, NLS, and enkephalin. We demonstrated the versatility of CAPs by using 

them to translocate proteins to various cellular locations, induce µOR signaling, and to control 

gene transcription in a chemical-dependent manner. CapN and CapC provide alternative caging 

strategies for peptides with geometry restrictions, as shown by the CapC-caged [Met5]-enkephalin. 

We also introduced the tandem caging strategy by CAPs to reduce basal activity, where a peptide 

is fused to both CapN and CapC. Comparing to further optimizing protein switch performance, 

this strategy provides an easier and modular approach for engineering switchable peptides. We 

further showed that CAPs are useful in a variety of biological contexts, including HEK293T and 

neuronal cell culture, as well as in living animals. 
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In Chapter 3, we established the DuoSelect directed evolution platform employing yeast 

surface display for efficient selection of mutants with an enhanced dynamic range. Through two 

rounds of binding assays under stimulation and non-stimulation conditions, DuoSelect allowed the 

simultaneous display of both leakage and activation signals on a single yeast cell. This approach 

accelerates the enrichment of desired clones compared to conventional methods, and eliminates 

the need for alternating positive and negative selections. DuoSelect facilitated the optimization of 

CapC and CapN, resulting in CapC1.1 and CapN2.1, respectively, both exhibiting lower 

background activity. The improved CAPs were applied to modulate three neuropeptides, with 

CapC1.1 demonstrating enhanced caging efficiency for enkephalin and minimal background 

activity for caged PACAP. Tandem use of CapN2.1 and CapC1.1 illustrated the broader 

applicability of this approach, particularly in modulating the activity of α-MSH towards MC4R. 

In Chapter 4, we re-engineered the AsLOV2 domain through circular permutation, yielding 

cpLOV. This novel domain allowed for the modulation of peptides requiring a free N-terminus for 

function. cpLOV was applied to cage TEVcs in mammalian cell culture. When used in tandem 

with the AsLOV2 domain, background accumulation could be minimized, and the dynamic range 

was tuned to the lower end. 

 

5.2 Novelty and impact of the developed domains and platform 

CAPs feature the first chemogenetic domain that can be generally applied to control peptide 

functions, as showcased by TEVcs, SsrA, NLS, enkephalin, PACAP, and α-MSH. Compared to 

the existing methods using the optogenetic AsLOV2 domain, CAPs provide an alternative 

approach by using a small molecule, shield-1 or aquashield-1, which is easier to use and deliver 

compared to light. Importantly, shield-1 has good cell permeability and can be administered 
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systematically in living animals. This enables the use of CAPs in most parts of a living organism, 

including those that are difficult or otherwise too invasive to reach by light, such as the brain and 

the liver.  

While protein dimerization and transportation can be achieved by many other 

chemogenetic and optogenetic tools, CAPs-caged neuropeptides feature the first example of direct 

modulation over receptor ligands. Compared to the commonly used DREADD and rhodopsin 

approach, this design enables the probing of endogenous receptors. In addition, the signaling 

events are triggered by endogenous ligands, so this method represents a more biologically relevant 

approach to study the biological functions of both neuropeptides and receptors. CapC1.1-caged 

PACAP also demonstrated the potential of CAPs to control longer peptides, whose terminal 

residues are crucial for their functions.  

As other chemogenetic domains, activation of CAPs relies on the binding of the ligand 

shield-1 to FKBP, which is an irreversible process. Optogenetic domains features the reversibility 

as an advantage. To enable similar control over peptides with optogenetic control, the cpLOV 

domain was developed to control peptide activities by fusion to their C-terminus. This 

complemented the AsLOV2 domain by enabling the caging of C-terminal portions.  

These novel protein switches should provide protein engineers with new tool building 

blocks and strategies for genetic tool design. The DuoSelect platform could facilitate this by 

offering faster and more efficient directed evolution method to optimize these protein switches. 

The platform could efficiently improve protein switches with lower leakage. We envision that 

DuoSelect can be applied to optimize other types of proteins as well, such as induced or disrupted 

proximity pairs and switchable proximity labeling enzymes303,401 (Figure 5-1). 
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Figure 5-1 Scheme of DuoSelect for developing induced proximity pairs, disrupted proximity pairs, and switchable 

proximity labeling enzymes (APEX2 and TurboID). 

 

5.3 Future directions 

Future directions of this research include optimization of the current protein switches, 

expansion of current chemogenetic toolbox, and application in animal models. The caging 

efficiency of CAPs need to be optimized and the dynamic range of cpLOV need to be improved. 
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CAPs-controlled switchable neuropeptides remain to be tested in animal models. Furthermore, 

with the CAPs design, more chemogenetic switches could be developed to achieve multiplexed 

control. 

 

5.3.1 Optimization of CAPs caging efficiency 

Although they could be controlled in a shield-1 dependent manner, CapC-caged enkephalin 

and CAPs-caged α-MSH have significant basal activity. To further improve the caging efficiency 

of CAPs, using CapC1.1 as an example, several potential approaches could be taken in steps.  

First, the linker connecting the binding sequence with FKBP could be optimized to 

appropriate length. The length of the linker in CapC1.1 (shown in magenta) seems to be excessive 

according to the AlphaFold predicted model (Figure 5-2). The extra length of the linker would 

bring extra entropy penalty and solvation enthalpy in the caging state. Therefore, a thorough 

investigation on the linker length could potentially help improve caging efficiency. 

 

Figure 5-2 AlphaFold predicted model of CapC1.1. Blue: SsrA (AANDENYF). Yellow: binding sequence 

(GTPNLFGYV). Magenta: linker (SGGSGTGSGSGGS). 

SsrA 

Binding sequence 

Linker 
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Next, optimization of the linker sequence could improve the affinity and therefore improve 

caging efficiency. Since the flexible Gly-Ser linker would not contribute enough for binding, a 

followed site-saturated mutagenesis could be performed on the current linker region. The caging 

efficiency can be then improved by directed evolution. 

Finally, to further increase the binding affinity between the binding sequence and FKBP, a 

whole protein random mutagenesis could be performed. In this case, the residues out of the binding 

pocket could be utilized to enhance this binding. 

 

Figure 5-3 Residues colored in blue are the SsrA sequence. Residues colored in red are the mutagenesis sites. “X” 

indicates any of the twenty amino acids. Underlined residues are from enkephalin. 

Beyond these classic optimization approaches, “customized” optimization for caging each 

functional peptide is potentially feasible. CapC was developed based on the SsrA binding assay. 

The directed evolution results showed a clear pattern preferring a “GTPNL” and “GSPNL” (Table 

3-1, Table 3-2) sequence as the binding sequence. However, Gly-Thr and Gly-Ser sequence would 

not possibly contribute a lot to the hydrophobic binding to the FKBP ligand binding site. We 

hypothesized that the C-terminal hydrophobic portion of SsrA (AANDENYF) is contributing to 

the binding instead. To overcome such problem, the CAPs caging could be potentially customized 

for the functional peptide by introducing some of its sequence between the CAP binding sequence 

and SsrA (Figure 5-3). Using [Met5]-enkephalin (YGGFM) as an example, the C-terminal Phe-

Met residues could be inserted between SsrA and the binding sequence (Figure 5-3). In this case, 

if the directed evolution works for caging SsrA, then the evolved CapC can at least cage the Phe-

Met residues well, providing a chance to cage enkephalin better. 
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The CapN2.1 sequence does not differ from CapN1.0 a lot. Therefore, the residues before 

the current mutation region can be optimized first, and then the whole protein random mutagenesis 

could be performed. DuoSelect could provide a good platform for all the directed evolution 

experiment mentioned above. 

 

5.3.2 Expanding the scope of chemically switchable neuropeptides and application in animal 

models 

The CapC-controlled enkephalin system suffers from high basal activity and low shield-1 

dynamic range. In addition to improving CapC caging efficiency, the separate chain approach as 

CapC-controlled PACAP could be applied to reduce the basal activity. The leakage most likely 

results from the competing binding process between the binding sequence with CapC and the 

enkephalin with µOR. Separating the enkephalin and µOR into two protein chains will turn their 

interaction into intermolecular and also enable its ability to probe endogenous µOR. 

The steric hinderance generated by CAPs is not sufficient to control long peptides (> 10 

aa), however, the example of CapC-controlled PACAP suggests that the caging can be achieved 

by perturbing the neuropeptide ligand recognition. Many neuropeptides contain post-translational 

modifications in their endogenous forms, which seems incompatible for genetic encoding. For 

example, α-MSH contains the N-terminal acetylation and C-terminal amidation modifications. 

However, the example of CAPs caged α-MSH showed that such modifications are not always 

critical for their activity towards the receptor. Therefore, we envision that CAPs can be potentially 

applied to modulate many other longer neuropeptides as well402, such as substance P403, neurokinin 

A404, orexin-B405, corticotropin-releasing factor406, galanin407, and calcitonin gene-related 

peptide408. 
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The application of CAPs-controlled neuropeptides remains to be tested in animal models. 

These switchable neuropeptides will allow cell-type-specific and neuronal circuit-specific 

endogenous receptor activation and will be suitable for studying casual effect on animal behaviors. 

CapC-controlled enkephalin will be with specific interest in studying pain perception, rewarding, 

and breathing. 

 

5.3.3 Improvement of cpLOV dynamic range and application for photoswitchable neuropeptide 

Compared to CAPs, cpLOV showed much smaller dynamic range and need to be improved 

for controlling neuropeptides. To improve cpLOV, directed evolution is the most promising 

approach. For directed evolution, a site-saturated mutagenesis on the hinge region and a whole 

protein random mutagenesis could be performed sequentially. 

In the two previous reports on directed evolution of AsLOV2325,334, some mutants in the 

hinge region improved the performance, which are hypothesized to contribute to the dark state 

stability. When designing cpLOV, the original N- and C-termini were connected by a flexible 

GSGS linker. Therefore, this linker would be an easy starting point for cpLOV improvement. Site-

saturated mutagenesis on these four positions could potentially yield cpLOV variants with 

improved dynamic range. A followed whole protein random mutagenesis could be applied to 

further seek for mutations improving cpLOV. DuoSelect can serve as an efficient platform for 

these selections. 

We envision that AsLOV2 and cpLOV could also be applied to control neuropeptides. 

There is only one report applying AsLOV2 on mammalian cell surface296 and the use of these two 

domains for controlling neuropeptides remains to be tested. 
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5.3.4 Expanding the scope of chemogenetic switches for peptide modulation 

CAPs utilize the steric hinderance from the ligand binding pockets to modulate peptide 

functions. This mechanism should be not only generalizable for various functional peptides, but 

also adaptable for other ligand binding protein domains. We expect that the engineering strategy 

for CAPs is also applicable to other chemical-dependent protein domains such as the hepatitis C 

virus protease NS3a409, BCL-xL protein35, and streptavidin33, which have been shown to have 

peptide binders. This approach might be also feasible for those chemogenetic protein domains such 

as DHFR, Pyl, and GID1, whose peptide binders could be potentially developed. Successful 

engineering of these domains as general protein cages will enable multiplexed control of cellular 

processes and expand the toolbox of available chemogenetic tools. 
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Appendix A: Appendix Figures and Methods Related to Chapter 2 

 

Appendix Figure A-1 FACS analysis of the most enriched eight clones, corresponding to clones #1-#8. Values are 

median HA intensity of FLAG-positive cells (Q2 + Q4). All eight clones showed similar results. This experiment was 

performed once.  
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Appendix Figure A-2 Shield-1 dose response characterization with CapN. a, FACS analysis of CapN-caged SsrA on 

yeast surface treated with different concentrations of shield-1. Three technical replicates were performed for each 

condition. Values are median biotin intensity of FLAG-positive cells (Q2 + Q4). b, Dose-response curve using data 

from a. The median biotin signal is plotted against shield-1 concentration. Half maximum response was observed at 

53 nM. 95% confidence interval = 38 nm ~ 67 nM. Errors, s.e.m.  
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Appendix Figure A-3 Shield-1 reversibility characterization with CapN. a, Timeline of shield-1 reversibility 

characterization. Yeast cells were incubated with shield-1 for 10 min, followed by washing to remove excess shield-

1. Yeast cells were then incubated at room temperature for 0-12 h before the accessibility of SsrA was evaluated using 

SspB-APEX2 and biotin-phenol labeling as shown in Figure 2-2. b, FACS analysis of the yeast cells from a. Values 

are median biotin intensity of FLAG-positive cells (Q2 + Q4). No decrease in biotin signal was seen even after cells 

were incubated for 12 h without shield-1.   
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Appendix Figure A-4 Results from a 2 microsecond molecular dynamics simulations of FKBP and a capped 

ArgTyrSerProAsnLeu peptide in 150mM buffer. a, the central configurations for the top 5 clusters (Rank 1-5) obtained 

from RMSD clustering indicate direct interactions between Leu6 of the peptide (shown in a ”licorice” representation; 

cap residues are shown in green, other atoms in CPK colors with gray carbons) and the F36V binding site of FKBP 

(shown as van-der-Waals spheres). The secondary structure of the FKBP protein is shown in a cartoon representation 

with red 𝛼-helices and yellow 𝛽-sheets. b, RMSD time traces with respect to the structures shown in a indicate the 

longevity of the respective conformations within the simulations. RMSD’s of 0 indicate the simulation time points 

corresponding to the structures in a. A horizontal dashed line indicates the 1.5 Å cutoff used for clustering. c, time 

traces of the center of mass distances between each individual sidechain of the peptide and the sidechain of the F36V 

binding site indicate a persistent proximity of Leu6 to the binding site for a large fraction of the simulation trajectory 

(distances of 5-6 Å). Fractions of the simulation trajectory with close proximity of Leu6 to the F36V binding site 

include all configurations associated with the top 5 clusters shown in a. The simulation experiment was conducted by 

Dr. Matthias Heyden, Arizona State University.  
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Appendix Figure A-5 a, Sequences of twenty clones from the post 2nd round CapC library as shown in main Figure 

2-9. Eighteen distinct sequences were identified and characterized. One sequence with early stop codon is not shown. 

