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Figure 40: HUVECs seeded on gels presenting both RGDS-SC and QK-SnpC showed 
enhanced proliferation compared to gels presenting RGDS-SC alone. Gels containing either 
SpyTag and SnoopTag, or SpyTag alone, were sequentially labeled with RGDS-SC and QK-SnpC. 
Gels containing both Tags were able to present both RGDS-SC and QK-SnpC to HUVECs, 
resulting in a higher percentage of nuclei staining positive for Ki-67 (marker for proliferation) 
than was seen in cells seeded on gels containing only SpyTag. A) Representative confocal 
micrographs showing cells seeded on gels containing SpyTag and SnoopTag (left) or SpyTag 
alone (right). DAPI staining indicating cell nuclei is shown in blue, and Ki-67 staining indicating 
proliferating cells is shown in green. Scale bar is 100 μm. B) Quantification of cells that stained 
positive for Ki-67, indicating active proliferation. Total nuclei and Ki-67 positive nuclei were 
counted using ImageJ. An n was defined as a gel (n = 4 per condition), and cell counts were 
summed across 4 fields of view for each n. Statistical difference was determined by t-test (p < 0.05 
indicating statistical significance).  

 

4.3.6 PhoCl-SC was cleaved in solution in response to long 
wavelength UV light 

PhoCl-SC was diluted to 20 μM, placed into a 48-well plate (150 μL), and then 

exposed to 2 hr of long-wavelength UV light. SDS-PAGE revealed that after light 

exposure, the PhoCl-SC band (~71.8 kDa) reduced in density, and new bands appeared 

at 54 kDa and 17.8 kDa (Figure 41). These protein sizes correspond to the predicted two 

fragments that should result from photocleavage of PhoCl: a large fragment (54 kDa) 
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containing RGDS, mCherry, and the empty β-barrel structure from the fractured PhoCl 

domain, and a small fragment (17.8 kDa) containing the PhoCl chromophore and tail 

sequence, SpyCatcher, and the purification tag. PhoCl-SC (25 μM) was also reacted with 

PEG-SpyTag (25 μM) and the reaction product did increase in molecular weight, though 

the low resolution of SDS-PAGE gels at that molecular weight range made precise 

measurements difficult. After long- wavelength UV light exposure, PEG-PhoCl-SC 

appeared to fracture into two pieces, with the large fragment appearing at the same 

molecular weight as photocleaved PhoCl-SC (54 kDa), and a small fragment that  

 

 

Figure 41: PhoCl-SC was cleaved while in solution by long-wavelength UV light 
exposure. PhoCl-SC and its cleavage products were analyzed via SDS-PAGE using Coomassie 
stain to visualize bands. PEG-SpyTag was also seen to conjugate successfully to PhoCl-SC by an 
upward band shift in both the intact protein and the small cleavage fragment which contains 
SpyCatcher. Lanes from left to right: ladder, PhoCl-SC, PhoCl-SC after 2 hr long wavelength UV 
light exposure, PEG-PhoCl-SC, PEG-PhoCl-SC after 2 hr long wavelength UV light exposure.  
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appeared at ~26 kDa, corresponding to the PhoCl-SC cleavage product (17.8 kDa) plus 

the mass of PEG-SpyTag (6 kDa). Analyzing the band density decrease in the 72 kDa 

region of the gel in exposed samples vs unexposed samples showed that 66% of the 

PhoCl-SC protein remained intact after light exposure, and 36% of the PEG-PhoCl-SC 

protein remained intact after light exposure. These values are inexact due to the non-

specific staining offered by Coomassie. 

 

4.3.7 PhoCl-SC covalently labeled SpyTag-containing PEG-DA gels 
and then mediated mCherry release via photocleavage 

PEG-DA hydrogels containing PEG-SpyTag (200 μM) were labeled with in either 

RGDS-SC or PhoCl-SC (25 μM) and then exposed to 0, 30, or 60 min of long-wavelength 

UV light (n = 3 gels per exposure condition). After rinsing, all gels were imaged to 

capture mCherry fluorescence as a proxy measurement for how much intact protein 

remained bound with the hydrogels. All gels showed robust mCherry signal at the 0 min 

exposure time. After 30 min UV exposure, PhoCl-SC gels showed a 38% decrease in 

fluorescence compared to the unexposed PhoCl-SC-bearing gels, while RGDS-SC-

bearing gels only decreased in fluorescence intensity by 3% (Figure 42). After 60 min 

exposure, the mCherry intensity within PhoCl-SC gels decreased further to 52% lower 

than unexposed gels, while RGDS-SC gels showed a 10% decrease in mCherry intensity 

compared to unexposed gels. PhoCl-SC-bearing gels that were exposed to patterned 405 



 

105 

To investigate whether PEG-DA gels containing SnoopTag could be labeled with 

QK-SnpC via SnoopCatcher/SnoopTag ligation, gels were formed with either 100 μM or 

25 μM PEG-SnoopTag, and then soaked in 100 μM QK-SnpC labeling solution. Gel slices 

were imaged using mVenus fluorescence to visualize QK-SnpC within the gels (Figure 

35). QK-SnpC had indeed been retained in gels containing PEG-SnoopTag, and QK-

SnpC retention was proportional to the amount of SnoopTag immobilized with the gel 

network. Quantification of the mVenus signal indicated that the reaction was less 

efficient than that seen using SpyCatcher (Figure 36), which was expected based on the 

soluble reaction results.  

As QK-SnpC was designed to be used in conjugation with RGDS-SC, the next 

step was to investigate whether the two proteins would truly be selective for their 

respective peptide conjugation partners, and whether the two proteins would affect each 

other during the labeling step. PEG-DA gels containing either PEG-SpyTag, PEG-

SnoopTag, both peptides, or neither peptide (blank condition) were soaked in RGDS-SC 

solution overnight, rinsed well, and then gel sections were collected and imaged using 

mCherry to visualize bound RGDS-SC (Figure 37). Gels which contained PEG-SpyTag 

retained RGDS-SC as expected, while blank gels were free of mCherry signal, indicating 

no RGDS-SC was retained. The remaining portions of the gels were then soaked 

overnight in QK-SnpC solution, rinsed, and then sectioned once more for imaging. 

Again, RGDS-SC was visible as mCherry fluorescence within gels that contained PEG-
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SpyTag. However, gels that contained SnoopTag were now brightly fluorescing in the 

mVenus channel, indicating QK-SnpC was able to conjugate to gels which already 

contained RGDS-SC conjugated to SpyTag. No QK-SnpC was detectable in blank gels or 

gels which contained SpyTag alone. These results indicate RGDS-SC and QK-SnpC 

retain their peptide specificity when used to label PEG gels, and that they can be used to 

sequentially label gels containing both SpyTag and SnoopTag. Quantification of 

fluorescence within the gel slices showed that QK-SnpC was present at a concentration 

of approximately 78 μM, indicating ~40% of the SnoopTag added into the PEG gels 

during gelation was labeled. Quantification of RGDS-SC within the gels showed no 

effect on labeling efficiency when SnoopTag was present, and while there was a slight 

downward trend in fluorescence after the QK-SnpC labeling step, the decrease was not 

statistically significant (Figure 38).  

Having confirmed that QK-SnpC was able to specifically conjugate to PEG-

SnoopTag, both in solution and in a PEG gel, I next tested the bioactivity of the QK 

domain. QK activates the same signaling pathways as full-length VEGF 127, 128, and 

therefore broad spectrum stimulation of HUVECs, including enhanced proliferation, 

would be expected should QK-SnpC be biologically active. Using proliferation as an 

indication of bioactivity, HUVECs were serum-starved for one night to arrest growth, 

and then subjected to a 4 hr “pulse” of depleted media supplemented with either QK-

SnpC (50 or 500 nM), PEG-QK-SnpC (50 or 500 nM), VEGF165 (5 ng/mL, positive control) 
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or nothing (negative control). After two days of culture, cells exposed to depleted media 

alone were able to increase their number to 1.7 times the number of cells seeded at the 

start of the experiment (Figure 39). Cells exposed to VEGF165 underwent statistically 

higher expansion in that time, increasing their number to 2 times the number of cells 

seeded. Adding 50 nM QK-SnpC to the cell media resulted in the same expansion seen 

in the VEGF165 condition, which, when converted to molarity, was 130 pM VEGF165 

dimer. This result matches the expected bioactivity of the QK peptide, reported by 

D’Andrea et al. to be 385 times less bioactive than VEGF protein 127. Increasing the 

concentration of QK-SnpC in solution to 500 nM further increased cell proliferation, 

resulting in 3 times the seeded cells by the conclusion of the experiment. Conjugating 

PEG-SnoopTag to QK-SnpC did not affect the bioactivity of QK, likely because the 

ligation domain was situated far from the bioactive site of the protein. 