Clone #18 is the final CapC used for the rest of this study. b, FACS analysis of the eighteen clones shown in a. Values 

are median HA intensity of FLAG-positive cells (Q2 + Q4). Data was acquired by Dr. Lequn Geng. 
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Appendix Figure A-6 a, Scheme of the three constructs tested. CapN-TEVcs-CapC is the combined use of both post-

evolution CAPs. FLAG and HA are epitope tags. b, FACS plots of the three constructs shown in a. Values are median 

biotin intensity of FLAG-positive cells (Q2 + Q4). This experiment used a stronger TEV protease condition. Protease 

cleavage (“+ shield-1” or “− shield-1”) is defined as the difference of the median HA signal between the + protease 

and – protease conditions. The dynamic ranges are calculated by the ratio of protease cleavage of the “+ shield-1” and 

“− shield-1” conditions. Data was acquired by Dr. Lequn Geng.  
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Appendix Figure A-7 Additional images of constructs u1 and u2. Fluorescence microscopy images of HEK 293T 

cells expressing the constructs shown and UAS-mCherry reporter gene. All scale bars, 50 µm.  
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Appendix Figure A-8 Images of construct u3 and two other constructs with different SsrA sequences. Fluorescence 

microscopy images of HEK 293T cells expressing the constructs shown and UAS-mCherry reporter gene. These 

images were used for quantification of construct u3. Two other truncations shown here (truncating one or both N-

terminal alanine from SsrA) did not show improvement. All scale bars, 50 µm.  
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Appendix Figure A-9 Fluorescence microscopy images of HEK 293T cells expressing the constructs shown and 

UAS-mCherry reporter gene. These images were used for quantification of constructs u4 and u5. All scale bars, 50 

µm.  
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Appendix Figure A-10 Gene expression at different shield-1 concentrations with construct u3. a, Quantification of 

mCherry expression level under different shield-1 concentrations. 50 µM or above induced robust gene expression. P 

values are determined by unpaired two-tailed t-tests. ***P < 0.001; NS, not significant. n = 12 for all conditions. b, 

Fluorescence microscopy images of HEK 293T cells, showing EGFP (transcription-activation domain expression) 

only. For this experiment, Gal4 was used as DBD, and UAS-mCherry was used as reporter gene. Scale bar, 50 µm. 

Data was acquired by Dr. Lequn Geng.  
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Appendix Figure A-11 Gene expression after incubating with shield-1 for different amount of time using construct 

u3. a, Scheme of the experiment. HEK 293T cells expressing construct u3 were incubated with 100 nM or 1000 nM 

shield-1 for different amount of time. Cells were then washed and incubated without shield-1, and imaged 24 h after 

initial shield-1 addition b, Quantification of mCherry expression level with different shield-1 incubation time, at 100 

nM or 1000 nM shield-1 concentrations. P values are determined by unpaired two-tailed t-tests. *P < 0.05; **P < 

0.01; ***P < 0.001; ****P < 0.0001; NS, not significant. n = 12 for all conditions. c, Representative fluorescence 

microscopy images of HEK 293T cells used for quantification in b. For this experiment, Gal4 was used as DBD, and 

USA-mCherry was used as reporter gene. Scale bar, 50 µm. Data was acquired by Dr. Lequn Geng.  
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Appendix Figure A-12 Source FACS data of dose response curve of CapC and CAPs caged SsrA. For this experiment, 

Gal4 was used as DBD, and UAS-mCherry was used as reporter gene. Values are mCherry mean intensities of cells 

expressing EGFP.  
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Appendix Figure A-13 Additional images of shield-1 induced gene expression in rat cortical neurons using u4 

construct. Four additional views for each shield-1 condition are shown. Scale bar, 100 µm. 
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Appendix Method A-1 Experiment methods and materials used in Chapter 2. 

Cloning.  

Constructs for yeast surface display were cloned into the pCTCON2 vector. Constructs for 

protein expression in HEK 293T cells were cloned into the pAAV viral vector for transfection or 

the pLX208 lentiviral vector for transduction. Constructs for protein expression in neuronal 

culture, mouse brain, and mouse liver were cloned into the pAAV vector. FKBP for CapN was 

amplified from YFP-LID (Addgene plasmid #31767, Thomas Wandless laboratory). Codon 

optimized FKBP for CapC was synthesized by IDT. 

For cloning, PCR fragments were amplified using Q5 or Taq DNA polymerase (New 

England Biolabs (NEB)). The vectors were double-digested with restriction enzymes (NEB), gel 

purified, and ligated to gel-purified PCR fragments by T4 ligation, Gibson assembly, or the In-

Fusion HD Cloning Plus kit (Takara Bio). Ligated plasmid products were introduced into 

competent XL1-Blue Escherichia coli cells by heat shock transformation, or in the case of In-

Fusion cloning, into the Stellar competent Escherichia coli cells from the kit following the 

corresponding protocol. For economical In-Fusion cloning, we used a modified protocol that 

proportionally decreased the amount of each reagent or competent cell by half or up to three 

quarters than the recommended amount. 

 

Expression and purification of TEV protease.  

Full-length TEV protease (TEVp, S219V) was expressed as a fusion to maltose binding 

protein (MBP) with a polyhistidine-tag. His-tag-MBP-TEVp(S219V) in a pYFJ16 vector was 

introduced into homemade competent BL21-CodonPlus (DE3)-RIPL Escherichia coli cells by 

heat shock transformation. Cells were cultured in 5 mL Miller’s LB medium (Bio Basic) 

supplemented with 100 mg/L ampicillin at 37 °C with shaking at 220 r.p.m. for 6 h. Then, this 
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saturated culture was transferred to 500 mL LB with 100 mg/L ampicillin, which was grown at 37 

°C with shaking at 220 r.p.m. for roughly 2-3 h until OD600 = 0.4-0.8. IPTG (isopropyl β-D-1-

thiogalactopyranoside, EMD Millipore) was added to the culture to a final concentration of 1 mM, 

and the culture was grown at 16 °C with shaking at 220 r.p.m. overnight. All following procedures 

were done at 4 °C unless otherwise specified. Cells were harvested by centrifugation at 5,000 

r.p.m. for 5 min. The cell pellet was lysed and resuspended with 15 mL ice-cold B-PER bacterial 

protein extraction reagent (Thermo Fisher Scientific). DTT (Fisher, freshly made) was 

supplemented to a final concentration of 1 mM. Benzonase nuclease (Millipore-Sigma) was added 

to a final concentration of ~ 100 units/ml. The mixture was incubated on ice for 5 min, and 

centrifuged at 10,000 r.p.m. for 15 min. The supernatant was incubated with 3 mL Ni-NTA resin 

(Thermo Fisher Scientific) for 10 min with rotation and then transferred to a gravity column. The 

resin was washed with 5 mL washing buffer (30 mM imidazole, 50 mM Tris, 300 mM NaCl, 1 

mM DTT, pH = 7.8), then protein was eluted with 3 mL elution buffer (200 mM imidazole, 50 

mM Tris, 300 mM NaCl, 1 mM DTT, pH = 7.8). The eluent was concentrated with a 15 mL 10,000 

Da cutoff centrifugal unit (Millipore), flash frozen in liquid nitrogen, and stored at -80 °C. 

To obtain effective TEVp, we concentrated each batch of TEVp by at least 10-fold. We 

noticed batch-to-batch variation in TEVp yield and activity. 

 

Expression and purification of SspB-APEX2.  

SspB-APEX2 in pYFJ16 vector was expressed with polyhistidine-tag in homemade 

competent BL21 Escherichia coli cells same as the expression of TEV protease described above 

(under “Expression and purification of TEV protease”) except that DTT was not added into the 

cell lysate, washing buffer, or elution buffer. No protein concentration was performed. 
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Yeast strain and non-library culture.  

Non-library yeast culture was generated by chemical transformation of the yeast surface 

display plasmid pCTCON2 into Saccharomyces cerevisiae strain EBY100 competent cells. 

Preparation of EBY100 competent cells has been described elsewhere334. To transform, 1 µg of 

the plasmid DNA was mixed with 5 µL competent cells. 200 µL of Frozen-EZ Yeast Solution 3 

(Zymo Research) was added and thoroughly mixed. The mixture was incubated at 30 °C for 30 

min to 2 h, and then transferred to 5 mL SDCAA (synthetic dextrose plus casein amino acid media, 

2% dextrose, 0.67% yeast nitrogen base without amino acids (BD Difco), 0.5% Casamino acids 

(BD Difco), 0.54% Disodium phosphate, 0.856% Monosodium phosphate) lacking tryptophan for 

growth at 30 °C with shaking at 220 r.p.m. After the initial saturation (OD600 > 10) in 2-3 d, the 

yeast culture was passaged at least once prior to experiment, or was stored at 4 °C for up to half a 

year. Passaging was done by adding 500 µL of saturated culture into 5 mL fresh SDCAA media, 

and growing at 30 °C and 220 r.p.m. overnight. A negative control with no plasmid DNA 

accompanied each batch of transformation to ensure the media was selective.  

 

Yeast library generation.  

CapN and CapC mutant libraries were generated by first producing plasmid libraries using 

targeted mutagenesis followed by transformation into EBY100 yeast competent cells by 

electroporation. Targeted mutagenesis was done by regular PCR (polymerase chain reaction) using 

primers with mixed bases (IDT). The first two bases in each codon corresponding to a mutant 

amino acid were designed to be an equal mix of A, C, G, T, and the third base was an equal mix 
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of G and T. The PCR fragment was amplified such that it had forty extra bases beyond the two 

restriction sites used for linearizing the vector. 

500 ng of the template DNA plasmid (Aga2p-FLAG-FKBP-binding sequence-TEVcs-HA) 

was mixed with 100 µmol forward and reverse primers annealing to the outside of FKBP gene, 1× 

Q5 High GC Enhancer, 1× Q5 Reaction Buffer, 1 unit of Q5 High-Fidelity Polymerase, 10 nmol 

dNTP (VWR) in a total volume of 50 µL (two reaction for each library).  

 

CapN libraries: 

Forward primer:  

All libraries: 

GGCTCTGGTGCTAGCGACTACAAGGATGACGACGATAAGACTAGT 

Reverse primer: 

Library 1: 

GGATCCACCCTGGAAGTAGAGATTTTCMNNMNNMNNMNNMNNMNNCGCCA

CTTCCTCCACTCCACGC 

Library 2: 

GGATCCACCCTGGAAGTAGAGATTTTCMNNMNNMNNMNNMNNMNNMNNC

GCCACTTCCTCCACTCCACGC 

Library 3: 

GGATCCACCCTGGAAGTAGAGATTTTCMNNMNNMNNMNNMNNMNNMNNM

NNCGCCACTTCCTCCACTCCACGC 

Library 4: 
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GGATCCACCCTGGAAGTAGAGATTTTCMNNMNNMNNMNNMNNMNNMNNM

NNMNNCGCCACTTCCTCCACTCCACGC 

 

The PCR was run for 20 cycles with annealing temperature of 60 °C. The product DNA 

was gel-purified, and amplified by the following primers: 

Forward primer:  

 All libraries: 

GGCTCTGGTGCTAGCGACTACAAGGATGACGACGATAAGACTAGT 

Reverse primer: 

 All libraries: 

CTCGAGCTATTAAGCGTAATCTGGAACGTCATATGGGTAGGATCCACCCTGG

AAGTAGAGATTTTC 

CapC libraries: 

Forward primer: 

Library 1: 

GCTAGCGCAGCGAATGATGAAAATTACTTCNNKNNKNNKCCTAATTTGNNKN

NKNNKGGATCAGGCGGTTCTGGTACTG 

Library 2: 

GCTAGCGCAGCGAATGATGAAAATTACTTCNNKNNKCCTAATTTGNNKNNKN

NKNNKTCAGGCGGTTCTGGTACTGG 

Library 3: 

CTGCAGCAAGGTCTGCAGG 

Reverse primer: 
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 Library 1: 

 TCAGATCTCGAGCTATTACTTATCGTCGTC 

 Library 2: 

 TCAGATCTCGAGCTATTACTTATCGTCGTC 

 Library 3: 

GAGATGGTTTCCACCTGCACTCCMNNMNNMNNMNNMNNMNNTCCAGTACC

AGAACCGCCTG 

The PCR was run for 20 cycles with annealing temperature of 60 °C. The product DNA 

was gel-purified, and amplified by the following primers: 

Forward primer:  

Library 1: 

CTGCAGCAAGGTCTGCAGGCTAGTGGTGGAGGAGGCTCTGGTGCTAGCGCAG

CGAATGATGAAAATTACTTC 

Library 2: 

CTGCAGCAAGGTCTGCAGGCTAGTGGTGGAGGAGGCTCTGGTGCTAGCGCAG

CGAATGATGAAAATTACTTC 

Library 3: 

GGAGTGCAGGTGGAAACCATCTC 

Reverse primer:  

 All libraries: 

TCAGATCTCGAGCTATTACTTATCGTCGTC 

The template DNA was equally divided into 8 portions. Each portion was mixed with 100 

µM forward and reverse primers, 1× Taq Reaction Buffer without magnesium chloride, 2 mM 
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magnesium chloride, 2 units of Taq Polymerase, 10 nmol dNTP (VWR) in a total volume of 50 

µL. For the same library, 8 PCRs were gel-purified and combined. 

Linearized vector was gel purified. We combined 2 µg of linearized vector with 8 µg of 

PCR fragment and concentrated using pellet paint (Millipore) following manufacturer’s protocols 

on the day of electroporation. The precipitated DNA was resuspended in 20 µL of ultra-pure water 

(Thermo Fisher Scientific). 

 In parallel, fresh electrocompetent EBY100 yeast cells were prepared. Cells were passaged 

at least twice in YPD (yeast extract peptone dextrose media, 20 g dextrose, 20 g peptone and 10 g 

yeast extract in 1 L deionized water) prior to this procedure to ensure that cells were healthy. 

Saturated culture of yeast was inoculated to 200 mL of YPD to an initial OD600 of 0.3-0.4. Cells 

were grown at 30 °C with shaking at 220 r.p.m. for roughly 6 h until OD600 reached 1.8-2.2, and 

then centrifuged at 4 °C and 3,000 r.p.m. for 3 min. The cell pellet was resuspended and washed 

with ice-cold water, centrifuged again, and resuspended in 50 mL ice-cold sterile lithium acetate 

(100 mM in water). After this step, yeast was placed on ice whenever possible until after 

electroporation. DTT was added to a final concentration of 10 mM. The cells were then incubated 

at 30 °C and 220 r.p.m. for 20 min, centrifuged at 4 °C and 3,000 r.p.m. for 3 min, washed with 

50 mL ice-cold water, centrifuged again, and resuspended in 0.8 mL of electroporation buffer (1M 

sorbital / 1 mM CaCl2).  

 Immediately after yeast cells preparation, 400 µL of the cells was mixed with the 20 µL 

concentrated DNA prepared as described above, and the mixture was transferred to an 

electroporation cuvette. Electroporation was done using a Bio-Rad Gene pulser XCell with the 

following settings: 500 V, 15 msec pulse duration, one pulse only, 2 mm cuvette. Cells were 

immediately rescued with 1 mL of 1:1 mixture of sorbitol and YPD media. The cuvette was washed 
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three times, each time with 1 mL of the fresh sorbitol and YPD mixture. All cells were combined 

and incubated at 30 °C for 30 min with no shaking, then 30 min with shaking at 220 r.p.m. 10 µL 

of the cells was plated onto three SDCAA plates with a serial dilution of 100x, 1,000x, and 

10,000x, for determining library size. The rest of the cells was centrifuged at 3,000 r.p.m. for 2 

min, resuspended in 5 mL SDCAA media, centrifuged again, and transferred to 200 mL SDCAA 

media supplemented with 1% Penicillin-Streptomycin (50 units/mL penicillin and 50 μg/mL 

streptomycin, Gibco), and 30 g/mL kanamycin (DOT Scientific). This culture was grown at 30 

°C with shaking at 220 r.p.m. for 12-24 h until OD600 reached 15 (OD600 ~ 1 corresponds to roughly 

1 × 107 yeast cells/mL). For each batch of library generation, a negative control was done with no 

plasmid DNA. 

 The combined library size for CapN and CapC (four libraries combined for CapN, three 

libraries combined for CapC) was each determined to be ~ 1 × 107. 

 

Yeast labeling.  

Same labeling procedures were used for both non-library yeast culture and yeast library. 

(Generation of non-library and library yeast culture is described above under “Yeast strain and 

non-library culture” and “Yeast library generation”, respectively.) Yeast was freshly passaged in 

SDCAA media prior to experiment. To induce expression of the pCTCON2 plasmid, 500 µL of 

the overnight yeast in SDCAA media was added to 5 mL of SGCAA (synthetic galactose plus 

casein amino acid media, 2% galactose, 0.67% yeast nitrogen base without amino acids (BD 

Difco), 0.5% Casamino acids (BD Difco), 0.54% Disodium phosphate, 0.856% Monosodium 

phosphate)) media and let grow at 30 °C with shaking at 220 r.p.m. overnight. Prior to labeling, 

250 µL (or 1 mL for the first round of library selection) overnight yeast in SGCAA media was 
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centrifuged at 8000 r.p.m. for 30 s, and the supernatant was discarded. The cell pellet was 

resuspended and washed twice, each time with 1 mL of PBSB (sterile phosphate-buffered saline 

supplemented with 0.1% bovine serum albumin). 

Yeast that expressed TEV protease cleavage site (CapN constructs) was treated with TEVp 

prior to labeling with antibody-fluorophore conjugate. Samples were incubated with 200 µL PBSB 

containing TEVp (expressed and purified as described above, under “Expression and purification 

of TEV protease”) and 10 µM shield-1(AOBIOUS INC) at 4 °C for 3 h with rotation. For negative 

control, either TEVp or shield-1 or both, was not present in PBSB. 1 mM DTT and 30 mM reduced 

and 3 mM oxidized of glutathione were added to all samples to keep TEVp under reducing 

conditions. 

Yeast that expressed SsrA (CapC constructs) was subject to APEX2 labeling401 prior to 

labeling with antibody-fluorophore and streptavidin-fluorophore conjugates. Samples were 

incubated with 100 µL of PBSB containing SspB-APEX2 (expressed and purified as described 

above, under “Expression and purification of SspB-APEX2”) and 5 µM shield-1 at room 

temperature for 10 min with rotation. For negative control, either SspB-APEX2 or shield-1, or 

both, was not present in PBSB. After incubation, samples were washed twice, each time with 1 

mL PBSB, and were resuspended in 950 µL PBSB with 1% BSA (bovine serum albumin). 1 µL 

biotin-phenol (1 mM in dimethyl sulfoxide) was added and thoroughly mixed with the sample. 

Then, 1 µL of hydrogen peroxide (0.5 mM in water, freshly prepared, EMD chemicals) was added 

and thoroughly mixed. After incubation for exactly 2 min, 200 µL of quenching solution 1 (30 

mM Trolox (Thermo Fisher Scientific), 60 mM sodium ascorbate (Millipore Sigma), freshly 

prepared) was added. The sample was centrifuged at 8,000 r.p.m. for 30 s, and the supernatant was 

discarded. 400 µL of quenching solution 2 (5 mM Trolox, 10 mM sodium ascorbate, freshly 
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prepared) was then added to resuspend the cell pellet. After another centrifugation at 8,000 r.p.m. 

for 30 s, the supernatant was discarded, and the sample was washed twice, each time with 1 mL 

PBSB. 

After TEVp or APEX2 labeling, samples were labeled with antibody-fluorophore and/or 

streptavidin-fluorophore conjugates. To label FLAG and HA epitope tags, primary anti-FLAG or 

anti-HA antibodies were used, followed by secondary antibodies conjugated with Alexa Fluor 568 

or 647. To detect biotinylated proteins from APEX2 labeling, streptavidin conjugated with PE 

(phycoerythrin) was used. All antibodies were diluted to 1 µg/mL in PBSB, streptavidin-PE 

(Jackson Immuno Research) was diluted 200-fold, and each yeast sample was incubated with 100 

µL of the mixture at room temperature for 15 min with rotation. Two washes with PBSB were 

done after each step of labeling. All samples were resuspended in PBSB and analyzed or sorted by 

FACS (fluorescence-activated cell sorting, following procedures described under “FACS analysis 

and library selection”) within 24 h of labeling. 

 

FACS analysis and library selection.  

After labeling according to the procedures described above (under “Yeast labeling”), non-

library yeast samples were analyzed with an LSRFortessa cell analyzer flow cytometer (BD 

Biosciences) equipped with 640 nm laser and 670/14 emission filter (for Alexa Fluor647) as well 

as 561 nm laser and 586/15 emission filter (for Alexa Fluor568 and PE). Library samples were 

sorted with a FACSAria III cell sorter flow cytometer (BD Biosciences) equipped with 633 nm 

laser and 660/20 emission filter (for Alexa Fluor647) as well as 561 nm laser and 582/15 emission 

filter (for Alexa Fluor568 and PE).  
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 CapN library was generated and labeled as described above (under “Yeast library 

generation” and “Yeast labeling”, respectively). For positive selection, both TEVp and shield-1 

were added. For negative selection, only TEVp but not shield-1 was added. A total of four rounds 

of selections were performed. Number of cells collects for each round was as follows: 

 Round 1 (negative selection):  

0.034% of the cells were collected from Library 1 (1.4 × 107 cells) 

0.041% of the cells were collected from Library 2 (2.2 × 107 cells) 

0.028% of the cells were collected from Library 3 (2.1 × 107 cells) 

0.025% of the cells were collected from Library 4 (1.0 × 107 cells) 

The collected cells are combined for further selection. 

 Round 2 (positive selection): 

3.4% of the cells were collected (1.2 × 106 cells) 

 Round 3 (negative selection): 

11.3% of the cells were collected (3.5 × 106 cells) 

 Round 4 (positive selection): 

5.8% of the cells were collected (1.5 × 106 cells) 

 CapC library was also generated and labeled as described above (under “Yeast library 

generation” and “Yeast labeling”, respectively). For positive selection, both SspB-APEX2 and 

shield-1 were added. For negative selection, only SspB-APEX2 but not shield-1 was added. A total 

of two rounds of selections were performed. Number of cells collected for each round was as 

follows: 

 Round 1 (negative selection):  

0.3% of the cells were collected (1.5 × 104 cells) 
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 Round 2 (positive selection):  

0.1% of cells collected (3 × 103 cells) 

 All yeast cells were collected into 5 mL SDCAA media with 100 units/mL penicillin, 100 

µg/mL streptomycin, and 30 g/mL kanamycin. Immediately after sorting, cells were grown at 30 

°C with shaking at 220 r.p.m. for 2-5 d until saturation. For the next round of sorting, cells were 

passaged at least once in SDCAA media and labeled according to the procedures described above, 

under “Yeast labeling”. After the last round of sorting, plasmids were extracted by Zymoprep 

Yeast Plasmid Miniprep II kit (Zymo Research) with modified manufacturer’s protocol. Briefly, 

overnight yeast culture (500 L) was transferred to 10 mL fresh SDCAA media and grew until 

OD600 = 1-2. Yeast cells were spun down and washed with phosphate buffered saline (PBS) once, 

followed by resuspension with 200 L Solution I and 6 L Zymolase solution provided in the kit. 

Vigorous vortexing was performed for > 1 minute. Yeast cells were placed in the 37 °C shaker 

overnight to degrade the cell wall. Following the overnight incubation, yeast cells were vigorous 

vortexed for > 5 minutes. Then, 200 L Solution II was added to the yeast cells, followed by brief 

vortexing and incubation at room temperature for 5 min. 400 L neutralizing solution was added 

and the cells were vortexed briefly. The cell lysate was spun down at 20,000 × g for 10 min and 

the supernatant was loaded to a DNA column (Epoch Life Science) to purify the plasmid DNA. 

The extracted plasmid DNA from the yeast library was heat shock transformed into XL1-Blue 

Escherichia coli. Individual clones were sequenced, transformed into EBY100 yeast cells (as 

described above under “Yeast strain and non-library culture”), labeled (as described above under 

“Yeast labeling”), and analyzed by FACS (as described earlier in this section). 

 

All-atom molecular dynamics simulations.  
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We performed atomistic molecular dynamics simulations of FKBP and the RYSPNL 

hexapeptide with capped N- and C-termini (Ac-RYSPNL-NHMe) to analyze the binding pose of 

the peptide to its binding site. The simulations were performed with the GROMACS 2018.1 

software package410 with the AMBER99SB-ILDN protein force field411 and TIP3P water412.  

We started the simulations based on a structure of the FKBP12 protein (PDB: 1NSG) in 

which we introduced the F36V mutation using DeepView/Swiss-Pdb Viewer413. The peptide was 

placed in an alpha-helical conformation with sidechains generated with the Scwrl4 program414 

outside of the putative FKBP binding site. The initial distance of the peptide center of mass relative 

to the center of mass of the V36 of FKBP was 16.7 Å. The smallest distance between any atom of 

the peptide and the FKBP protein was 5.75 Å, which allows for a separation by at least two 

hydration layers.  

The system was placed in a cubic simulation box of 75 Å x 75 Å x 75 Å and solvated with 

13444 water molecules in addition to 67 water molecules resolved in the crystal structure. 38 

sodium and 40 chloride ions were added to approximate physiological salt concentrations of 

150mM and to neutralize the charge of the protein (+1 e) and peptide (+1 e) at pH 7. The 

protonation states of the protein sidechains were estimated by the pdb2gmx tool in GROMACS.  

The simulations were performed in periodic boundary conditions with the particle-mesh Ewald415 

algorithm for the treatment of long-ranged electrostatic interactions using a 1.2 Å grid constant 

and fourth order interpolation. A 10 Å cutoff was used for short-ranged Lennard-Jones and 

electrostatic interactions with corrections for the pressure and total energy. The LINCS 

algorithm416 was used to constrain bond lengths in the protein during dynamics simulations and 

the SETTLE algorithm417 was used to constrain the geometry of water molecules. 
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After a steepest descent energy minimization for 1000 steps, the system was equilibrated 

in molecular dynamics simulations in the isothermal-isobaric ensemble at 300 K and 1 bar for 100 

picoseconds using a simulation time step of 1 femtosecond and a Berendsen418 thermostat and 

barostat with a 1 picosecond time constant. In this equilibration, the non-hydrogen atoms of the 

protein and peptide were constrained to their initial positions using isotropic position restraints 

with force constants of 10 k/(mol Å2). This was followed by a production simulation for 2 

microseconds using a time step of 2 femtoseconds without position restraints in the isothermal-

isobaric ensemble at 300 K and 1 bar with a Nosé-Hoover thermostat419,420 with a 1 picosecond 

time constant and a Parrinello-Rahman barostat421 with a time constant of 2 picoseconds.  

The trajectories were analyzed using a simple clustering algorithm422 using non-hydrogen 

atoms and a 1.5 Å cut-off. Further the distance between the center of mass for each sidechain of 

the peptide and the V36 of FKBP was monitored.  

 

Fluorescence microscopy of cultured cells.  

Confocal imaging was performed on a Nikon inverted confocal microscope with 10× air, 

20× air, and 60× oil-immersion objectives, outfitted with a Yokogawa CSU-X1 5000RPM 

spinning disk confocal head, and Ti2-ND-P perfect focus system 4, a compact 4-line laser source: 

405 nm (100 mW) 488 nm (100 mW), 561 nm (100 mW) and 640-nm (75 mW) lasers. The 

following combinations of laser excitation and emission filters were used for various fluorophores: 

DAPI (405 nm excitation; 455/50 emission), EGFP/Alexa Fluor 488 (488 nm excitation; 525/36 

emission), mCherry/Alexa Fluor 568 (568 nm excitation; 605/52 emission), Alexa Fluor 647 (647 

nm excitation; 705/72 emission), and differential interference contrast (DIC). ORCA-Flash 4.0 
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LT+sCMOS camera. Acquisition times ranged from 100 to 1000 msec. All images were collected 

and processed using Nikon NIS-Elements hardware control and analysis module.  

 

HEK 293T cell culture and transfection.  

Low passage HEK 293T cells (less than 20 passages) were cultured at 37 °C under 5% 

CO2 in T25 or T75 flasks in complete growth media, 1:1 DMEM (Dulbecco’s Modified Eagle 

medium, Gibco): MEM (Eagle's minimal essential medium) supplemented with 10% FBS (Fetal 

Bovine Serum, Sigma), 20 mM HEPES (Gibco), and 1% Penicillin-Streptomycin (50 units/mL 

penicillin and 50 μg/mL streptomycin, Gibco). For imaging experiments, 48-well plates were 

pretreated with 200 µL of 20 µg/mL human fibronectin (Millipore Sigma) for 10 min at 37°C. 

HEK 293T cells were then plated in 48-well plates at 60%-90% confluence. A mix of DNA was 

incubated with 1 μL 1 mg/mL PEI max solution in 10 μL serum-free DMEM media for 15 min at 

room temperature. Complete DMEM growth media (100 μL) was then mixed with the DNA-PEI 

max solution and added to the HEK 293T cells that were fully attached to well bottom and 

incubated for 18 h before further processing. 

 

Production of lentivirus supernatant for HEK cell transduction.  

New cell culture flasks were incubated with 20 µg/mL human fibronectin (HFN, Millipore 

Sigma) at 37 °C for at least 10 min. We found this to facilitate cells to attach to the surface and 

increase transfection efficiency. After incubation, HFN was aspirated, and HEK 293T cells were 

plated at 70-90% confluence. For a T25 flask, cells were grown at 37 °C for 1-3 h in 5 mL complete 

DMEM growth media, 1:1 DMEM (Dulbecco’s Modified Eagle medium, Gibco): MEM (Eagle's 

minimal essential medium) supplemented with 10% FBS (Fetal Bovine Serum, Sigma), 20 mM 
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HEPES (Gibco), and 1% Penicillin-Streptomycin (50 units/mL penicillin and 50 μg/mL 

streptomycin, Gibco). After incubation, 2.5 µg viral DNA, 0.25 µg pVSVG, and 2.25 µg delta8.9 

lentiviral helper plasmid were combined with 250 µL of DMEM and thoroughly mixed. Then, 25 

µL PEI max solution (polyethylenimine HCl Max, pH 7.3, 1 mg/mL, Polysciences) was added. 

The mixture was incubated at room temperature for at least 10 min, mixed with 1 mL complete 

media, and transferred to the T25 flask. Cells were incubated at 37 °C for 48 h, and the supernatant 

with virus was collected, flash frozen in liquid nitrogen, and stored at -80 °C for up to one year. 