After establishing the functionality of both QK and SnpC, the next step was to 

see if HUVEC engagement with a PEG-DA hydrogel could be controlled using 

SpyCatcher and SnoopCatcher simultaneously. PEG-DA gels were created containing 

either PEG-SpyTag (450 μM), PEG-SnoopTag (2 μM), both PEG-SpyTag and PEG-

SnoopTag, or neither peptide. These gels were then labeled sequentially as before, first 

with 400 μM RGDS-SC, and then with 500 nM QK-SnpC. After rinsing, HUVECs 

cultured in EGM-2 (Lonza) with no added VEGF were lifted using trypsin, and then 

seeded onto the gels, 190 cells/gel, and placed into culture for 72 hr. Gels which 
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contained no adhesion ligand were not able to support HUVEC attachment and 

spreading. Due to the selectivity of SpyCatcher labeling, this meant gels without SpyTag 

had no visible cells on their surface. The gel condition that contained SpyTag alone 

showed robust cell attachment due to the RGDS-SC being presented on the surface of 

the gel. However, the gels which contained both SpyTag and SnoopTag were able to 

present RGDS and QK in tandem, resulting in both robust cell attachment and an 

increase in proliferating cells, as indicated by nuclear Ki-67 staining, compared to gels 

without bound QK (Figure 40).  

These data indicate endothelial cells can be engaged by multiple Catcher-

presented biomolecules, and that selectivity for biomolecule presentation can be 

programmed into the material via the peptide docking sites (SpyTag or SnoopTag). Due 

to the nature of the crosslinking chemistry (photoinitiated acrylate polymerization), 

these peptide docking sites could likely be pattered into the hydrogels using 

photomasks or laser-scanning lithography 29, 30, 145, 146. In this way, multiple discrete 

regions of SpyTag, SnoopTag, or both peptides could be created within a PEG hydrogel, 

and then populated at will with recombinant proteins bearing the complementary 

ligation domain to create changing, spatially-defined areas of material-presented 

biochemical signals.  

By using SnoopCatcher in conjunction with SpyCatcher we can expand the 

diversity of molecules presented within a single hydrogel, and gain control over when 
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multiple recombinant biomolecules will be presented to cultured cells. Because the 

conjugation reaction is site-specific, we can define how a particular recombinant protein 

is linked to the hydrogel material by defining how the SpyCatcher or SnoopCatcher 

domain is incorporated into the polypeptide chain. Furthermore, because the reaction 

conditions are so mild (aqueous buffers at physiological temperature and pH), both 

SpyCatcher and SnoopCatcher could likely be employed even in the presence of 

sensitive cell types. However, using a protein ligase such as SpyCatcher alone does not 

allow for the removal of a biochemical signal from a hydrogel. To introduce the ability 

to reversibly attach a biomolecule to a PEG gel, PhoCl was incorporated into RGDS-SC 

as a photosensitive breakage point. The new protein, PhoCl-SC, was designed such that 

the photolabile PhoCl domain lay between SpyCatcher and the RGDS-mCherry 

sequence, so that, in theory, PhoCl-SC could link to a PEG gel containing SpyTag and 

present RGDS until 400 nm light cleaved the PhoCl domain and released RGDS from the 

gel.  

PhoCl-SC was successfully expressed in E. coli and purified using Ni-NTA 

affinity chromatography (Figure 32). The yields for PhoCl-SC were lower than those 

seen for RGDS-SC (23.4 mg/L for PhoCl-SC vs ~100 mg/L for RGDS-SC). This could 

partly be due to the increased molecular weight of PhoCl-SC (72 kDa) vs RGDS-SC (43 

kDa), as it is can be difficult to produce proteins greater than 60 kDa with a high yield in 

E. coli 147.  
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After successfully producing PhoCl-SC, the functionality of both the PhoCl 

domain and the SpyCatcher domain were evaluated. PhoCl-SC was mixed with PEG-

SpyTag at a 1:1 ratio and allowed to react overnight. Analyzing the reaction product 

revealed that the ligation reaction between SpyCatcher and SpyTag proceeded as seen 

with RGDS-SC (Figure 41). PhoCl-SC and PEG-PhoCl-SC were then placed into a 

multiwell dish and exposed to long wavelength UV light for 2 hr. The theorized 

cleavage products were seen in the PhoCl-SC lanes where light exposure had occurred 

(Figure 41). With or without PEG, the large fragment, predicted to contain RGDS, 

mCherry, and the empty β-barrel of PhoCl, was present in the conditions which had 

been exposed to UV light. The smaller of the cleavage products was predicted to contain 

the ~1,800 Da chromophore-bearing fragment which dissociates from the PhoCl β-barrel, 

coupled to SpyCatcher and the 6xHis-containing purification tag sequence. This 

fragment was seen at the predicted molecular weight (17.8 kDa) in the PhoCl-SC lane 

and at ~26 kDa in the PEG-PhoCl-SC lane, which corresponds to the small fragment plus 

the mass of PEG-SpyTag. Therefore, SpyCatcher and PhoCl domains still function in the 

context of the PhoCl-SC protein, and the photoreactivity of PhoCl is not ameliorated by 

conjugating the SpyCatcher domain to PEG-SpyTag. There appeared to be 34-64% PhoCl 

cleavage after light exposure, though Coomassie stain is not specific to PhoCl-SC and 

any co-eluted off target proteins will appear as PhoCl-SC signal if they are the same 

approximate molecular weight as PhoCl-SC. However, this result tracks with the 
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original findings of Zhang et al., who reported that PhoCl could achieve a maximum 

efficiency of ~60% cleaved protein after 30 min of 405 nm light exposure 72. 

Having established that both the PhoCl domain and the SpyCatcher domain are 

functional in the context of the PhoCl-SC protein, the next step was to evaluate the 

function of PhoCl-SC in reversibly binding a polypeptide to a PEG hydrogel. PEG-DA 

gels containing PEG-SpyTag were labeled with PhoCl-SC or RGDS-SC, exposed to long 

wavelength UV light for varying times, and then imaged to assess mCherry fluorescence 

in the gels. The fluorescence of mCherry was a useful reporter in this study as it could be 

used to visualize both PhoCl conjugation to SpyTag within the hydrogels, and light-

mediated PhoCl cleavage, as diffusion of the RGDS-mCherry-β barrel fragment out of 

the gels would reduce mCherry signal. PEG hydrogels containing SpyTag were 

successfully labeled with PhoCl-SC using the same procedure that was developed for 

RGDS-SC, confirming the robustness of SpyCatcher-mediated polypeptide 

immobilization within PEG gels. After exposing the gels to long wavelength UV light for 

30 min, PhoCl-SC gels showed a 38% lower mCherry signal when compared to gels that 

were not exposed to UV light (Figure 42). RGDS-SC-labeled gels were subjected to the 

same light exposure and only lost 3% of their mCherry fluorescence, indicating the 

reduction of visible mCherry in the PhoCl-SC gels was not due to photobleaching alone. 

PhoCl-SC-bearing gels exposed to 60 min of UV light saw a further reduction in 
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mCherry signal, measuring 58% lower than gels not exposed to UV light, compared to 

the RGDS-SC-labeled gels which had only lost 10% of their initial mCherry fluorescence. 

 The ability to remove mCherry fluorescence from hydrogels via PhoCl cleavage 

was further confirmed using patterned 405 nm light (Figure 43). The model ligand 

domain (RGDS-mCherry) was removed from defined areas of a PEG hydrogel using a 

photomask to block regions of the gel from the full intensity of the light source. When 

imaged using a confocal microscope, the exposed regions of the PhoCl-SC gels retained 

only 21% of their mCherry fluorescence intensity, compared to the surrounding bright 

regions. The photobleaching control condition also showed a faint pattern, with the dim 

regions retaining about 81% of the fluorescence intensity of the surrounding regions. 