 

HEK 293T cell culture and infection.  

Low passage HEK 293T cells (less than 20 passages) were cultured at 37 °C under 5% CO2 

in T25 or T75 flasks in complete growth media. For imaging experiments, 24-well glass-bottom 

plates (Cellvis) were pretreated with 350 µL 20 µg/mL human fibronectin (Millipore Sigma) for 

10 min at 37 °C. HEK 293T cells were then plated in 24-well plates at 40%-60% confluence. For 

infection of a single well in a 24-well plate, 100-200 µL of each supernatant virus was added gently 

to the top of the media and incubated for 48 h before further processing. 

 

HEK 293T cell stimulation, imaging, and data analysis for shield-1 induced protein 

translocation to the plasma membrane.  

HEK 293T cells were plated in 24-well plates as described above at 80% confluence and 

then transfected with 200 ng of mCherry-CapN-SsrA-CapC-CAAX, and 200 ng of SspB-EGFP 

plasmid. Cells were incubated for 24 h at 37 °C before further processing. HEK 293T cells were 

imaged with 60× oil-immersion objective on the Nikon inverted confocal microscope. Shield-1 

dissolved in complete growth media was added gently to the top of the media to 10 μM during 
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imaging. Intensity profile is acquired with Nikon NIS-Elements analysis module and plotted by 

GraphPad Prism 7. 

 

HEK 293T cell stimulation, imaging, and data analysis for shield-1 induced delocalization 

from the plasma membrane to the cytosol.  

HEK 293T cells were plated in 24-well plates at 40% confluence and then transduced with 

200 μL of transmembrane domain lentivirus supernatant and 200 μL of the mCherry-TEV protease 

lentivirus supernatant, and incubated for 48 h at 37 °C before further processing. Two extra wells 

without any infection are also plated for background subtraction. Shield-1 dissolved in complete 

growth media was added gently to the top of the media to 10 μM. The two non-infection wells are 

treated with shield-1 and without shield-1, respectively. HEK 293T cells were incubated for 18 h 

at 37 °C before imaging. 

 

HEK 293T cell stimulation, imaging, and data analysis for shield-1 controlled nuclear-

cytoplasmic protein distribution.  

HEK 293T cells were plated in 24-well plates at 40% confluence and then transduced with 

50 μL of PKIt NES-EGFP-CapN-NLS-CapC lentivirus supernatant and 150 μL of NES-mCherry 

lentivirus supernatant. Cells were incubated for 24 h at 37 °C, and replated in 24-well plates. 

Shield-1 dissolved in complete growth media was added gently to the top of the media to 10 μM. 

HEK 293T cells were incubated for 18 h at 37 °C before imaging. HEK 293T cells were imaged 

with 60× oil-immersion objective on the Nikon inverted confocal microscope. Individual cells and 

the nuclei are determined by mCherry signal. Mean intensity and area are acquired with Nikon 

NIS-Elements analysis module. Mean intensities were subtracted by background mean intensity, 
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and the resulting number is multiplied with the area to give total intensities. The EGFP distribution 

ratio was calculated by the total intensity of EGFP in the cytosol to that in the whole cell. P value 

was determined by unpaired two-tailed t-tests. 

 

HEK 293T cell stimulation, luminescence plate reading, and data analysis for shield-1 

controlled opioid signaling.  

For the split luciferase assay, HEK 293T cells were plated in 96-well white bottom plates 

as described above at 80% confluence and then transfected with 100 ng of Nb44-LgBit, and 100 

ng of enkephalin-CapC-µOR-SmBit plasmid. Cells were incubated for 24 h at 37 °C. The 

supernatant media was aspirated and replaced with 25 µL NanoGlo reagent (Promega). Cells were 

treated with 20 µL of 20 µM different drugs including naloxone (Sigma-Aldrich), shield-1, and 

loperamide (Tocris Bioscience), and equilibrated for 5 min before the luminescence was measured 

by BioTek CYTATION 5 plate reader. Data was plotted by GraphPad Prism 7. 

For the GloSensor assay, HEK 293T cells were plated in 96-well white bottom plates as 

described above at 80% confluence and then transfected with 50 ng of GloSensor, and 100 ng of 

enkephalin-CapC-µOR plasmid. Cells were incubated for 24 h at 37 °C. The supernatant media 

was aspirated and replaced with 100uL of 2 mM D-luciferin potassium salt (Gold Bio) in complete 

growth media (with 50 mM HEPES). Luminescence was measured by BioTek CYTATION 5 plate 

reader. Baseline luminescence were measured for 15 min to reach equilibration, and then cells 

were treated with 1 µL of 100 µM forskolin (Sigma-Aldrich) and measured for another 20 min 

until the signal become stable. At 45 min, cells were treated with 1 µL of 1 mM different drugs 

including naloxone (Sigma-Aldrich), shield-1, and DAMGO (Sigma-Aldrich). Data was plotted 

by GraphPad Prism 7. 
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HEK 293T cell stimulation, imaging, and data analysis for shield-1 dependent gene 

transcription activation.  

HEK 293T cells were plated in 24-well plates at 40% confluence and then transduced with 

100 μL of UAS-mCherry lentivirus supernatant, 100 μL of Gal4 DBD lentivirus supernatant, and 

50 μL of VP16 lentivirus supernatant and incubated for 48 h at 37 °C before further processing. 

Two extra wells without any infection were also plated for background subtraction. Shield-1 

dissolved in complete growth media was added gently to the top of the media to 10μM. The two 

non-infection wells were treated with shield-1 and without shield-1 respectively. HEK 293T cells 

were incubated for 18 h at 37 °C before intensity measurement. For Figure 2-14, 2-15, 2-16 and 

Appendix Figure A-7, A-8, A-9, A-10, and A-11, HEK 293T cells were imaged with 20× air 

objective on a Nikon inverted confocal microscope. Twelve fields of view were acquired for each 

condition. For mCherry signal, mean intensity was acquired from each image with Nikon NIS-

Elements analysis module. Mean intensities were subtracted by the average of the twelve 

background images’ intensities and plotted by Prism 7. Several intensities were negative and were 

not shown in Figure 2-14, but they were still counted in the average of each condition. EGFP 

signal is analyzed in the same way as mCherry, except that the intensities were obtained within 

object area by setting a lower threshold, because the EGFP signal is relatively low. P values were 

determined by unpaired two-tailed t-tests. For Figure 2-17, HEK 293T cells were lifted by trypsin 

and resuspended into 1 mL complete media before analyzed by flow cytometry. mCherry mean 

intensity of cells expressing EGFP were calculated and plotted by Prism 7. 

 

AAV supernatant production.  
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AAV supernatant was used for neuronal culture experiments. 6-well plate were pretreated 

with human fibronectin for 10 min at 37°C. HEK 293T cells were then plated in 6-well plates at 

60–90% and transfected 2-3 h later. For each well, 0.35 μg viral DNA, 0.29 μg AAV1 serotype, 

0.29 μg AAV2 serotype plasmid, and 0.7 μg helper plasmid pDF6 with 80 μL serum-free DMEM 

and 10 μL PEI max (PEI Max, pH 7.3 1 mg/mL, Polysciences) were mixed and incubated for 15 

min at room temperature, and then 2 mL complete growth media was added and mixed. The DNA 

mix was added gently on the top of the cells. HEK 293T cells were incubated for 40 h at 37 °C 

and then the supernatant (containing secreted AAV) was collected. The virus supernatant was 

stored in sterile Eppendorf tubes (0.5 mL/tube), flash frozen by liquid nitrogen and stored at −80 

°C. 

 

Concentrated AAV production.  

AAV was prepared for in vivo use as described previously. Three T150 flasks of HEK 

293T cells with fewer than ten passages were transfected at 80% confluence. For each T150 flask, 

5.2 μg construct plasmid, 4.35 μg AAV1 and 4.35 μg AAV2 serotype plasmids, 10.4 μg pDF6 

adenovirus helper plasmid, and 130 μL PEI (PEI Max, pH 7.3 1 mg/mL, Polysciences) are mixed 

in 500 μL of serum-free DMEM for 10 min at room temperature. The DNA mixture are further 

suspended in 10 mL of complete media and added to cells. HEK 293T cells were incubated for 40 

to 48 h at 37 °C under 5% CO2. Cells are collected with a cell scraper, resuspended in 10 mL DPBS 

and then collected by centrifugation at 1200 rpm at room temperature for 5 min. The supernatant 

was discarded, and the pellet was resuspended in 20 mL 100 mM NaCl, 20 mM Tris (pH = 8.0). 1 

mL of freshly prepared 10% sodium deoxycholate (Sigma-Aldrich) in water was added to the 

resuspended cells. Benzonase nuclease (Millipore-Sigma) was added to a final concentration of 50 
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units per mL. The solution was incubated in 37 °C water bath for 1 h and then centrifuged at 8000 

rpm for 10 min. A heparin column was first equilibrated with 10 mL 100 mM NaCl, 20 mM Tris 

(pH = 8.0) using a peristaltic pump, and then loaded with the virus supernatant. The column was 

washed with 25 mL of 100 mM NaCl, 20 mM Tris (pH = 8.0), using the peristaltic pump, and then 

washed with 1 mL of 200 mM NaCl, 20mM Tris (pH=8.0) and 1mL of 300mM NaCl, 20mM Tris 

(pH=8.0) using a 5 mL syringe. For virus elution, 1.5 mL of 400 mM NaCl, 20 mM Tris (pH = 

8.0); 3.0 mL of 450 mM NaCl, 20 mM Tris (pH = 8.0) and 1.5 mL of 500 mM NaCl, 20 mM Tris 

(pH = 8.0) was applied sequentially to the column by a 5 mL syringe. The eluted virus was 

concentrated using Amicon Ultra 15 mL centrifugal units with a 100,000 molecular weight cut off 

at 8000 r.p.m. for 6 min, to a final volume of 500 μL. For buffer exchange, 1 mL of sterile 20mM 

Tris, 150 mM NaCl, 0.05% PF68 solution was added to the filter unit and the column was 

centrifuged again until the virus volume was ~ 500 μL. The buffer exchange step was repeated two 

more times, and the final volume was ~ 100 μL. The concentrated AAV was aliquoted in 5 μL to 

the 0.6 mL low retention microcentrifuge tubes (Thermo Fisher Scientific) and stored at −80 °C. 

 

Neuronal culture experiment.  

For small scale experiments, rat cortical neurons (Thermo Fisher Scientific, Cat# 

A1084001) were plated according to the user protocol. Briefly, the half area 96-well glass plates 

(Corning, CLS4580-10EA) were coated with 50 l 0.1 mg/ml of poly-D-lysine (Gibco) for 1 h, 

and then washed with ultrapure water twice. The frozen rat cortical neurons were quickly thawed 

in the 37 C water bath until a small piece of ice was present. The cells were transferred to a 50 ml 

conical tube. To the cells, 1 ml pre-warmed 3:1 ratio of complete neurobasal media (NM) and glial 

enriching medium (GEM) mix was very slowly dropped in with gentle swirling. NM is composed 
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of neurobasal (Thermo Fisher Scientific) supplemented 2% B27 (Thermo Fisher Scientific), 50 

mM HEPES (Thermo Fisher Scientific), 1% Penicillin-Streptomycin (50 units/mL penicillin and 

50 μg/mL streptomycin, Thermo Fisher Scientific), and 1% GlutaMAX (Thermo Fisher 

Scientific). GEM is composed of DMEM (Gibco) supplemented with 10% FBS (Fetal Bovine 

Serum, Sigma), 2% B27 (Thermo Fisher Scientific), 50 mM HEPES (Thermo Fisher Scientific), 

1% Penicillin-Streptomycin (50 units/mL penicillin and 50 μg/mL streptomycin, Thermo Fisher 

Scientific), and 1% GlutaMAX (Thermo Fisher Scientific). Additional 2 ml of complete 

neurobasal media was added to the cells. The viable cell density was determined by adding 10 μL 

of the cell suspension to 10 μl 0.4% Trypan blue, followed by cell counting using hemocytometer. 

0.25 x 105 viable cells were plated on each well, and cells were grown at 37 C with 5% CO2. Half 

of the media was replaced with fresh complete neurobasal media within 4-24 h after plating. For 

maintaining the cells, half of the media was changed every three days. 

For neuronal infection, either concentrated AAVes or supernatant AAVes were added the 

neurons at DIV5-DIV10 (days in vitro). Five days after infection, neurons were treated with 2 μM 

of shield-1 for 24 h and then imaged alive. 

Mean intensities were subtracted by the average of five background images’ intensities and 

plotted by Prism 7. P values were determined by unpaired two-tailed t-tests. 

 

Animals.  

All procedures were carried out with approval from the University Committee on Use and 

Care of Animals at the University of Michigan. C57BL/6 mice were maintained under a 12-hour 

light/dark cycle and were provided with food and water ad libitum. Adult mice with both sexes 

were used. 
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Stereotactic injection of AAV into the mouse brain.  

The stereotactic injection procedure was performed as previously described423. Briefly, 

adult mice were anesthetized with isoflurane (5% for induction, 1.5% for maintenance), injected 

with 5 mg/kg of carprofen, and placed in a stereotactic apparatus. Body temperature was 

maintained at 35-37 °C. 400 nL of concentrated AAV encoding shield-1-dependent gene 

regulation constructs under the hSyn promoter were stereotactically injected into the lateral 

hypothalamic area (±0.95 mm lateral to midline, -1.40 mm posterior, and -5.25 mm ventral to 

bregma) at a rate of 50 nL/min. The pipette was left undisturbed in the brain for 10 min following 

injection to allow for pressure to equalize and prevent a vacuum effect as the pipette was removed. 

Mice were given subcutaneous 1 mL saline injections and were recovered from surgery. Additional 

5 mg/kg subcutaneous administration of carprofen was provided the day after surgery.  

 

AAV viral injection into the mouse liver.  

Abdomen shaved adult mice were placed on a stereotaxic apparatus to maintain anesthetic 

state under 1.5% isoflurane. Abdomen was disinfected by povidone followed by alcohol prior to 

surgery. A ~ 2 cm midline incision was made in the abdomen to expose the liver. 1 μL of AAV 

encoding shield-1-dependent gene regulation constructs under the CMV promoter was delivered 

at a speed of 500 nL/min through a micropipette directly inserted into liver. 

 

Shield-1 administration and histology.  