This indicates the 405 nm LED light source may efficiently remove PhoCl-bound 

biomolecules from PEG gels, but the rapid photobleaching of mCherry must be taken 

into account if accurate measures of unreleased protein are to be made. 

 These results confirm that PhoCl can be used in conjunction with SpyCatcher to 

link a biomolecule, in this case RGDS, to a hydrogel, and then release it with long 

wavelength UV or violet light. This functionality has previously only been demonstrated 

using “click”-functionalized linkers containing nitrobenzyl derivatives 48, 64, 89. Recent 

work has demonstrated using PhoCl in the context of these linkers as a replacement for 

the o-nitrobenzyl group, but still these linkers depended on functionalization with an 

azide to render it capable of participating in gel conjugation 71. By combining 
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SpyCatcher with PhoCl, there was no need to functionalize the linker sequence further, 

as PhoCl-SC already contained both a site-specific conjugation domain and a photolabile 

domain for biomolecule release. This system is fully genetically encoded and self-

contained, and should be far easier to adapt to reversibly presenting biomolecules of 

interest than other systems. 

 

4.5 Conclusions 

These studies have showcased ways in which SpyCatcher-mediated presentation 

of biomolecules within cell culture hydrogels could be applied to more complex cell 

culture conditions. Introducing SnoopCatcher into the system, the sibling ligation 

domain to SpyCatcher, allowed two distinct biomolecules to be linked into PEG gels. 

The Catcher-bound proteins were used to simultaneously engage integrins and VEGF 

receptors on cultured HUVECs, resulting in cell adhesion and enhanced proliferation. 

RGDS and QK were used as model bioactive domains, but SpyCatcher and 

SnoopCatcher could be used to present any polypeptide within hydrogels, as long as the 

recombinant protein baring the Catcher domain could be expressed by the host 

organism of choice.  

The covalent nature of the ligation reaction mediated by SpyCatcher makes it 

ideal for presenting biomolecules not intended for cellular uptake, such as those meant 

to withstand load. However, the irreversibility of this linkage was overcome by the 
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inclusion of the photocleavable protein domain PhoCl. PhoCl-SC was designed such that 

the strengths of SpyCatcher were maintained, namely the gentle, efficient, and site-

specific conjugation reaction mediated by a genetically encoded ligation domain, but 

with the inclusion of a light-sensitive photocleavable domain to confer reversibility of 

the biochemical displays enabled by SpyCatcher. PhoCl-SC worked as intended, 

meaning the functionality of other more complex and difficult to synthesize chemical 

linkers was fully embodied within this relatively simple engineered protein.  

PhoCl-SC, like the “reversible” linkers published previously by other groups, 

enables a biomolecule to be linked into, and then out of, a hydrogel. Once that cycle is 

completed, however, that reactive site is tapped, meaning only one reversal is possible 

for any given linkage point. This is also true of “click”-functionalized o-nitrobenzyl 

linkers, the class of linkers to which PhoCl-SC is most similar. A truly reversible 

conjugation reaction that could be used to mediate the biochemical microenvironment of 

a PEG hydrogels, one that is both light-mediated and gentle enough to be used with 

most cell types, remains elusive. However, there may be a protein-based solution to this 

engineering problem, one built around protein tools from the field of optogenetics. 
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5. Using tools from optogenetics to create light-
responsive biomaterials:  LOVTRAP-PEG hydrogels for 
dynamic peptide immobilization 
5.1 Introduction 

Light-sensing proteins (LSPs) have been used extensively in optogenetics and 

other fields to trigger specific subcellular events with light 148. The foundation of 

optogenetics was the concept of controlling neuronal activity by inducing neuronal cells 

to express rhodopsins that could then be activated with light 149-151. However, there are 

many LSPs that have been discovered and employed in cell biology, tissue engineering, 

and other fields to gain exquisite spatiotemporal control over cell signaling. LSPs have 

been used to regulate gene expression 152-154, induce actin assembly 155, induce cell 

protrusions 156, 157, control cell motility 158, achieve light-regulated allosteric control over 

protein function 159, and even selectively disrupt motor learning in mice 160.  

In most of the applications of LSPs, cells are genetically modified to express an 

LSP fused to a particular protein of interest, such as a signaling kinase or ion channel. 

Upon irradiation with light, the LSP domain undergoes a conformational shift, often 

revealing a cryptic site or inducing dimerization with a binding partner, thereby 

triggering downstream effects. LSPs typically absorb light in the visible to infrared 

wavelengths, and, critically, can undergo their light-triggered conformational change 

repeatedly without functional degradation of the protein 74, 156, 161. It is this characteristic 

that makes LSPs attractive as a foundation for engineering reversible binding sites 
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within bioinstructive hydrogels. An LSP and its binding partner could be used to 

mediate the light-controlled presentation or release of a recombinant peptide or protein 

by immobilizing an LSP within a hydrogel and then including its binding partner as a 

fusion domain on the recombinant protein. In theory, these two components should 

display the same light-mediated reversible binding seen within cells. There are drastic 

differences between the intracellular and extracellular environments, such as the high 

concentration of proteins and other macromolecules within the cytoplasm 162, 163, which 

could affect LSP folding and, ultimately, function. However, a truly reversible 

biomaterial conjugation chemistry based on LSPs and triggered with a gentle visible 

light stimulus could potentially be used to present an unconstrained number of 

sequential soluble or insoluble cues to cells in a spatially-defined manner, thereby 

greatly enhancing our ability to study biological processes which depend on highly 

dynamic cell microenvironments in vitro. 

The LOV2 trap and release of protein (LOVTRAP) system in particular holds 

promise for biomaterial functionalization studies because the constituents are relatively 

small in size and bind to each other both specifically and tightly 74. LOVTRAP consists of 

the blue light-absorbing LOV2 domain of Avena sativa 164 and its binding partner ZDark 

(Zdk), a ~6 kDa z-affibody developed by the Hahn group 74. The ~15 kDa LOV2 domain 

consists of a main body that associates with a host-incorporated flavin cofactor, and a C-

terminal Jα helix. Upon irradiation with light (400 – 500 nm 165), the flavin cofactor 
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becomes excited, allowing it to form a covalent adduct with a cysteine residue in the 

central LOV2 per-arnt-sim (PAS) fold domain. This adduct interaction initiates the 

unraveling of the C-terminal Jα helix, characteristic of LOV2’s excited state. Thermal 

relaxation allows the cysteine adduct to unbind the flavin cofactor and the Jα helix to re-

coil and dock with the main protein body, thereby reverting LOV2 to its dark state (see 

Figure 44 for schematic). Zdk binds LOV2’s dark state with a dissociation constant (Kd) 

of 26.2 nM, the highest affinity of any LSP system currently in use 74, 148, and then 

unbinds LOV2  

 

 

Figure 44: LOVTRAP is made up of the blue light sensing LOV2 protein domain and a 
Zdk, which binds LOV2 in its dark state. Upon blue light exposure, the C-terminal Jα helix of 
LOV2 undocks, thereby releasing Zdk. The Jα helix can reform in the dark via thermal relaxation, 
allowing Zdk to bind LOV2 once more.  

 

upon blue light irradiation (Kd > 4 μM). The thermal relaxation time of the wildtype 

LOV2 domain is ~80 sec 166. However, several LOV2 mutants have been engineered to 

give a breadth of possible relaxation times spanning from a few seconds to over an hour, 

broadening the experimental applications of this system 74, 166.  
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This study demonstrates the utility of LOVTRAP as a reversible, light-mediated 

binding mechanism within the context of peptide immobilization to a synthetic 

hydrogel. Again, PEG-DA hydrogel was chosen as the base material because these gels 

are resistant to non-specific protein adsorption, and can be readily chemically modified 

to present biomolecules of interest 78, 79, making PEG hydrogel an ideal material for this 

type of proof-of-concept study.  

Most strategies for adding bioactivity into otherwise bioinert PEG hydrogels rely 

on chemical conjugations that must take place during the gel crosslinking step (refer to 

Chapter 1), but there have been many attempts to create systems where the conjugation 

or removal of biomolecules from PEG gels is initiated by specific user-defined stimulus 

(reviewed in 167). In this system, LOV2 was covalently immobilized within PEG-DA 

hydrogels and then used as a reversible docking site for a topically applied Zdk fusion 

protein. Patterned blue light stimulus resulted in the spatially constrained release of the 

Zdk-tagged protein. By recombinantly expressing Zdk with an N-terminal mCherry 

domain, it was possible to track the binding and release of Zdk within LOV2-containing 

PEG-DA hydrogels using red fluorescence. In theory, Zdk fusion proteins could be 

produced with a variety of cell-relevant ligands and signaling molecules to enable their 

controlled presentation in hydrogel scaffolds. 
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5.2 Materials and methods 

5.2.1 Plasmid construction 

The Zdk protein used in this study was constructed as a proof-of-concept 

recombinant biomolecule to demonstrate the utility of LOVTRAP as a binding chemistry 

for reversible ligand display. The Zdk gene was designed with an N-terminal cell 

adhesion ligand (RGDS), followed by a red-fluorescent mCherry domain for protein 

visualization, the Zdk domain for LOVTRAP association, and a C-terminal purification 

tag containing a 6xHis sequence for purification by metal affinity chromatography. The 

Zdk gene was purchased from Genscript as an insert within the pGS-21a E. coli vector 

(T7 promoter, ampicillin resistance). The LOV2 gene was also purchased from Genscript 

in the pGS-21a vector, with an N-terminal Gly-Gly sequence for site-specific conjugation 

to PEG using sortase A 25 and 6xHis tag for purification. A monomeric teal fluorescent 

protein (mTFP1) domain was later added between the 6xHis tag and the LOV2 domain 

using Gibson assembly 168. For studies exploring whether LOVTRAP constituents bind 

the fluorophores used in our system, we created 6xHis-mTFP1 and 6xHis-mCherry via 

Gibson assembly, using the Zdk and LOV2 plasmids as templates. Full amino acid 

sequences for the Zdk and LOV2 constructs appear in Appendix A. 
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5.2.2 Synthesis and purification of LOVTRAP fusion proteins 

LOVTRAP proteins were expressed and purified as discussed in section 2.3. A 

Cary 50 spectrophotometer (Varian Medical Systems, Palo Alto, CA) was used to 

measure the absorbance of protein samples to calculate the concentration of LOVTRAP 

constructs. For Zdk, the protein concentration was calculated using the mCherry domain 

(extinction coefficient at 587 nm = 72,000 102). LOV2 and the mTFP1 tag on the LOV2 

constructs have overlapping absorption spectra and therefore a composite extinction 

coefficient of 77,800 at 462 nm was used to estimate LOV2 concentration 169, 170. 

 

5.2.3 Synthesis of PEG-DA 

PEG-DA was synthesized and characterized as described in section 2.1. 

 

5.2.4 Conjugating LOV2 to PEG using sortase-mediated site-specific 
conjugation 

In order to covalently immobilize LOV2 within the PEG-DA gel network, LOV2 

was site-specifically conjugated to PEG monoacrylate using sortase A (Figure 45) 25. The 

acrylate group added during PEG conjugation allowed LOV2 to be covalently linked 

into PEG-DA hydrogels during the photopolymerization step. Site-specific N-terminal 

conjugation was chosen as the C-terminus of LOV2 interacts directly with Zdk1 (the Zdk 

variant used in this study) and therefore cannot be modified or appended 74. PEG-SVA 
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Figure 45: Reaction scheme for conjugating LOV2 to monoacrylate-PEG. The NHS ester 
group (red) on acrylate-PEG-SVA reacts with the N-terminal amine (blue) on the sortase 
recognition peptide GLPETGG (SRP) to form acrylate-PEG-SRP. In the presence of calcium, 
acrylate-PEG-SRP is then ligated onto the N-terminal glycine of LOV2 by sortase, yielding 
monoacrylated PEG-LOV2. 

 

(3,100 Da, Laysan Bio) was first conjugated to the N-terminal amine of the sortase 

recognition peptide Gly-Leu-Pro-Glu-Thr-Gly-Gly (SRP, Genscript) in DMSO with N,N-

diisopropylethylamine (DIPEA) at the following ratio: 1.2 moles SRP, 1 mole PEG-SVA, 

2 moles DIPEA. After reacting at room temperature under argon overnight, the reaction 

product, PEG-SRP, was purified by dialysis and then lyophilized until use. PEG-SRP 

conjugation efficiency was confirmed via gel permeation chromatography using an 

evaporative light scattering detector (Polymer Laboratories, Amherst, MA) (Figure 46).  

Sortase A (ΔN59) was recombinantly expressed in E. coli and purified using 

inverse transition cycling (ITC) via an elastin-like polypeptide (ELP) fusion tag (ELP4-

240, Tt=25 °C) 171 (Figure 42 for SDS-PAGE of SrtA-ELP4-240). PEG-SRP was then 

combined with LOV2 (20:1 PEG-SRP to LOV2) and sortase A (4:1 LOV2 to sortase A) in 

tris-buffered saline (TBS, pH 7.4), with 10 mM CaCl2 and left to react while mixing 
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overnight at 21 °C to form PEG-LOV2. Sortase A was subsequently removed using ITC 

and unreacted PEG-SRP was removed using an Amicon Ultra spin filter (30 kDa, EMD  

 

 

Figure 46: Representative GPC analysis of PEG-SRP conjugation efficiency.PEG-SVA 
is shown in black, and PEG-SRP is shown in red. The conjugation efficiency of this reaction was 
calculated to be > 95%. 

 

 

Figure 47: SrtA-ELP4-240 expression and purify was confirmed via SDS-PAGE using 
Coomassie stain. 
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Millipore). PEG conjugation efficiency was calculated by visualizing PEG-conjugated 

and free LOV2 protein bands stained with Coomassie via SDS-PAGE (Figure 48), and 

then generating band density plots using the Gel Analyzer tool within ImageJ. The areas 

under the density plot curves were analyzed to generate a percentage of LOV2 

conjugated to PEG vs total LOV2 in solution. 

 

 

Figure 48: Coomassie-stained PAGE gel showing LOV2 expression and sortase-
mediated PEGylation. The wash (1) and elution (2) fractions from bacterial LOV2 protein 
expression are shown on the left, and a typical sortase-mediated PEG conjugation (3) is shown on 
the right. The PEG-LOV2 product band is shifted upward from the non-PEG conjugated ~45 kDa 
band. In this instance, the PEG-conjugated fraction was calculated to be 60%. The protein ladder 
on each gel is labeled “L”. 
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5.2.5 Conjugating Zdk and mTFP1 to PEG using amine substitution 
chemistry 

Both Zdk and mTFP1 (with no LOV2 domain) were non-specifically conjugated 

to PEG by reacting the NHS ester group on PEG-SVA directed with surface available 

lysine residues. In this way, PEG-Zdk and PEG-mTFP1 could be immobilized within 

PEG-DA hydrogels upon photocrosslinking via acrylate groups presented at the end of 

PEG chains. The labeling reactions took place in N-(2-hydroxyethyl)piperazine-N'-(4-

butanesulfonic acid) (HEPBS, 20 mM, pKa 8.3, Santa Cruz Biotechnology), 

supplemented with 100 mM NaCl, 2 mM CaCl2, and 2 mM MgCl2 (pH 8.8), at 4 °C 

overnight (Figure 49). 

 

 

Figure 49: PEG conjugation strategy for immobilizing Zdk within photobleaching 
control gels. A) Acrylate-PEG-succinimidyl valerate bears an NHS group which will undergo 
amine substitution with primary amines to form a stable imide bond. B) Primary amines found 
on lysine side chains can be labeled using NHS/amine conjugation. C) PEG conjugation to RGDS-
mCherry-Zdk was confirmed via SDS-PAGE. Note that mTFP1 was conjugated to PEG using the 
same strategy when testing off-target LOVTRAP binding in PEG-DA hydrogels (Figure 51). 
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5.2.6 Formation of PEG-DA Hydrogels 

PEG-DA hydrogels with covalently immobilized LOV2 were formed using 

photoinitiated free radical polymerization as described in section 2.2 (Figure 50). PEG-

DA was dissolved at 5% (w/v) in HBS-TEOA, with 10 μM eosin Y and 0.35% (v/v) NVP 

(Sigma) to make a “blank” hydrogel precursor solution. To make LOV2-containing gels, 

the blank precursor solution was supplemented with PEG-LOV2 in HBS-TEOA. 