For mouse brain, 7 days after the injection of the viral vectors, 1 μL of 1 mM aquashield-

1 (Cheminpharma) or saline control was locally administered into LHA by stereotactic injection. 
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For mouse liver, 7 days after the expression of the viral vectors, animals were intraperitoneally 

injected with two dosages of 40 mg/kg aquashield-1 or saline with 24 h apart. 48 h after the first 

injection of aquashield-1 or saline, animals were euthanized and perfused with PBS and 4% 

paraformaldehyde (PFA). Brain and liver tissues were harvested and fixed overnight in 4% PFA 

then cryoprotected in 30% sucrose for 48 h at 4 °C. The fixed tissue was then embedded in 

optimum cutting temperature compound and sectioned at 30 µm. Sections were rinsed in 0.1% 

PBS Tween-20 and stained with DAPI (1:10,000, Invitrogen, D1306) for 10 min at room 

temperature. Sections were then rinsed again and mounted with Prolong Gold mounting media 

(Invitrogen, P36930). Confocal images were taken on a Nikon A1 Confocal microscope. 

 

Appendix Method A-1 is largely adapted from: Shen, J., Geng, L., Li, X., Emery, C., 

Kroning, K., Shingles, G., Lee, K., Heyden, M., Li, P. and Wang, W. A general method for 

chemogenetic control of peptide function. Nature Methods (2023), 20, 112-122. 
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Appendix B: Appendix Figures and Methods Related to Chapter 3 

 

Appendix Figure B-1 FACS analysis of the most enriched five clones from DuoSelect, corresponding to CapC1.1 ~ 

CapC1.5 shown in Table 3-1. Values are median PE intensity of FLAG-positive cells. All five clones showed shield-

1 dependence.  
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Appendix Figure B-2 Crystal structure of the binding pocket of PAC1R/PACAP(1-27) complex. Left: Full view of 

PAC1R-PACAP complex. Right: Zoomed in view of PACAP binding pocket. Green: PAC1R. Magenta: PACAP(1-

27). Yellow: Extracellular domain of PAC1R. PDB: 8E3X. 
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Appendix Figure B-3 The cAMP assay for CapC1.1-controlled PACAP. a, The cAMP level with different 

transfection conditions. For a 96-well plate, 5 ng/well (left) or 10 ng/well (right) of PACAP plasmid was cotransfected 

with 50 ng/well PAC1R and GloSensor plasmid. Cells were stimulated with shield-1 (10 µM) or media at 60 min. n 

= 3 wells from one replicate for all conditions, except that n = 2 wells for 10 ng/well PACAP with “+ shield-1” 

condition. Errors, s.e.m. b, Shield-1 dependence for the experiment in a. Each dot stands for the mean luminescence 

signal of one well at the last three time points (114 min, 117 min, 120min). The values in the plot are the ratio of the 

mean luminescence of shield-1 to no drug conditions. P values are determined by unpaired two-tailed t-tests. ***P < 

0.001; ****P < 0.0001. Experiment was conducted by Gwendolyn Shingles. 
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Appendix Method B-1 Analysis method for quantifying the activation/leakage signal ratio in the 

yeast surface display platform. This method was used for producing the statistics in Figure 3-6. 

Similar method was used to produce the statistic in Figure 3-9. 

The raw flow cytometry “.fcs” data was first imported to FlowJo, and the single cell 

populations were gated according to the scheme below (Appendix Figure B-4). 

 

Appendix Figure B-4 Consecutive gates used to select the single cell population for analysis. 

The gated single cell populations were then exported as “.csv” files for further analysis in 

R. In brief, for each sample, the Flag negative cells were first filtered out (the threshold was 

determined based on the plots in FlowJo) and their mean PE and Alexa 647 signals were used for 

background subtraction. For Flag positive cells, the background corrected PE and Alexa 647 

signals were calculated by the raw signal subtracted with that of the mean background signal. Note 

that each sample is corrected by its own Flag negative cell population. The Alexa 647/PE ratios of 

each Flag positive cell were calculated. The sample conditions and R code used are shown as 

followed (Appendix Table B-1). 

Appendix Table B-1 Labeling and conditions of samples in the analysis. 

Sample # Sample 

1 Library 

2 Conventional Post 1st round 

3 Conventional Post 2nd round 

4 Conventional Post 3rd round 

5 DuoSelect Post 1st round 

6 DuoSelect Post 2nd round 

7 DuoSelect Post 3rd round 
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library(dplyr) 

temp = list.files(pattern="*.csv") 

SsrA_dataset = lapply(temp, read.csv) 

ratio <- c() 

sd_ratio <- c() 

sem_ratio <- c() 

ratio_cor <- c() 

sd_ratio_cor <- c() 

sem_ratio_cor <- c() 

PE_mean_bg <- c() 

A647_mean_bg <- c() 

n_pos <- c() 

SsrA_dataset_filt <- list() 

SsrA_dataset_ratio <- list() 

ratio_median <- c() 

ratio_cor_median <- c() 

 

# use a for loop to calculate HA/FLAG ratio of each sample 

for (i in c(1:7)) { 

 #filter and calculate background 

  SsrA_i <- SsrA_dataset[[i]] 

  SsrA_i_filt <- filter(SsrA_dataset[[i]], Comp.530_30..488..A > 

500) 

  SsrA_i_neg <- filter(SsrA_dataset[[i]], Comp.530_30..488..A <= 

500, Comp.586_15..561..A <= 250) 

  SsrA_dataset_filt <- c(SsrA_dataset_filt, list(SsrA_i_filt)) 

   

  #calculate biotin/flag ratio 
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  PE_mean <- mean(SsrA_i_neg$Comp.586_15..561..A) 

  A647_mean <- mean(SsrA_i_neg$Comp.670_14..640..A) 

  PE_mean_bg <- c(PE_mean_bg, PE_mean) 

  A647_mean_bg <- c(A647_mean_bg, A647_mean)  

   

  #calculate statistics 

  SsrA_i_ratio <- mutate(SsrA_i_filt, ratio = Comp.670_14..640..A 

/ Comp.586_15..561..A, ratio_cor = (Comp.670_14..640..A-

A647_mean) / (Comp.586_15..561..A-PE_mean)) 

  SsrA_dataset_ratio <- c(SsrA_dataset_ratio, list(SsrA_i_ratio)) 

  ratio <- c(ratio, mean(SsrA_i_ratio$ratio)) 

  ratio_cor <- c(ratio_cor, mean(SsrA_i_ratio$ratio_cor)) 

  sd_ratio <- c(sd_ratio, sd(SsrA_i_ratio$ratio)) 

  sd_ratio_cor <- c(sd_ratio_cor, sd(SsrA_i_ratio$ratio_cor)) 

  ratio_median <- c(ratio_median, median(SsrA_i_ratio$ratio)) 

  ratio_cor_median<-c(ratio_cor_median, 

median(SsrA_i_ratio$ratio_cor)) 

   

# calculate the statistics 

  n_i <- nrow(SsrA_i_filt) 

  n_pos <- c(n_pos, n_i) 

  sem_ratio_i <- sd(SsrA_i_ratio$ratio)/(sqrt(n_i)) 

  sem_ratio <- c(sem_ratio, sem_ratio_i)   

  sem_ratio_cor_i <- sd(SsrA_i_ratio$ratio_cor)/(sqrt(n_i)) 

  sem_ratio_cor <- c(sem_ratio_cor, sem_ratio_i) 

} 

 

# export the statistics 

res_cor <- data.frame(ratio_cor, ratio_cor_median, sem_ratio_cor, 

n = n_pos)  
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Appendix Method B-2 Experiment methods and materials used in Chapter 3. 

Cloning.  

Constructs for yeast surface display were cloned into the pCTCON2 vector. Constructs for 

protein expression in HEK 293T cells were cloned into the pAAV viral vector for transfection or 

the pLX208 lentiviral vector for transduction.  

FKBP for CapN and CapC was amplified from YFP-LID (Addgene plasmid #31767, 

Thomas Wandless laboratory). Codon optimized FKBP for CapC was synthesized by IDT. 

For cloning, PCR fragments were amplified using Q5 or Taq DNA polymerase (New 

England Biolabs (NEB)). The vectors were double-digested with restriction enzymes (NEB), gel 

purified, and ligated to gel-purified PCR fragments by T4 ligation, Gibson assembly, or the In-

Fusion HD Cloning Plus kit (Takara Bio). Ligated plasmid products were introduced into 

competent XL1-Blue Escherichia coli cells by heat shock transformation, or in the case of In-

Fusion cloning, into the Stellar competent Escherichia coli cells from the kit following the 

corresponding protocol. For economical In-Fusion cloning, we used a modified protocol that 

proportionally decreased the amount of each reagent or competent cell by half or up to three 

quarters than the recommended amount. 

 

Expression and purification of SspB-APEX2 fusion protein.  

SspB-APEX2 in pYFJ16 vector was expressed with polyhistidine-tag. The plasmid was 

introduced into homemade competent BL21-CodonPlus (DE3)-RIPL Escherichia coli cells by 

heat shock transformation. Cells were cultured in 5 mL Miller’s LB medium (Bio Basic) 

supplemented with 100 mg/L ampicillin at 37 °C with shaking at 220 r.p.m. for 6 h. Then, this 

saturated culture was transferred to 500 mL LB with 100 mg/L ampicillin, which was grown at 37 

°C with shaking at 220 r.p.m. for roughly 2-3 h until OD600 = 0.4-0.8. IPTG (isopropyl β-D-1-
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thiogalactopyranoside, EMD Millipore) was added to the culture to a final concentration of 1 mM, 

and the culture was grown at 16 °C with shaking at 220 r.p.m. overnight. All following procedures 

were done at 4 °C unless otherwise specified. Cells were harvested by centrifugation at 5,000 

r.p.m. for 5 min. The cell pellet was lysed and resuspended with 15 mL ice-cold B-PER bacterial 

protein extraction reagent (Thermo Fisher Scientific). Benzonase nuclease (Millipore-Sigma) was 

added to a final concentration of ~ 100 units/ml. The mixture was incubated on ice for 5 min, and 

centrifuged at 10,000 r.p.m. for 15 min. The supernatant was incubated with 3 mL Ni-NTA resin 

(Thermo Fisher Scientific) for 10 min with rotation and then transferred to a gravity column. The 

resin was washed with 5 mL washing buffer (30 mM imidazole, 50 mM Tris, 300 mM NaCl, pH 

= 7.8), then protein was eluted with 3 mL elution buffer (200 mM imidazole, 50 mM Tris, 300 

mM NaCl, pH = 7.8). The eluent was concentrated with a 15 mL 10,000 Da cutoff centrifugal unit 

(Millipore), flash frozen in liquid nitrogen, and stored at -80 °C. 

 

Yeast strain and non-library culture.  

Non-library yeast culture was generated by chemical transformation of the yeast surface 

display plasmid pCTCON2 into Saccharomyces cerevisiae strain EBY100 competent cells. 

Preparation of EBY100 competent cells has been described elsewhere334. To transform, 1 µg of 

the plasmid DNA was mixed with 5 µL competent cells. 200 µL of Frozen-EZ Yeast Solution 3 

(Zymo Research) was added and thoroughly mixed. The mixture was incubated at 30 °C for 30 

min to 2 h, and then transferred to 5 mL SDCAA (synthetic dextrose plus casein amino acid media, 

2% dextrose, 0.67% yeast nitrogen base without amino acids (BD Difco), 0.5% Casamino acids 

(BD Difco), 0.54% Disodium phosphate, 0.856% Monosodium phosphate) lacking tryptophan for 

growth at 30 °C with shaking at 220 r.p.m. After the initial saturation (OD600 > 10) in 2-3 d, the 
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yeast culture was passaged at least once prior to experiment, or was stored at 4 °C for up to half a 

year. Passaging was done by adding 500 µL of saturated culture into 5 mL fresh SDCAA media 

and growing at 30 °C and 220 r.p.m. overnight. A negative control with no plasmid DNA 

accompanied each batch of transformation to ensure the media was selective.  

 

Yeast library generation.  

CapC library was the second CapC library in Chapter 2. CapN mutant libraries were 

generated by first producing plasmid libraries using targeted mutagenesis followed by 

transformation into EBY100 yeast competent cells by electroporation. Targeted mutagenesis was 

done by regular PCR (polymerase chain reaction) using primers with mixed bases (IDT). The first 

two bases in each codon corresponding to a mutant amino acid were designed to be an equal mix 

of A, C, G, T, and the third base was an equal mix of G and T. The PCR fragment was amplified 

such that it had forty extra bases beyond the two restriction sites used for linearizing the vector. 

500 ng of the template DNA plasmid (Aga2p-FLAG-FKBP-binding sequence-SsrA) was 

mixed with 100 µmol forward and reverse primers annealing to the outside of FKBP gene, 1× Q5 

High GC Enhancer, 1× Q5 Reaction Buffer, 1 unit of Q5 High-Fidelity Polymerase, 10 nmol dNTP 

(VWR) in a total volume of 50 µL (two reactions for each library).  

 

CapN libraries: 

Forward primer: CAGGCTAGTGGTGGAGGAGGCTCTGGTGCTAGCGACTAC 

Reverse primer:  

CTCGAGTTAGAAGTAATTTTCATCATTCGCTGCCAAATTAGGMNNMNNMNNMNNC

ACTTCCTCCACTCCACGCGTTTC 
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The PCR was run for 20 cycles with annealing temperature of 60 °C. The product DNA 

was gel-purified, and amplified by the following primers for 30 cycles: 

Forward primer: CAGGCTAGTGGTGGAGGAGGCTCTGGTGCTAGCGACTAC 

Reverse primer: 

GTGGGAACAAAGTCGATTTTGTTACATCTACACTGTTGTTATCAGATCTCGAGTTAG

AAGTAATTTTCATCATTCGC 

The template DNA was equally divided into 8 portions. Each portion was mixed with 100 

µM forward and reverse primers, 1× Taq Reaction Buffer without magnesium chloride, 2 mM 

magnesium chloride, 2 units of Taq Polymerase, 10 nmol dNTP (VWR) in a total volume of 50 

µL. For the same library, 8 PCRs were gel-purified and combined. 

Linearized vector was gel purified. We combined 2 µg of linearized vector with 8 µg of 

PCR fragment and concentrated using pellet paint (Millipore) following manufacturer’s protocols 

on the day of electroporation. The precipitated DNA was resuspended in 20 µL of ultra-pure water 

(Thermo Fisher Scientific). 

In parallel, fresh electrocompetent EBY100 yeast cells were prepared. Cells were passaged 

at least twice in YPD (yeast extract peptone dextrose media, 20 g dextrose, 20 g peptone and 10 g 

yeast extract in 1 L deionized water) prior to this procedure to ensure that cells were healthy. 

Saturated culture of yeast was inoculated to 200 mL of YPD to an initial OD600 of 0.3-0.4. Cells 

were grown at 30 °C with shaking at 220 r.p.m. for roughly 6 h until OD600 reached 1.8-2.2, and 

then centrifuged at 4 °C and 3,000 r.p.m. for 3 min. The cell pellet was resuspended and washed 

with ice-cold water, centrifuged again, and resuspended in 50 mL ice-cold sterile lithium acetate 

(100 mM in water). After this step, yeast was placed on ice whenever possible until after 

electroporation. DTT was added to a final concentration of 10 mM. The cells were then incubated 
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at 30 °C and 220 r.p.m. for 20 min, centrifuged at 4 °C and 3,000 r.p.m. for 3 min, washed with 

50 mL ice-cold water, centrifuged again, and resuspended in 0.8 mL of electroporation buffer (1M 

sorbital / 1 mM CaCl2).  