Similarly, to make photobleaching control gels, PEG-Zdk in HBS-TEOA was added to 

the blank precursor solution. To test the specificity of the LOVTRAP interaction, PEG-

DA gels containing PEG-mTFP1 with no LOV2 domain were created in the same 

manner. Gels were swelled in TBS for a minimum of three 20 min washes at room 

temperature before applying any experimental treatments. 

 

5.2.7 Light-mediated Association of LOV2 and Zdk 

Working under 650 nm LED light to avoid exciting LOV2 with ambient blue 

light, a 10 μL drop of Zdk in TBS was applied to the surface of PEG-DA gels for 10 min, 

followed by washing in TBS (4 buffer exchanges, 30 min per wash). Gels were imaged on 

a Zeiss Axiovert 135 epifluorescence microscope (Carl Zeiss Microscopy GMBH, Jena, 

Germany) outfitted with an X-Cite 120 mercury arc lamp (EXFO Photonic Solutions Inc, 

Quebec, Canada). Red fluorescence from the mCherry was captured to visualize the 

presence or absence of Zdk (ex: 560 nm, em: 645 nm filter set, 300 ms exposure time). 
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Images were captured using a Zeiss 5x cp-achromat phase objective (NA = 0.12), and 

fluorescence intensity was quantified by measuring the integrated density of a defined 

ROI using ImageJ.   

 

 

Figure 50: Scheme for converting LOVTRAP into a PEG-DA hydrogel labeling 
strategy. A) The acrylate group present on PEG-LOV2 incorporates into the PEG-DA hydrogel 
network upon photopolymerization. B) Topically applied Zdk-bearing protein constructs (in this 
case, mCherry-Zdk) are captured by available LOV2 sites within the hydrogel, and then released 
upon exposure to blue light. After blue light exposure ceases, LOV2 sites reset to their active 
conformation via thermal relaxation, allowing Zdk to bind once more. 

 

To release Zdk from LOV2, gels were exposed to blue light while submerged in 

TBS to allow Zdk to diffuse away from the site of exposure. Spot exposure was done 

using the epifluorescence microscope by focusing light from the mercury arc lamp, 
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passed through a 480 nm filter, through a 20x objective for 30 sec, and then imaging 

mCherry fluorescence with the 5x objective 5 min after blue light exposure had ceased 

(ex: 560 nm, em: 645 nm filter set, 300 ms exposure time). ROI scanning was 

accomplished using a Zeiss 780 upright confocal microscope outfitted with 20x W Plan 

Apochromat water dipping objective (NA: 1.0). A region of the gel surface was scanned 

by capturing 3 sequential images with a 458 nm argon laser (raster scan, 2x averaging) 

while the gel was submerged in TBS. Bulk exposure was accomplished by submerging 

the gels in TBS and then exposing the gels to blue LED light via a custom built 4 x 6 450 

nm LED array 172, 173 while rocking at room temperature (14 mW/cm2, 240 sec). The gels 

were then rinsed in fresh TBS overnight in darkness before imaging mCherry 

fluorescence using the epifluorescence microscope (ex: 560 nm, em: 645 nm filter set, 300 

ms exposure time). 

 

5.3 Results 

5.3.1 Recombinant LOVTRAP proteins were expressed in E. coli and 
conjugated to PEG 

LOV2 and Zdk constructs were successfully expressed in E. coli. Bacterial 

expression of LOV2 and Zdk proteins did not require any departures from standard 

protocols for the expression and purification of proteins under native conditions. 

Typical yields for LOV2 and Zdk constructs were 20 mg/L and 45 mg/L, respectively. 
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Purified LOV2 and Zdk constructs were successfully conjugated to PEG 

monoacrylate using site-specific sortase-mediated labeling 25 and non-site-specific NHS 

ester labeling of surface amines, respectively (Figures 48 and 49). Site-specific 

conjugation of PEG to LOV2 using sortase typically yielded 60%-70% reaction efficiency.  

 

5.3.2 LOVTRAP proteins retained the ability to specifically bind each 
other in PEG-DA hydrogels 

PEG-DA gels containing covalently immobilized LOV2 (50 µM) were made to 

investigate whether recombinant LOV2 and Zdk would still comprise a functional 

binding pair in the context of a PEG hydrogel. Zdk (100 µM) was able to bind hydrogels 

which contained LOV2, as indicated by mCherry fluorescence that was retained after 

washing (Figure 51). To determine if the retention of mCherry was due to LOVTRAP 

association and not off-target binding, several PEG-DA gel conditions were created 

containing either no immobilized protein, or covalently immobilized mTFP1 without a 

LOV2 domain (50 µM). To these gels either mCherry with no Zdk domain (100 µM), or 

the full mCherry-Zdk protein (100 µM) was applied. MCherry fluorescence was only 

retained in gels where both LOVTRAP constituents were present. 
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Figure 51: Recombinant LOVTRAP proteins specifically bind each other within PEG-
DA gels. Gels that contained only mTFP1 (C, D) or that received mCherry without the Zdk 
domain (B, E), did not retain any mCherry signal. It was only when LOV2 was immobilized 
within the gel and mCherry was tagged with Zdk that mCherry was detected after rinsing (F). A 
PEG-DA gel that received no added protein is shown in (A). Images were taken with a 5x 
objective on an epifluorescence microscope. 

 

5.3.3 LOVTRAP proteins within a PEG hydrogel dissociated in 
response to patterned blue light 

PEG-DA hydrogels containing 50 µM covalently immobilized LOV2 were 

labeled with 100 µM Zdk, rinsed, and then exposed to focused 480 nm light from a 

mercury arc lamp for 30 sec while immersed in TBS. Fluorescence signal within the spot 

of exposure was reduced to 68% of the fluorescence signal found in the surrounding gel, 

as measured by ROI integrated density in ImageJ (Figure 52, a and b). Because the 

reduction of mCherry fluorescence could partially be attributed to photobleaching due 

to light exposure, a photobleaching control gel containing 50 µM PEG-Zdk was 

subjected to the same light dose, resulting in a ~5% decrease in mCherry fluorescence 

within the spot of exposure. Patterned release of Zdk from LOV2-containing PEG 
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hydrogels was also achieved using an upright confocal microscope outfitted with a 20x 

water dipping objective. A region of the gel surface was scanned with a 458 nm argon 

laser resulting in a spatially confined area that was depleted of Zdk (Figure 52c). 

 

 

Figure 52: Zdk was removed from LOV2-containing PEG hydrogels using patterned 
blue light. A) An epifluorescent microscope was used to focus blue light through a 20x objective, 
resulting in a reduction in mCherry fluorescence within the spot of exposure. Fluorescence did 
not decrease to the same extent when a photobleaching control gel containing covalently 
immobilized mCherry was exposed to the same light dose, indicating Zdk was released from the 
LOVTRAP hydrogel using blue light. B) Quantification of fluorescence within the spot of 
exposure relative to the surrounding gel for images shown in (A). Fluorescence intensity was 
averaged across three regions within, or outside of, the spot of exposure. C) An upright confocal 
microscope with a 20x water dipping objective was used to remove Zdk from the surface of a 
LOV2-containing gel by scanning an ROI with a 458 nm laser. 
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5.3.4 LOVTRAP proteins displayed reversible binding in response to 
bulk blue light exposure 

To explore the ability of LOV2 within PEG hydrogels to re-bind Zdk after blue 

light-triggered release of Zdk, LOV2-containing gels (90 µM) bearing topically applied 

Zdk (applied as a 200 µM solution) were imaged on an epifluorescence microscope and 

then exposed in bulk using a blue LED array 172 (14 mW/cm2, 240 sec while rocking in 