Immediately after yeast cells preparation, 400 µL of the cells was mixed with the 20 µL 

concentrated DNA prepared as described above, and the mixture was transferred to an 

electroporation cuvette. Electroporation was done using a Bio-Rad Gene pulser XCell with the 

following settings: 500 V, 15 msec pulse duration, one pulse only, 2 mm cuvette. Cells were 

immediately rescued with 1 mL of 1:1 mixture of sorbitol and YPD media. The cuvette was washed 

three times, each time with 1 mL of the fresh sorbitol and YPD mixture. All cells were combined 

and incubated at 30 °C for 30 min with no shaking, then 30 min with shaking at 220 r.p.m. 10 µL 

of the cells was plated onto three SDCAA plates with a serial dilution of 100x, 1,000x, and 

10,000x, for determining library size. The rest of the cells was centrifuged at 3,000 r.p.m. for 2 

min, resuspended in 5 mL SDCAA media, centrifuged again, and transferred to 200 mL SDCAA 

media supplemented with 1% Penicillin-Streptomycin (50 units/mL penicillin and 50 μg/mL 

streptomycin, Gibco), and 30 g/mL kanamycin (DOT Scientific). This culture was grown at 30 

°C with shaking at 220 r.p.m. for 12-24 h until OD600 reached 15 (OD600 ~ 1 corresponds to roughly 

1 × 107 yeast cells/mL). For each batch of library generation, a negative control was done with no 

plasmid DNA. 

The library size for CapN was each determined to be ~ 1 × 107. 

 

One-color yeast labeling.  

Same labeling procedures were used for both non-library yeast culture and yeast library. 

(Generation of non-library and library yeast culture is described above under “Yeast strain and 
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non-library culture” and “Yeast library generation”, respectively.) Yeast was freshly passaged in 

SDCAA media prior to experiment. To induce expression of the pCTCON2 plasmid, 500 µL of 

the overnight yeast in SDCAA media was added to 5 mL of SGCAA (synthetic galactose plus 

casein amino acid media, 2% galactose, 0.67% yeast nitrogen base without amino acids (BD 

Difco), 0.5% Casamino acids (BD Difco), 0.54% Disodium phosphate, 0.856% Monosodium 

phosphate)) media and let grow at 30 °C with shaking at 220 r.p.m. overnight. Prior to labeling, 

250 µL (or 1 mL for the first round of library selection) overnight yeast in SGCAA media was 

centrifuged at 8000 r.p.m. for 30 s, and the supernatant was discarded. The cell pellet was 

resuspended and washed twice, each time with 1 mL of PBSB (sterile phosphate-buffered saline 

supplemented with 0.1% bovine serum albumin). 

Yeast that expressed SsrA was subject to APEX2 labeling401 prior to labeling with 

antibody-fluorophore and streptavidin-fluorophore conjugates. Samples were incubated with 100 

µL of PBSB containing SspB-APEX2 (expressed and purified as described above, under 

“Expression and purification of SspB-APEX2”) and 5 µM shield-1 at room temperature for 10 min 

with rotation. For negative control, either SspB-APEX2 or shield-1, or both, was not present in 

PBSB. After incubation, samples were washed twice, each time with 1 mL PBSB, and were 

resuspended in 950 µL PBSB with 1% BSA (bovine serum albumin). 1 µL biotin-phenol (1 mM 

in dimethyl sulfoxide) was added and thoroughly mixed with the sample. Then, 1 µL of hydrogen 

peroxide (0.5 mM in water, freshly prepared, EMD chemicals) was added and thoroughly mixed. 

After incubation for exactly 2 min, 200 µL of quenching solution 1 (30 mM Trolox (Thermo Fisher 

Scientific), 60 mM sodium ascorbate (Millipore Sigma), freshly prepared) was added. The sample 

was centrifuged at 8,000 r.p.m. for 30 s, and the supernatant was discarded. 400 µL of quenching 

solution 2 (5 mM Trolox, 10 mM sodium ascorbate, freshly prepared) was then added to resuspend 
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the cell pellet. After another centrifugation at 8,000 r.p.m. for 30 s, the supernatant was discarded, 

and the sample was washed twice, each time with 1 mL PBSB. 

After APEX2 labeling, samples were labeled with antibody-fluorophore and streptavidin-

fluorophore conjugates. To label FLAG epitope tag, primary anti-FLAG antibodies were used, 

followed by secondary antibodies conjugated with Alexa Fluor 488. To detect biotinylated proteins 

from APEX2 labeling, streptavidin conjugated with PE (phycoerythrin) was used. All antibodies 

were diluted to 1 µg/mL in PBSB, streptavidin-PE (Jackson Immuno Research) was diluted 200-

fold, and each yeast sample was incubated with 100 µL of the mixture at room temperature for 15 

min with rotation. Two washes with PBSB were done after each step of labeling. All samples were 

resuspended in PBSB and analyzed or sorted by FACS (fluorescence-activated cell sorting, 

following procedures described under “FACS analysis and library selection”) within 24 h of 

labeling. 

 

DuoSelect yeast labeling.  

Yeast that expressed SsrA was subject to two rounds of APEX2 labeling401 with the same 

experimental procedure described in one-color yeast labeling. Yeast was first labeled under no 

shield-1 condition, followed by excess streptavidin-PE conjugate labeling (1:25 dilution, 200 µL). 

The yeast was then subjected to the second round of APEX2 labeling where shield-1 (10 µM) was 

supplied. After the second round of APEX2 labeling, samples were labeled with antibody-

fluorophore and streptavidin-fluorophore conjugates. To label FLAG epitope tag, primary anti-

FLAG antibodies were used, followed by secondary antibodies conjugated with Alexa Fluor 488. 

To detect biotinylated proteins from APEX2 labeling, streptavidin conjugated with Alexa Fluor 

647 was used (1:50 dilution, 200 µL). 
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FACS analysis and library selection.  

After labeling according to the procedures described above, non-library yeast samples were 

analyzed with an LSR Fortessa cell analyzer flow cytometer (BD Biosciences) equipped with 640 

nm laser and 670/14 emission filter (for Alexa Fluor 647) as well as 561 nm laser and 586/15 

emission filter (for PE). Library samples were sorted with a FACS Aria III cell sorter flow 

cytometer (BD Biosciences) equipped with 633 nm laser and 660/20 emission filter (for Alexa 

Fluor647) as well as 561 nm laser and 582/15 emission filter (for PE).  

For CapC selection, the conventional method and the DuoSelect were performed side by 

side. In conventional method, both SspB-APEX2 and shield-1 were added in positive selection; 

only SspB-APEX2 but not shield-1 was added in negative selection. Number of cells collected for 

each round was as follows: 

Conventional selection: 

Round 1 (negative selection): 0.66% of the cells were collected (1.3 × 107 cells) 

Round 2 (positive selection): 0.01% of cells collected (6.1 × 106 cells) 

Round 3 (negative selection): 0.04% of cells collected (4.4 × 106 cells) 

DuoSelect: 

Round 1: 0.02% of the cells were collected (1.2 × 107 cells) 

Round 2: 0.01% of the cells were collected (4.0 × 105 cells) 

Round 3: 0.001% of the cells were collected (9.0 × 106 cells) 

For CapN selection, only DuoSelect was performed. Number of cells collected for each 

round was as follows: 

Round 1: 0.09% of the cells were collected (8.6 × 106 cells) 
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Round 2: 0.07% of the cells were collected (9.1 × 106 cells) 

Round 3: 0.72% of the cells were collected (1.0 × 107 cells) 

All yeast cells were collected into 5 mL SDCAA media with 100 units/mL penicillin, 100 

µg/mL streptomycin, and 30 g/mL kanamycin. Immediately after sorting, cells were grown at 30 

°C with shaking at 220 r.p.m. for 2-5 d until saturation. For the next round of sorting, cells were 

passaged at least once in SDCAA media and labeled according to the procedures described above. 

After the last round of sorting, plasmids were extracted by Zymoprep Yeast Plasmid Miniprep II 

kit (Zymo Research) with modified manufacturer’s protocol. Briefly, overnight yeast culture (500 

L) was transferred to 10 mL fresh SDCAA media and grew until OD600 = 1-2. Yeast cells were 

spun down and washed with phosphate buffered saline (PBS) once, followed by resuspension with 

200 L Solution I and 6 L Zymolase solution provided in the kit. Vigorous vortexing was 

performed for > 1 minute. Yeast cells were placed in the 37 °C shaker overnight to degrade the 

cell wall. Following the overnight incubation, yeast cells were vigorous vortexed for > 5 minutes. 

Then, 200 L Solution II was added to the yeast cells, followed by brief vortexing and incubation 

at room temperature for 5 min. 400 L neutralizing solution was added and the cells were vortexed 

briefly. The cell lysate was spun down at 20,000 × g for 10 min and the supernatant was loaded to 

a DNA column (Epoch Life Science) to purify the plasmid DNA. The extracted plasmid DNA 

from the yeast library was heat shock transformed into XL1-Blue Escherichia coli. Individual 

clones were sequenced, transformed into EBY100 yeast cells, and analyzed by FACS. 

 

HEK 293T cell culture transfection.  

Low passage HEK 293T cells (less than 20 passages) were cultured at 37 °C under 5% 

CO2 in T25 or T75 flasks in complete growth media, 1:1 DMEM (Dulbecco’s Modified Eagle 
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medium, Gibco): MEM (Eagle's minimal essential medium) supplemented with 10% FBS (Fetal 

Bovine Serum, Sigma), 20 mM HEPES (Gibco), and 1% Penicillin-Streptomycin (50 units/mL 

penicillin and 50 μg/mL streptomycin, Gibco). For imaging experiments, 48-well plates were 

pretreated with 200 µL of 20 µg/mL human fibronectin (Millipore Sigma) for 10 min at 37°C. 

HEK 293T cells were then plated in 48-well plates at 60%-90% confluence. A mix of DNA was 

incubated with 1 μL 1 mg/mL PEI max solution in 10 μL serum-free DMEM media for 15 min at 

room temperature. Complete DMEM growth media (100 μL) was then mixed with the DNA-PEI 

max solution and added to the HEK 293T cells that were fully attached to well bottom and 

incubated for 18 h before further processing. 

 

Production of lentivirus supernatant for HEK cell transduction.  

New cell culture flasks were incubated with 20 µg/mL human fibronectin (HFN, Millipore 

Sigma) at 37 °C for at least 10 min. We found this to facilitate cells to attach to the surface and 

increase transfection efficiency. After incubation, HFN was aspirated, and HEK 293T cells were 

plated at 70-90% confluence. For a T25 flask, cells were grown at 37 °C for 1-3 h in 5 mL complete 

DMEM growth media, 1:1 DMEM (Dulbecco’s Modified Eagle medium, Gibco): MEM (Eagle's 

minimal essential medium) supplemented with 10% FBS (Fetal Bovine Serum, Sigma), 20 mM 

HEPES (Gibco), and 1% Penicillin-Streptomycin (50 units/mL penicillin and 50 μg/mL 

streptomycin, Gibco). After incubation, 2.5 µg viral DNA, 0.25 µg pVSVG, and 2.25 µg delta8.9 

lentiviral helper plasmid were combined with 250 µL of DMEM and thoroughly mixed. Then, 25 

µL PEI max solution (polyethylenimine HCl Max, pH 7.3, 1 mg/mL, Polysciences) was added. 

The mixture was incubated at room temperature for at least 10 min, mixed with 1 mL complete 
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media, and transferred to the T25 flask. Cells were incubated at 37 °C for 48 h, and the supernatant 

with virus was collected, flash frozen in liquid nitrogen, and stored at -80 °C for up to one year. 

 

HEK 293T cell culture and infection.  

Low passage HEK 293T cells (less than 20 passages) were cultured at 37 °C under 5% CO2 

in T25 or T75 flasks in complete growth media. For imaging experiments, 24-well glass-bottom 

plates (Cellvis) were pretreated with 350 µL 20 µg/mL human fibronectin (Millipore Sigma) for 

10 min at 37 °C. HEK 293T cells were then plated in 24-well plates at 40%-60% confluence. For 

infection of a single well in a 24-well plate, 100-200 µL of each supernatant virus was added gently 

to the top of the media and incubated for 48 h before further processing. 

 

Shield-1 dependent gene transcription activation.  

HEK 293T cells were plated in 96-well plates at 40% confluence and then transduced with 

33 μL of UAS-luciferase lentivirus supernatant, 33 μL of Gal4 DBD lentivirus supernatant, and 

33 μL of VP16 lentivirus supernatant and incubated for 48 h at 37 °C before further processing. 

The media was replaced with 50 μL complete growth media with 10 μM shield-1. HEK 293T cells 

were incubated for 18 h at 37 °C before luminescence measurement. Cells were treated with 50 

μL BrightGlo reagent (Promega), and equilibrated for 5 min. The luminescence was then measured 

by BioTek CYTATION 5 plate reader. 

 

HEK 293T cell stimulation, luminescence plate reading, and data analysis for shield-1 

controlled enkephalin signaling.  
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HEK 293T cells were plated in 96-well white bottom plates as described above at 80% 

confluence and then transfected with 50 ng of GloSensor, and 100 ng of enkephalin-CapC-µOR 

plasmid. Cells were incubated for 24 h at 37 °C. The supernatant media was aspirated and replaced 

with 100uL of 2 mM D-luciferin potassium salt (Gold Bio) in complete growth media (with 50 

mM HEPES). Luminescence was measured by BioTek CYTATION 5 plate reader. Baseline 

luminescence were measured for 15 min to reach equilibration, and then cells were treated with 1 

µL of 100 µM forskolin (Sigma-Aldrich) and measured for another 20 min until the signal become 

stable. At 45 min, cells were treated with 1 µL of 1 mM different drugs including naloxone (Sigma-

Aldrich), shield-1, and DAMGO (Sigma-Aldrich). Data was plotted by GraphPad Prism 7. 

 

HEK 293T cell stimulation, luminescence plate reading, and data analysis for shield-1 

controlled PACAP signaling.  

HEK 293T cells were plated in 96-well white bottom plates as described above at 80% 

confluence and then transfected with 50 ng of GloSensor, 50 ng of PAC1R, and 50 ng of PACAP-

CapC-CD4 plasmid (later optimized to 5 ng). Cells were incubated for 24 h at 37 °C. The 

supernatant media was aspirated and replaced with 100uL of 2 mM D-luciferin potassium salt 

(Gold Bio) in complete growth media (with 50 mM HEPES). Luminescence was measured by 

BioTek CYTATION 5 plate reader. Baseline luminescence were first measured to reach 

equilibration, and then cells were treated with 1 µL of 1 mM different drugs including PACAP1-

27 (Selleck Chemicals) and shield-1. Data was plotted by GraphPad Prism 7. 

 

HEK 293T cell stimulation, luminescence plate reading, and data analysis for shield-1 

controlled α-MSH signaling.  
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HEK 293T cells were plated in 96-well white bottom plates as described above at 80% 

confluence and then transfected with 50 ng of GloSensor, 50 ng of MC4R, and 50 ng of α-MSH-

CapC-CD4 plasmid. Cells were incubated for 24 h at 37 °C. The supernatant media was aspirated 

and replaced with 100uL of 2 mM D-luciferin potassium salt (Gold Bio) in complete growth media 

(with 50 mM HEPES). Luminescence was measured by BioTek CYTATION 5 plate reader. 

Baseline luminescence were first measured to reach equilibration, and then cells were treated with 

1 µL of 1 mM different drugs including Bio-Ahx-Melanotan I (Sigma-Aldrich), SNT-207707 

(MedChem Express) and shield-1. Data was plotted by GraphPad Prism 7. 

 

 

Appendix Method B-2 is largely adapted from: Shen, J., Geng, L., Li, X., Emery, C., 

Kroning, K., Shingles, G., Lee, K., Heyden, M., Li, P. and Wang, W. A general method for 

chemogenetic control of peptide function. Nature Methods (2023), 20, 112-122. 
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Appendix C: Appendix Figures and Methods Related to Chapter 4 
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Appendix Figure C-1 Related to Figure 4-6. Full sets of linear and log scale plots of the flow cytometry analysis of 

different SsrA-cpLOV fusion constructs. The quadrant was drawn based on the negative population in the bottom left 

corner in Q4. The percentage in Q1 indicates the ratio of the cell count in Q1 to that in (Q1 + Q2). The Light/Dark 

value is the ratio of the percentage of the light to that of the dark state. The cpLOV fusion constructs with the highest 

light dependence were bolded and underlined. 
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Appendix Method C-1 Analysis method for quantifying the SspB binding in the yeast surface 

display platform. This method was used for producing the statistics in Figure 4-6. 

The raw flow cytometry “.fcs” data was first imported to FlowJo, and then exported as 

“.csv” files for further analysis in R. In brief, for each sample, the Flag negative cells were first 

filtered out (the threshold was determined based on the plots in FlowJo) and their mean Flag and 

biotin signals were used for background subtraction. For Flag positive cells, the background 

corrected biotin and Flag signals were calculated by the raw signal subtracted with that of the mean 

background signal. Note that each sample is corrected by its own Flag negative cell population. 

The biotin/Flag ratios of each Flag positive cell were calculated, and then applied to the 

significance test. The experiment conditions (Appendix Table C-1) and the R code are shown as 

followed. 

Appendix Table C-1 Labeling and conditions of samples in the analysis. 

Sample # Construct Stimulation Sample # Construct Stimulation 

1 cpLOV(a) Light 12 cpLOV(f) Dark 

2 cpLOV(a) Dark 13 cpLOV(g) Light 

3 cpLOV(b) Light 14 cpLOV(g) Dark 

4 cpLOV(b) Dark 15 cpLOV(h) Light 

5 cpLOV(c) Light 16 cpLOV(h) Dark 

6 cpLOV(c) Dark 17 cpLOV(i) Light 

7 cpLOV(d) Light 18 cpLOV(i) Dark 

8 cpLOV(d) Dark 19 cpLOV(j) Light 

9 cpLOV(e) Light 20 cpLOV(j) Dark 

10 cpLOV(e) Dark 21 hLOV1 Light 

11 cpLOV(f) Light 22 hLOV1 Dark 

 

library(dplyr) 

temp = list.files(pattern="*.csv") 

SsrA_dataset = lapply(temp, read.csv) 

ratio_cor <- c() 

sd_ratio_cor <- c() 

sd <- c() 

mean_bg <- c() 

PE_mean_bg <- c() 

FLAG_mean_bg <- c() 
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sem <- c() 

n_pos <- c() 

SsrA_dataset_filt <- list() 

SsrA_dataset_ratio <- list() 

# use a for loop to calculate HA/FLAG ratio of each sample 

for (i in c(1:22)) { 

  #filter 

  SsrA_i <- SsrA_dataset[[i]] 

  SsrA_i_filt <- filter(SsrA_dataset[[i]], AF647 > 323) 

  SsrA_i_neg <- filter(SsrA_dataset[[i]], AF647 <= 323) 

  SsrA_dataset_filt <- c(SsrA_dataset_filt, list(SsrA_i_filt)) 

   

  #calculate background 

  PE_mean <- mean(SsrA_i_neg$Comp.586_15..561..A) 

  FLAG_mean <- mean(SsrA_i_neg$AF647) 

  PE_mean_bg <- c(PE_mean_bg, PE_mean) 

  FLAG_mean_bg <- c(FLAG_mean_bg, FLAG_mean)  

   

  #calculate biotin/flag ratio 

  SsrA_i_ratio <- mutate(SsrA_i_filt, ratio=Comp.586_15..561..A / 

AF647, ratio_cor = (Comp.586_15..561..A-PE_mean) / (AF647-

FLAG_mean)) 

  SsrA_dataset_ratio <- c(SsrA_dataset_ratio, list(SsrA_i_ratio)) 

  ratio_cor <- c(ratio_cor, mean(SsrA_i_ratio$ratio_cor)) 

  sd_ratio_cor <- c(sd_ratio_cor, sd(SsrA_i_ratio$ratio_cor)) 

   

  #calculate statistics 

  median_bg <- c(median_bg, 

median(SsrA_i_neg$Comp.586_15..561..A)) 

  mean_bg <- c(mean_bg, mean(SsrA_i_neg$Comp.586_15..561..A)) 

  n_i <- nrow(SsrA_i_filt) 

  sd <- c(sd, sd(SsrA_i_filt$Comp.586_15..561..A)) 

  sem_i <- sd(SsrA_i_filt$Comp.586_15..561..A)/(sqrt(n_i)) 

  sem <- c(sem, sem_i) 

  n_pos <- c(n_pos, n_i) 

} 

 

# export the statistics 

res <- data.frame(ratio, ratio_cor, sd_ratio_cor) 

 

# use a for loop to perform t-test on samples 

p_val_ratio_cor <- c() 

for (i in c(1:11)) { 

  res_i_cor <- t.test(x = SsrA_dataset_ratio[[2*i]]$ratio_cor, y 

= SsrA_dataset_ratio[[2*i-1]]$ratio_cor) 

  p_val_ratio_cor <- c(p_val_ratio_cor, res_i_cor$p.value) 

} 
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Appendix Method C-2 Experiment methods and materials used in Chapter 4. 

Cloning.  

Yeast surface display constructs were cloned into the pCTCON2 vector. Constructs for 

HEK293T cell experiments were cloned into the pLX208 lentiviral vector for lentiviruses 

production. Constructs for protein expression and purification in Escherichia coli were cloned into 

the pYFJ16 vector. 

For cloning, PCR fragments were amplified using Q5 DNA polymerase (New England 

Biolabs (NEB)). The vectors were double-digested with restriction enzymes (NEB), gel purified, 

and ligated with gel-purified PCR fragments using T4 ligase (NEB), and Gibson assembly. Ligated 

DNA were heat-transformed into competent XL1-Blue Escherichia coli cells.  

 

Expression and purification of TEV protease.  

Full-length TEV protease (TEVp, S219V) was expressed as a fusion to maltose binding 

protein (MBP) with a polyhistidine-tag. His-tag-MBP-TEVp(S219V) transformed cells were 

cultured in 5 mL Miller’s lysogeny broth (LB) medium (Bio Basic) supplemented with 100 mg/L 

ampicillin at 37 °C with shaking at 220 r.p.m. overnight for 12 h. This saturated culture was 

transferred to 500 mL LB with 100 mg/L ampicillin and grown at 37 °C with shaking at 220 r.p.m. 

for 2-3 h until OD600 reaches 0.4-0.8. Isopropyl β-D-1-thiogalactopyranoside (IPTG, 

MilliporeSigma) was added to the culture to a final concentration of 1 mM for protein expression 

induction. The culture was grown at 16 °C with shaking at 220 r.p.m. for additional 16-24 h. Cells 

were then harvested by centrifugation at 4,000 × g for 5 min. The cell pellet was resuspended with 

15 mL ice-cold B-PER (Thermo Fisher Scientific) supplemented with 1 mM Dithiothreitol (DTT, 

Thermo Fisher Scientific) and 100 units/mL benzonase nuclease (MilliporeSigma). The mixture 
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was incubated on ice for 5-10 min, and centrifuged at 17,000 × g for 15 min to clarify the cell 

lysate. The clarified cell lysate was incubated with 3 mL Ni-NTA resin slurry (Thermo Fisher 

Scientific) for 10 min with rotation and then transferred to a gravity column. The resin was washed 

with 5 mL washing buffer (30 mM imidazole, 50 mM Tris, 300 mM sodium chloride, 1 mM DTT, 

pH = 7.8). The protein was eluted with 3 mL elution buffer (200 mM imidazole, 50 mM Tris, 300 

mM sodium chloride, 1 mM DTT, pH = 7.8). The eluent was concentrated to about 1/10 of its 

original volume with a 15 mL 10,000 Da cutoff centrifugal unit (MilliporeSigma). The 

concentrated proteins were mixed with 80% (v/v) glycerol to a final concentration of 30% and then 

flash frozen in liquid nitrogen and stored at -80 °C.  

 

Expression and purification of SspB-APEX2.  

SspB-APEX2 was expressed with polyhistidine-tag in BL21 Escherichia coli cells 

following the same procedures as “Expression and purification of TEV protease” except that DTT 

was not added into the cell lysate, washing buffer, or elution buffer. 

 

Yeast culture.  

Yeast display plasmids in pCTCON2 were transformed into Saccharomyces cerevisiae 

strain EBY100 competent cells following the kit protocol by Zymo Research. Briefly, 1 µg of the 

DNA was mixed with 5 µL yeast competent cells, and 200 µL of Frozen-EZ Yeast Solution 3 

(Zymo Research). The cells were incubated at 30 °C for 30 min to 2 h, and then transferred to 5 

mL synthetic dextrose plus casein amino acid media (SDCAA, 20 g/L dextrose, 6.7 g/L yeast 

nitrogen base without amino acids (BD Difco), 5 g/L casamino acids (BD Difco), 5.4 g/L disodium 

phosphate, 8.56 g/L monosodium phosphate in deionized water). The cells were grown at 30 °C 
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with shaking at 220 r.p.m. After the initial saturation (OD600 > 10) in 2-3 days, the yeast culture 

was passaged at least once in SDCAA prior to protein expression induction. To induce expression 

of the pCTCON2 plasmid, 500 µL of the overnight yeast in SDCAA media was added to 5 mL of 

SGCAA (synthetic galactose plus casein amino acid media, 20 g/L galactose, 6.7 g/L yeast 

nitrogen base without amino acids (BD Difco), 5 g/L Casamino acids (BD Difco), 5.4 g/L 

Disodium phosphate, 8.56 g/L Monosodium phosphate)) media and let grow at 30 °C with shaking 

at 220 r.p.m. overnight.  

 

Yeast labeling.  

250 µL of yeast cells induced in SGCAA overnight were mixed with 1 mL PBSB (sterile 

phosphate-buffered saline supplemented with 1 g/L bovine serum albumin), and then centrifuged 

at 6,000 × g for 30 s. The cell pellet was resuspended and washed once with 1 mL PBSB. 

Yeast expressing SsrA was subject to APEX2 labeling1 prior to antibody labeling. For the 

light condition, the yeast samples were irradiated with blue LED light all the time except during 

centrifugation before antibody labeling. For the dark condition, experiments are performed in a 

dark room with a red light. Yeast samples were incubated with 100 µL of SspB-APEX2 solution 

(expressed and purified as described above, under “Expression and purification of SspB-APEX2”) 

in the light or in the dark at room temperature for 10 min with rotation. After incubation, samples 

were washed twice with 1 mL PBSB, and further resuspended in 950 µL PBSB with 1% bovine 

serum albumin (BSA). 1 µL biotin-phenol (1 mM in dimethyl sulfoxide) was added and thoroughly 

mixed with the sample by vortexing. Then, 1 µL of hydrogen peroxide (0.5 mM in water, freshly 

prepared, MilliporeSigma) was added and thoroughly mixed by vortexing. After exactly 2 min, 

200 µL of quenching solution 1 (30 mM Trolox (Thermo Fisher Scientific), 60 mM sodium 
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ascorbate (MilliporeSigma), freshly prepared) was added to quench the reaction. The samples were 

centrifuged at 6,000 × g for 30 s, and the supernatant was discarded. 400 µL of quenching solution 

2 (5 mM Trolox, 10 mM sodium ascorbate, freshly prepared) was then added. After another 

centrifugation at 6,000 × g for 30 s, the supernatant was discarded, and the sample was washed 

twice with 1 mL PBSB. Samples were then incubated with 100uL PBSB solution with mouse anti-

FLAG antibody (2.5 µM, Sigma) and streptavidin-phycoerythrin (PE) (200-fold dilution, Jackson 

ImmunoResearch) at room temperature for 15 min with rotation, washed twice with 1 mL PBSB, 

and incubated with Alexa Fluor 647 anti-mouse antibody at 2.5 µM in 100 µL PBSB) at room 

temperature for 15 min with rotation. Samples were washed twice and resuspended in 1 mL PBSB 

for FACS within 24 h as described under “FACS analysis and library selection”. 

Yeast cells that expressed TEV protease cleavage site (TEVcs) was first incubated with 

200 µL of PBSB containing TEVp (expressed and purified as described above, under “Expression 

and purification of TEV protease”) in the light or in the dark for 3 h with rotation. For negative 

control, TEVp were omitted. 30 mM reduced and 3 mM oxidized glutathione (MilliporeSigma) 

were added to all samples to keep TEVp under reducing conditions. After incubation with TEVp, 

samples were washed twice with PBSB and subsequently incubated with primary antibodies 

(mouse anti-FLAG and rabbit anti-HA antibodies at 2.5 µM each in 100 µL PBSB) and secondary 

antibodies (Alexa Fluor 647 anti-mouse and Alexa Fluor 568 anti-rabbit antibodies at 2.5 µM each 

in 100 µL PBSB) at room temperature for 15 min with rotation. Two washes with PBSB were 

performed after each step of labeling. Samples were resuspended in PBSB for FACS within 24 h 

as described under “FACS analysis and library selection”. 

 

FACS analysis.  
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Labeled yeast cells were analyzed with an LSRFortessa cell analyzer flow cytometer (BD 

Biosciences) equipped with 640 nm laser and 670/14 nm emission filter (for Alexa Fluor 647) as 

well as 561 nm laser and 586/15 nm emission filter (for Alexa Fluor 568 and PE). Library samples 

were sorted with a FACSAria III cell sorter flow cytometer (BD Biosciences) equipped with 633 

nm laser and 660/20 nm emission filter (for Alexa Fluor 647) as well as 561 nm laser and 582/15 

nm emission filter (for Alexa Fluor 568 and PE).  