TBS). After overnight rinsing and confirmation of Zdk release as indicated by a 

reduction of red fluorescence, LOV2-containing gels were re-labeled with freshly 

applied Zdk and were able to recover their initial level of fluorescence (Figure 53). This 

cycle of capture and release was repeated 3 times with no apparent degradation of blue 

light-mediated LOVTRAP association. Photobleaching control gels were not seen to 

decrease in fluorescence intensity when subjected to the same experimental protocol. A 

slight upward drift in fluorescence intensity was observed in both experimental and 

control gels, likely due to fluctuations in lamp intensity as a result of extended use 

during this experiment. 
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Figure 53: LOV2-containg PEG gels were shown to capture and release topically-
applied Zdk for at least 3 cycles. After the first reapplication of Zdk, the fluorescence intensity of 
the gels increased beyond the initial measurement, indicating the LOV2 sites within the 
hydrogels were not saturated at the initial time point. Photobleaching control gels did not show a 
decrease in fluorescence in response to repeated blue light exposure (bottom). Images at each 
time point were collected using a 5x objective on an epifluorescence microscope and analyzed 
using ImageJ (n = 5 gels). 
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5.4 Discussion 

In this study, we explored the viability of using LOVTRAP as a light-mediated 

reversible binding chemistry that could be used to transiently display relevant bioactive 

ligands to cells cultured in hydrogel. We created two multi-domain recombinant 

proteins to test LOVTRAP in a model system: a LOV2-bearing protein with an mTFP1 

domain for protein visualization and an N-terminal sortase conjugation tag, and a Zdk-

bearing protein with an mCherry domain for protein visualization and an N-terminal 

cell adhesive RGDS sequence as a model ligand. These proteins were expressed in E. coli 

as functional, soluble recombinant proteins. Protein construction was guided by the fact 

that Zdk1, the Zdk variant used in this study, requires the C-terminal leucine of LOV2 

(L546) to bind 74. Two other Zdk variants exist that do not necessitate interaction with 

L546, but have smaller differences between their light- and dark-state affinities with 

LOV2. These Zdk varients may offer more freedom when designing LOV2-bearing 

proteins, at the expense of on/off performance. 

We chose to utilize sortase-mediated site-specific conjugation to incorporate 

LOV2 into PEG gels for several reasons. Site-specific conjugation to the N-terminus of 

LOV2 eliminates the risk of PEG being conjugated to sites near the Zdk/LOV2 interface 

74. The resultant PEG-LOV2 molecule has only one PEG chain per protein, leading to 

easier calculations of PEGylated product compared to non-site specific conjugations 

where multiple PEGylation events make SDS-PAGE band analysis difficult to analyze 
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(Figure 49). Finally, only the protein of interest is labeled using site-specific conjugation, 

making complete purity of LOV2 unnecessary as contaminating proteins will not be 

crosslinked into the PEG hydrogel 25. However, sortase is a non-ideal conjugation 

method due to the inefficiency of the reaction. Using SpyCatcher to conjugate LOV2 

directly to SpyTag-containing PEG-DA hydrogels may be advantageous for future 

studies to both increase conjugation efficiency and reduce protein photodamage during 

photopolymerization of the hydrogel 117. 

PEG hydrogels which contained covalently immobilized LOV2 were able to bind 

topically applied Zdk, as evidenced by the retention of mCherry after thorough rinsing 

(Figure 51). Moreover, it was only when LOV2 was crosslinked within the gel, and 

mCherry was tagged with Zdk, that we see retention of mCherry fluorescence within the 

gels. Eliminating either LOV2 or Zdk resulted in all mCherry fluorescence rinsing out of 

the PEG hydrogels. This indicates not only were the recombinant LOVTRAP domains 

functional as binding domains, but that the interaction we were seeing was specific to 

those domains and not due to non-specific associations. 

After binding LOV2, Zdk was released from PEG gels using blue light. Initial 

tests were conducted using the mercury arc lamp on an epifluorescence microscope. By 

applying a 480 nm excitation filter and then focusing light through a 20x objective, a 

localized spot of decreased red fluorescence was created within the hydrogel (Figure 52, 

a and b). Localized release of Zdk from LOV2-containing gels was also accomplished 
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using a Zeiss 780 upright confocal microscope equipped with a 20x W Plan-Apochromat 

water immersion objective (NA = 1.0, Zeiss) and an argon laser (Figure 52c). After blue 

light irradiation ceases, LOV2 undergoes thermal relaxation that allows Zdk to rebind. 

The ROI scanned using the confocal microscope did not drop to background levels, 

despite out-of-plane fluorescence being excluded implicitly. This artifact may be due to 

out-of-plane Zdk being released during scanning, and then diffusing up through the gel, 

only to re-bind LOV2 as it thermally resets to its dark state. LOV2 can be activated using 

two-photon excitation 174, and therefore it may be possible to avoid out-of-plane LOV2 

activation by employing two-photon lithography 32, 33. Alternately, using a LOV2 mutant 

with a longer photocycle (for instance, N414L which has a photocycle that is reported to 

be 1847 s 166) would allow for Zdk to diffuse further through the hydrogel without 

rebinding. Applying Beer’s Law and the extinction coefficient of the LOV2 domain 170, a 

1 mm thick solution containing 100 µM LOV2 is predicted to attenuate 447 nm light by 

3.2%. Therefore, for most optically transparent, oxygen diffusion-limited cell culture 

hydrogels 175, patterning the association of LOVTRAP complexes should not require 

techniques such as two-photon lithography to achieve full depth activation of the LOV2 

domains. 

Truly reversible light-mediated binding chemistries are rare in the context of cell 

culture hydrogels (reviewed in 167), however this study shows that LOVTRAP retains its 

ability to repeatedly bind and dissociate from Zdk in the context of a PEG gel (Figure 
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53). This study demonstrates that LOVTRAP may be a valuable contribution to the 

growing body of LSPs that have been transformed into reversible biomaterial 

modification mechanisms. Most relevant is recent work detailing the use of PhyB, a red 

light-sensing LSP, to reversibly bind and release PIF fusion proteins from fibrin and 

agarose hydrogels 73. LOVTRAP is an advantageous system for labeling hydrogels, as 

the relatively small size of LOV2 and Zdk allow faster diffusion though a gel material 

when compared to larger LSPs such as PhyB 76, 117, 176. However, the two wavelength 

control over PhyB/PIF association may be desirable for some experimental applications. 

Another photosensitive protein, C-terminal adenosylcobalamin binding domain 

(CarHc), has been used to release tethered protein from an elastin-like peptide gel 177. 

However, the formation of the CarHc tetramer complex is adenosylcobalamin-

dependent, and the light-triggered dissociation of the complex is irreversible 177. LOV2 

and DRONPA have recently been used in hydrogels as well. However, these efforts 

have been focused on modulating the stiffness of a PEG hydrogel 178 and acting as a 

reversible crosslinking chemistry for a protein gel 75, respectively.  

 

5.5 Conclusions 

LSPs are proving to be a rich source of binding chemistries that can be used to 

display recombinant biomolecules to cells in hydrogels. Their functionality is controlled 

using gentle visible light, they can in many cases be added as fusion domains onto 
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recombinant biomolecules, and their interactions are largely orthogonal to both other 

LSPs and to photochemical conjugation strategies. In theory, LOVTRAP-based ligand 

presentation could be used alongside PhyB/PIF biomolecule “opto-trapping” and 

photochemical reactions such as photoinitiated thiol-ene “click” chemistry, thereby 

greatly expanding our ability to model complex, biochemically dynamic 

microenvironments within hydrogels. 
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6. Conclusions 
The body of work presented herein demonstrates the efficacy of protein-based 

conjugation strategies for the dynamic presentation of biomolecules within hydrogels. 

SpyCatcher, SnoopCatcher, PhoCl, and LOVTRAP were all used within PEG hydrogels 

to control the presentation of relevant recombinant biomolecules. These systems each 

offer unique benefits, and combining them, as was demonstrated in Chapter 4, can offer 

a powerful level of control over the biochemical environment within cell culture 

hydrogels. The Catcher systems offer spontaneous covalent conjugation to their 

respective Tag peptides, which can then be rendered reversible by the incorporation of a 

PhoCl domain within the protein. LOVTRAP, in contrast, offers the truly reversible 

presentation of bioactive molecules using blue light to mediate binding or release, at the 

expense of replacing the covalent bond for a non-covalent interaction.  