FACS data are analyzed by FlowJo and R. For cpLOV caging SsrA experiment (Appendix 

Method C-1), FLAG tag negative cells were filtered out according to the log10 scale flow 

cytometry plots (Supplementary Figure 1). For background subtraction, biotin and flag signals are 

subtracted by the mean signal of the flag tag negative cells. To eliminate the influence of difference 

in expression level and antibody labeling, biotin/flag signal ratios were taken for each data point 

to indicate the binding of SspB. P values were determined by unpaired two-tailed t-test. Bar plots 

were made by GraphPad Prism 8. For cpLOV caging TEVcs experiment, a similar analysis method 

as the caging SsrA experiment was performed. HA/Flag signal ratios were calculated to indicate 

uncleaved TEVcs level. 

 

HEK 293T cell culture.  

HEK293T cells less than 20 passages were cultured at 37 °C under 5% CO2 in T25 or T75 

flasks in complete growth media (1:1 Dulbecco’s Modified Eagle Medium (DMEM, Gibco): 

Minimum Essential Media (MEM, Gibco) supplemented with 10% fetal bovine serum (FBS, by 

volume, MilliporeSigma), 50 mM HEPES (Gibco), 50 units/mL penicillin, and 50 μg/mL 

streptomycin).  
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Production of lentivirus supernatant for HEK 293T cell transduction.  

New cell culture flasks were incubated with 20 µg/mL human fibronectin (HFN, 

MilliporeSigma) at 37 °C for at least 10 min. After incubation, HFN was aspirated, and HEK293T 

cells (less than 20 passages) were plated at 70-90% confluence. For a T25 flask, cells were 

incubated at 37 °C for 1-3 h. 2.5 µg viral DNA, 0.25 µg pVSVG, and 2.25 µg delta8.9 lentiviral 

helper plasmid were mixed and diluted with 250 µL of DMEM. Then, 25 µL PEI MAX solution 

was added to the DNA mixture. The mixture was incubated at room temperature for at least 10 

min, mixed with 1 mL complete growth media, and transferred to the T25 flask. Cells were 

incubated at 37 °C for 48 h, and the supernatant solution was collected, flash frozen in liquid 

nitrogen, and stored at -80 °C before use. 

 

HEK 293T cell lentiviral transduction for transcriptional assay.  

HEK 293T cells less than 20 passages were cultured at 37 °C under 5% CO2 in T25 or T75 

flasks in complete growth media. 48-well plates were pretreated with 200 µL 20 µg/mL HFN for 

10 min at 37 °C. HEK 293T cells were then plated at 40%-60% confluence. For transduction of a 

single well in a 24-well plate, 100 µL of each supernatant virus (UAS-mCherry reporter gene, 

DRD1-TEVcs-cpLOV-TF, Arrestin-TEVp) was added gently to the top of the media. The plates 

were wrapped with aluminum foil and incubated at 37 °C under 5% CO2 for 48 h before 

stimulation. The culture media was aspirated, and the cells were stimulated with 200 µL 100 µM 

dopamine hydrochloride (Alfa Aesar) in complete growth media or white light for 10 or 30 min. 

The dopamine solution was then aspirated, and the cells were washed with 200 µL complete 

growth media for three times. For the cells that were not treated with dopamine, complete growth 

media was used in stimulation step. The plates were wrapped with aluminum foil and incubated at 
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37 °C under 5% CO2 for 24 h (cpLOV single caged TEVcs in Figure 4-12) or 48 h (double caged 

TEVcs in Figure 4-14 and Figure 4-15) before fluorescence microscope imaging. 

 

Fluorescence microscopy of cultured cells.  

Confocal imaging was performed on a Nikon inverted confocal microscope with 20× air 

objectives, outfitted with a Yokogawa CSU-X1 5000RPM spinning disk confocal head, and Ti2-

ND-P perfect focus system 4, a compact 4-line laser source: 405 nm (100 mW), 488 nm (100 mW), 

561 nm (100 mW) and 640 nm (75 mW) lasers. The following combinations of laser excitation 

and emission filters were used for various fluorophores: DAPI (405 nm excitation; 455/50 nm 

emission), EGFP/Alexa Fluor 488 (488 nm excitation; 525/36 nm emission), mCherry/Alexa Fluor 

568 (568 nm excitation; 605/52 nm emission), Alexa Fluor 647 (647 nm excitation; 705/72 nm 

emission). ORCA-Flash 4.0 LT+sCMOS camera. Acquisition times ranged from 100 to 1000 

msec. All images were collected and processed using Nikon NIS-Elements hardware control and 

analysis module.  

 

Fluorescence microscopy image analysis.  

For confocal images, 10-12 fields of view per well were taken. Confocal fluorescence 

microscopy images were analyzed using the General Analysis 3 module on the Nikon NIS-

Elements AR Analysis software. For the transcriptional assay reporter gene channel, a threshold 

was set to be just above the background fluorescence. Signal above the threshold from each field 

of view was integrated, background corrected, and plotted as dot plots using GraphPad Prism 8. 

Mean intensity was calculated for each condition. P values were determined by Wilcoxon-Mann-

Whitney test. 
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Appendix Method C-2 is largely adapted from: Geng, L., Shen, J. and Wang, W. 

Circularly permuted AsLOV2 as an optogenetic module for engineering photoswitchable peptides. 

Chemical Communications (2021), 57(65), 8051-8054. 
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Appendix D: Designing a Chemogenetic Inhibitor for CBP/p300 Transcriptional 

Coactivator 

Background and Significance 

Gene transcription is an essential and ubiquitous process in biological systems. 

Dysregulation of gene transcription can cause a wide range of diseases, including cancer, 

autoimmunity, neurological disorders, etc424. The protein-protein interaction (PPI) between 

transcriptional activators and coactivators is an important mechanism contributing to gene 

transcription, and therefore serves as excellent targets for gene expression modulation and 

potential therapeutic development. 

CBP/p300 is a transcriptional coactivator regulating gene transcription by interacting with 

multiple transcriptional activators. KIX domain is one of the activator binding domain of 

CBP/p300, which interacts with over fifteen different transcriptional activators through two 

binding surfaces425. The dysregulation of the PPI between the KIX domain and its binding 

activators leads to many human diseases. For example, c-Myb is an oncoprotein vital for the 

proliferation of immature hematopoietic cells426; MLL is involved in the maintenance of blood cell 

production and the initiation of various leukemias427. Therefore, KIX domain is an important target 

for studying cancer and could potentially serve as a therapeutic target. 

To study the biological role of KIX domain, KIX specific inhibitors are desired. Although 

many inhibitors have been developed, their selectivity towards CBP/p300 KIX over other KIX 

motifs (e.g., Med15 and RECQL5) is underexplored and the off-target profiling is not completed428. 

A dual-targeting CBP/p300 KIX inhibiting peptide, MybLL-tide429, was developed by covalently 



 226 

connecting the binding peptides derived from c-Myb and MLL, so that both binding surfaces of 

KIX were targeted to achieve high specificity. MybLL-tide has picomolar affinity towards 

CBP/p300 KIX and shows 5600-fold higher selectivity towards other KIX motifs and activator-

binding domains. 

Despite that MybLL-tide exhibits excellent in vitro affinity towards KIX, its bioactivity is 

limited by peptide’s low cell permeability. To achieve higher inhibition efficiency as well as faster 

temporal control of the inhibition, we sought to develop a chemogenetically-controlled MybLL-

tide-like complex (MybLL-plex) (Appendix Figure D-1). MybLL-plex consists of two 

components, where the MLL and Myb are each fused to a CIP component. At the basal state, MLL 

and Myb both have lower affinity towards KIX. The addition of the small molecule dimerizer 

brings MLL and Myb in proximity, mimicking the MybLL-tide, and therefore generates the 

MybLL-plex with higher affinity towards KIX domain. 

 

Appendix Figure D-1 Design of MybLL-plex. Myb and MLL are fused to FKBP and FRB, respectively. Addition of 

rapamycin induces dimerization of FKBP and FRB and forms MybLL-plex with higher binding affinity towards KIX. 

MybLL-plex can be genetically delivered to cells to reach high intracellular concentration. 

In addition, MybLL-plex allows fast inhibition of KIX domain by using a small molecule as the 

signal input. With these advantages, MybLL-plex could be a powerful tool to investigate the 

biological role of KIX domain. 

FKBP-Myb MLL-FRB

FRBFKBP

+
Rapamycin

MybLL-plex binds to KIX

KIX domain

MLL and Myb have low affinity to KIX
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Design and development of MybLL-plex 

Based on previous studies429, the chimeric MybLL-tide peptide has a strong picomolar 

affinity towards KIX, while the individual peptides (MLL and Myb) have much weaker 

micromolar affinities. Therefore, we propose to fuse MLL and Myb to a pair of chemically induced 

dimerization protein domains, FKBP and FRB44 (Appendix Figure D-1). At basal state, MLL and 

Myb will bind relatively poorly to KIX due to their low micromolar affinity. Addition of a 

chemical, rapamycin, will induce the heterodimerization of FKBP and FRB, bringing MLL and 

Myb into proximity, forming the MybLL-plex and mimicking MybLL-tide with stronger affinity 

towards KIX. 

 

Appendix Figure D-2 Scheme of the split luciferase assay. The binding of any MybLL-plex component can 

reconstitute the split luciferase. 

To quantify the binding of MybLL-plex to KIX, we employed the split luciferase assay, 

NanoGlo370 (Appendix Figure D-2). The luminescence under no rapamycin condition represents 

the background binding of Myb or MLL to KIX. The luminescence under rapamycin condition 

represents the MybLL-plex binding to KIX. As shown in Appendix Figure D-3, rapamycin 

induced 1.8-fold luminescence increase for MybLL-plex design (both Myb and MLL are present), 

while no significant luminescence change was observed when only one component is present. Also, 
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the “+ rapamycin” condition for MybLL-plex is much higher than those lacking any of the 

component. This result suggests that rapamycin can induce the formation of MybLL-plex and 

achieve higher affinity towards KIX domain. 

 

Appendix Figure D-3 Quantification of luminescence in the assay shown in Appendix Figure D-2. Values on the 

plot are the ratio of mean luminescence of + rapamycin to that of − rapamycin conditions for each construct. The 

center lines indicate mean values of luminescence. P values are determined by unpaired two-tailed t-tests. ****P < 

0.0001; NS, not significant. 

 

Appendix Figure D-4 Quantification of luminescence of the control study. For the first four columns, SmBit exists 

on either one or both components. In the fifth construct, SmBit is fused to MybLL-tide as a positive control. Values 

on the plot are the ratio of mean luminescence of + rapamycin to that of − rapamycin conditions for each construct. 

The center lines indicate mean values of luminescence. P values are determined by unpaired two-tailed t-tests. ***P 

< 0.001; ****P < 0.0001; NS, not significant. 
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To confirm that the increased luminescence signal yielded from the increased binding 

affinity of MybLL-plex, we further investigated if the two copies of SmBit component have an 

impact on the luminescence readout. As shown in Appendix Figure D-4, similar rapamycin 

responses were observed regardless of the number of SmBit copies existing, suggesting that the 

increased luminescence is mainly due to the increased affinity instead of the multivalence effect. 

Further, in a control condition, where SmBit is fused to the MybLL-tide, the luminescence is 

significantly higher than MybLL-plex systems, suggesting that MybLL-plex has lower binding 

affinity towards KIX compared to MybLL-tide. 

 

Appendix Figure D-5 MLL and Myb variants with decreased affinity. 

Although a rapamycin-dependent activation was observed for MybLL-plex, non-negligible 

background binding activity exists. We hypothesized that such background activity could be 

reduced by using lower affinity MLL and Myb mutants (Appendix Figure D-5). MLL(D2851N) 

and MLL(L2845A) reduce the MLL affinity by 3-fold and 53-fold. Myb(K293A) and Myb(L300P) 

reduce the Myb affinity by 5-fold and 580-fold respectively. We then sought to test several 

combinations of these mutants. 

As shown in Appendix Figure D-6, the mutants which mildly altered the affinity, 

MLL(D2851N) and Myb(K293A), did not significantly change the rapamycin response, nor the 
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background activity. The two mutants MLL(L2845A) and Myb(L300P), which drastically reduces 

the affinity, also reduced MybLL-plex activity, even totally abolished the rapamycin dependence. 

Therefore, this approach might not be feasible to tune the MybLL-plex background activity. 

 

Appendix Figure D-6 MybLL-plex with different MLL and Myb mutations. Values on the plot are the ratio of mean 

luminescence of + rapamycin to that of − rapamycin conditions for each construct. The center lines indicate mean 

values of luminescence. P values are determined by unpaired two-tailed t-tests. ****P < 0.0001; NS, not significant. 

 

Conclusions and future directions 

We designed and developed a chemogenetically controlled inhibitor for KIX domain from 

CBP/p300 transcriptional coactivator, MybLL-plex. MybLL-plex designed by splitting the KIX 

specific inhibitor MybLL-tide into two fragments with lower binding affinity towards KIX. The 

two fragments can be reconstituted by using CIP. In a cell culture based split luciferase assay, we 

determined the MybLL-plex can bind to KIX domain with a rapamycin dependence up to 3.6-fold. 

The current MybLL-plex still exhibits non-negligible background activity. To further 

optimize this system, several possible approaches could be taken. 1) Replace the FKBP domain 

with CapN (more details are in Chapter 2), so that the mechanism of steric hinderance and 

proximity are combined (Appendix Figure D-7). The extra caging from CapN can potentially 
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further reduce the background activity. 2) Since CBP/p300 primarily function in nucleus, Myb and 

MLL can be excluded from the nucleus to reduce background and translocated into nucleus upon 

stimulation (Appendix Figure D-8). To efficiently induce this translocation, the chemically 

induced trimerization system can be used12. 3) Use CIP to translocate the whole MybLL-tide into 

nucleus, or use CDP to delocalize MybLL-tide from cell membrane (Appendix Figure 9). 

 

Appendix Figure D-7 Using CapN instead of FKBP for MybLL-plex. The use of CapN could potentially reduce 

background leakage. 

 

Appendix Figure D-8 Using chemically induced trimerization to translocate Myb and MLL, as well as to reconstitute 

MybLL-plex. FKBP can be anchored in nucleus by using NLS. 

 

Appendix Figure D-9 Using CIP and CDP to translocate MybLL-tide into nucleus. 
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Appendix D is partially adapted from the LSI Cubed proposal: Shen, J., Liu, Y. and 

Rodriguez, J. Development of an intracellular chemogenetic system to inhibit CBP/p300 KIX.  

Dr. Stephen Joy, a previous postdoctoral researcher from the Mapp lab, University of 

Michigan, significantly contributed to the proposal writing and project conception. 
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