As presented, I believe these system offer a wide space for modulating the 

parameters of spatiotemporal biomolecule presentation, while simultaneously lowering 

the complexity barrier present in comparable synthetic systems. However, there are 

several ways in which the platforms developed within this work could be expanded to 

new and interesting applications. I will highlight three such hypothetical applications: 

photoactivated SpyCatcher ligation by incorporating a cryptic SpyTag site within LOV2, 

pruning vascular networks within hydrogels using thrombospondin-mimetic peptides, 
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and building a LOVTRAP-crosslinked hydrogel that exhibits a light-mediated reversible 

sol-gel transition. 

 

6.1 SpyLOV: a new protein for photoactivated 
SpyCatcher/SpyTag ligation 

The SpyCatcher/SpyTag ligation reaction occurs spontaneously and happens 

everywhere within a material, meaning that SpyCatcher-tagged recombinant proteins 

will bind to all available SpyTag sites. To have spatial biochemical variation within a 

hydrogel using SpyCatcher, it would be necessary to either remove SpyCatcher-linked 

biomolecules from an area using a photolabile component such as PhoCl (described in 

Chapter 4), or constrain where the Catcher/Tag ligation could happen within the gel. For 

instance, Catcher/Tag ligation could be constrained by either conducting a second round 

of photopolymerization in order to link PEG-SpyTag into unreacted acrylate sites within 

a hydrogel (reviewed in Section 1.2.2), or by using a gradient maker to fabricate a gel 

slab containing a fixed gradient of immobilized peptide 81, 179. These approaches have 

some drawbacks, however. For a second round of photopolymerization, the gel needs to 

be perfused with photoinitiator, which may perturb sensitive cell types. Additionally, 

this approach requires a specific gelation chemistry be used, and so is not applicable to 

all PEG hydrogels. Using a gradient maker requires a large amount of material and 

results in a fixed gradient that must be determined before the experiment begins. 
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A protein-based approach to constraining Catcher/Tag interaction could be 

feasible by combining LOV2 and the SpyCatcher/SpyTag system, such that LOV2 

sterically blocks access to SpyTag in the dark, but upon blue light exposure reveals 

SpyTag, enabling SpyCatcher to bind (Figure 54). Similar systems have been used  

 

 

Figure 54: Incorporating a cryptic SpyTag site within the Jα helix of LOV2 would 
allow blue light-mediated control over SpyCatcher conjugation.  

 

extensively within cells, such as the iLID system 180, and within hydrogels as a way to 

reversibly reveal RGD sites for controlling cell adhesion 181. LOV2 can be used to obscure 

access to signaling proteins or cryptic peptides by either appending the C-terminus of 

LOV2 with the signaling domain in question, or embedding the cryptic site within the Jα 

helix. It may be possible to embed SpyTag by aligning hydrophobic domains with native 

hydrophobic domains already present within the helix, as it is these hydrophobic side 

groups that are responsible for the Jα helix remaining docked to the globular region 

when LOV2 is in its dark state 180, 182. Iterating SpyTag placement within the Jα-helix 

would be necessary to find a stable and functional variant, but the resultant protein 
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SpyLOV would enable the patterning of SpyCatcher-tagged biomolecules within 

hydrogels using gentle blue light. The resulting linkage would then be covalent and 

appropriate for load-bearing cell-material interactions. Incorporating PhoCl-SC (Chapter 

4) into a SpyLOV strategy would further improve the system by making it a reversible 

covalent patterning system, entirely mediated by proteins and triggered by visible light.  

 

6.2 Pruning vascular networks within hydrogels using 
thrombospondin-mimetic peptides 

There have been many attempts to create guidance mechanisms to encourage 

and direct vascular network formation within hydrogels (reviewed in 183). From 

patterning adhesion sites to creating chemotactic gradients, the vast majority of 

strategies have operated from the position of encouraging growth outward. There is a 

dearth of strategies in the literature describing user-defined pruning of endothelial 

networks specifically, and yet this capability may be critical for the development of 

complex tissues in the lab. Rather than encouraging nascent vessels to preferentially 

form in a particular area of a forming tissue construct, it may be advantageous to allow 

robust network formation to occur everywhere in a gel, and then specifically prune back 

endothelial cells in areas where less vascularization is desired.  

Achieving such specificity could be possible using one of several peptides based 

on the type 1 repeat region of thrombospondin-1 (TSP-1) 184-186. The type 1 repeat region 

of TSP-1 has been mined for peptide sequences with anti-angiogenic capacity, and 
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several promising candidates have been found. Mal-II (SPWSSASVTAGDGVITRIR), 

derived from the second type-1 repeat of TSP-1 and first characterized by Tolsma et 

al.186, showed particular promise as an anti-angiogenic cancer therapy 185. Mal-II has been 

shown to disrupt pro-angiogenic and mitotic signaling in endothelial cells through 

binding CD36 184, 187. The sequence directly N-terminal to Mal-II includes a transforming 

growth factor beta (TGF-β) activation sequence (KRFK) 188 and a tryptophan-rich 

sequence (GWSHW) shown to bind heparin and sequester bFGF, thereby disrupting 

bFGF signaling in endothelial cells 189, 190. Moreover, a peptide containing both the TGF-

β-activating sequence and the bFGF-binding sequence was shown to induce apoptosis 

specifically in endothelial cells in a mixed cell population 191.  

The specific bioactivity of these peptides is exciting, but one of their drawbacks 

as therapeutics is their low potency. Mal-II, for instance, is approximately 1000x less 

potent than full length TSP-1, and peptides containing the other sequences mentioned 

tend to work in the 1-10 μM range, rather than the nM range as seen with full length 

TSP-1 184. However, this lack of potency would be a great advantage for a vascular 

pruning system within a hydrogel that was based on these TSP-1 mimetic peptides.  

In Chapter 3, SpyCatcher-tagged protein was shown to be enriched within 

hydrogels that contained a SpyTag concentration that was above the concentration of 

SpyCatcher in the labeling solution. This finding leads to the conclusion that by 

incorporating SpyTag at or above a therapeutic concentration within a region of a PEG-
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DA hydrogel using photopatterning (reviewed in Section 1.2.2), this enrichment effect 

could be used to drive anti-angiogenic signaling within specific regions of a hydrogel. It 

would likely be possible to supplement the cell media with a non-therapeutic 

concentration of TSP-1-mimetic peptide fused to SpyCatcher, and then through SpyTag 

capture of diffusing TSP-1 mimic, form enriched regions of bound anti-angiogenic 

peptide within the hydrogel, thereby inhibiting angiogenesis in those regions only. 

Recent improvements to SpyCatcher/SpyTag affinity 105 are likely to bolster the 

enrichment effect seen in Chapter 3, and would therefore necessitate even lower 

concentrations of TSP-1 mimetic protein in the cell media to achieve a therapeutic 

concentration of bound protein within the gel. Utilizing an enrichment strategy such as 

this could be broadly applicable for spatially localizing biochemical signals to drive 

differential phenotypes, or even region-specific stem cell differentiation, within a single 

hydrogel. 

 

6.3 LOVTRAP-crosslinked hydrogel to achieve blue light-
mediated reversible gelation 

Dynamic displays of biochemical signals to cells cultured in hydrogel has been 

the focus of this work. However, the reversible interactions of optogenetic proteins such 

as LOVTRAP could be used to control other aspects of hydrogel material properties. 

Indeed, LOV2 has recently been used to reversibly modulate the stiffness of PEG 

hydrogels 178. An interesting application for the blue light-mediated LOVTRAP 
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interaction would be to tie the crosslinking chemistry of a hydrogel directly to the dark-

state complex formation between LOV2 and Zdk. Truly reversibly light-sensitive 

hydrogel crosslinking chemistries are rare in the literature, and typically rely on 

prolonged UV light exposure, such as those strategies driven by the sis-trans conversion 

of azobenzene (reviewed in 192). The reversible, light-mediated interactions between 

LSPs used in optogenetics and their binding partners (discussed in Chapter 5) could 

provide a way to knit together a hydrogel network that would be robust enough to 

support cultured cells, but that would readily dismantle upon gentle visible light 

exposure. To date, only one optogentic protein has been explored for this application, 

and that is the tetrameric fluorophore DRONPA 75. Lyu et al. created a protein hydrogel 

with crosslinks formed via DRONPA tetrimerization, but were only able to cycle 

between gel and liquid one time. LOVTRAP has superior on/off behavior compared to 

DRONPA 74, and because the reversible association of LOV2 and Zdk has been validated 

in a hydrogel (Chapter 5), it is likely the LOVTRAP system would behave as predicted if 

converted to a gel crosslinking mechanism.  

A LOVTRAP hydrogel would consist of two components: a Zdk-bearing protein 

and a LOV2-bearing protein that, together, could assemble into a crosslinked hydrogel 

(Figure 56). The Zdk “crosslinker” component was designed as a single polypeptide 

bearing four Zdk1 domains in sequence, and has already been developed and validated 

by myself and my former student Anna Ruta. However, the LOV2-bearing protein 
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became a bottleneck for this project due to the design constrains of using Zdk1 in the 

Zdk-bearing protein. Zdk1 requires the C-terminal leucine of LOV2 (L546) to bind 74, 

which then required the LOV2 linker protein to be constructed such that the N-termini 

of two LOV2 molecules be linked together. The low yields for this reaction, coupled with 

the large amount of protein necessary to form a gel, conspired to delay the realization of 

this material. However, moving from Zdk1 to Zdk2 or Zdk3, neither of which require 

the C-terminus of LOV2 to bind, would resolve this issue.  

 

 

Figure 55: A LOVTRAP-crosslinked hydrogel would enable blue light-mediated sol-
gel transitions. The proposed material would consist of two components: a multi-domain Zdk 
crosslinking molecule and a bi-functional LOV molecule with a user-defined linker sequence. 
Theoretically, these two molecules should assemble into a network in the dark, and then 
disassemble upon blue light exposure. After a period of thermal relaxation, the LOV2 domains 
would reset to their dark state conformations, allowing the network to reassemble. 
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 By moving to an alternate Zdk variant, the LOV2 linker protein could be made as 

one continuous polypeptide, removing the need for post-expression assembly. 

Theoretically, the steps toward actually fabricating this material would be short, and the 

payoff could be quite impactful. A hydrogel with a blue light-mediated, reversible sol-

gel transition could be used to support cell growth, and then could be removed from the 

cells quickly without using collagenase or other enzymes that could disrupt emergent 

structures or gene expression. LOV2 can be activated with 2-photon lithography 

(discussed briefly in Chapter 5), and so it would likely be possible to create, and then 

“erase” pores or guidance channels within the gel to direct, sort, or otherwise perturb 

cells in culture. The research applications of such a material make this project a 

particularly fascinating application of protein-based methods for controlling material 

properties. 

 It is clear that the Catcher and LOVTRAP systems have a multitude of potential 

applications in biomaterials research. Their convenience, specificity of interaction, and 

ability to perform their function under cell-friendly conditions make these tools 

particularly suited for manipulating cell-material interactions. Using SpyCatcher, 

SnoopCatcher, PhoCl, and LOVTRAP to manipulate the microenvironment of cultured 

cells will allow researchers greater control over their experimental parameters, and 

hopefully will lead to a greater understanding of biological processes that depend on 

precise extracellular biochemical dynamics.  
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Appendix A: Protein amino acid sequences 
RGDS-mCherry-SpyCatcher-6His-TEV-FlagTag – 43370.5 MW 
RGDSGSGSMVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
KLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFED
GGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGAL
KGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQY
ERAEGRHSTGGMDELYKGSGSMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDEDG
KELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV
NEQGQVTVNGKATKGDAHIGGSGGSHHHHHHGGENLYFQGGRDYKDDDDK 
 
RDGS-mCherry-SpyCatcher-6His-TEV-FlagTag – 43370.5 MW 
RDGSGSGSMVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
KLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFED
GGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGAL
KGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQY
ERAEGRHSTGGMDELYKGSGSMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDEDG
KELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV
NEQGQVTVNGKATKGDAHIGGSGGSHHHHHHGGENLYFQGGRDYKDDDDK 
 
QK-mVenus-SnoopCatcher-6His- 43732.06 
KLTWQELYQLKYKGIGGSGGSGVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEG
DATYGKLTLKLICTTGKLPVPWPTLVTTLGYGLQCFARYPDHMKQHDFFKSAMPEGY
VQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNV
YITADKQKNGIKANFKIRHNIEDGGVQLADHYQQNTPIGDGPVLLPDNHYLSYQSKL
SKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGSGGSGSHMKPLRGAVFSLQKQHP
DYPDIYGAIDQNGTYQNVRTGEDGKLTFKNLSDGKYRLFENSEPAGYKPVQNKPIVA
FQIVNGEVRDVTSIVPQDIPATYEFTNGKHYITNEPIPPKGGSGGSHHHHHH 
 
RGDS-mCherry-PhoCl-SpyCatcher-6His-FlagTag - 71784.03 
RGDSGGSGGSMVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQ
TAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNF
EDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDG
ALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVE
QYERAEGRHSTGGMDELYKGGGSGGGSVIPDYFKQSFPEGYSWERSMTYEDGGICIAT
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NDITMEGDSFINKIHFKGTNFPPNGPVMQKRTVGWEASTEKMYERDGVLKGDVKMK
LLLKGGGHYRCDYRTTYKVKQKPVKLPDYHFVDHRIEILSHDKDYNKVKLYEHAVA
RNSTDSMDELYKGGSGGMVSKGEETITSVIKPDMKNKLRMEGNVNGHAFVIEGEGSG
KPFEGIQTIDLEVKEGAPLPFAYDILTTAFHYGNRVFTKYPRGGSGGSGGSMVDTLSGL
SSEQGQSGDMTIEEDSATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKDF
YLYPGKYTFVETAAPDGYEVATAITFTVNEQGQVTVNGKATKGDAHIGGSGGSHHH
HHHGGENLYFQGGRDYKDDDDK 
 
RGDS-mCherry-Zdk-6His-TEV-FlagTag- 37638.69 MW 
RGDSGSGSMVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
KLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFED
GGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGAL
KGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQY
ERAEGRHSTGGMDELYKGSGSMVDNKFNKEKTRAGAEIHSLPNLNVEQKFAFIVSLF
DDPSQSANLLAEAKKLNDAQAPKGGSGGSHHHHHHGGENLYFQGGRDYKDDDDK 
 
3Gly-6His-mTFP1-LOV2 - 44959.70 MW 
GGGHHHHHHMVSKGEETTMGVIKPDMKIKLKMEGNVNGHAFVIEGEGEGKPYDG
TNTINLEVKEGAPLPFSYDILTTAFAYGNRAFTKYPDDIPNYFKQSFPEGYSWERTMTF
EDKGIVKVKSDISMEEDSFIYEIHLKGENFPPNGPVMQKKTTGWDASTERMYVRDGV
LKGDVKHKLLLEGGGHHRVDFKTIYRAKKAVKLPDYHFVDHRIEILNHDKDYNKVT
VYESAVARNSTDGMDELYKGSGSGSFLATTLERIEKNFVITDPRLPDNPIIFASDSFLQL
TEYSREEILGRNCRFLQGPETDRATVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHL
QPMRDQKGDVQYFIGVQLDGTEHVRDAAEREGVMLIKKTAENIDEAAKEL 
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Appendix B: Fluorophores, buffers, and media 
Protein concentration measurements were made using the visible light 

absorbance of their constituent domains. In most cases this was simply the fluorophore. 

However, in the case of LOV2 and mTFP1, their overlapping absorption spectra led to 

the assumption of a composite extinction coefficient. 

Protein 
 

Extinction Coeff 
 

λ (nm) 
   mCherry 

 
72000 102 

 
587 

   mTFP1 
 

64000 169 
 

462 
   LOV2 

 
13800 170 

 
447 

 mVenus 
 

92200 136 
 

515 
    

HBS-TEOA: 

• 10mM HEPES 
• 100mM NaCl 
• 1.5% v/v triethanolamine (TEOA) 
• pH 8.3 

 

Thiol/maleimide conjugation buffer – 100 mL of 0.1 M phosphate buffer pKa 7.2: 

• 1.2 g NaH2PO4 in 90 mL pure water 
• pH to 7.2 
• Add water to 100 mL 
• Degas and store under argon 
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Protein expression: media and buffers 

2xYT media, 500mL: 

• 8g Casein 
• 5g yeast extract 
• 2.5g NaCl  

 
TB media, 0.5L: 

• 6g casein 
• 12g yeast extract 
• 2mL glycerol 
• 50mL 10x TB salts 
• 450mL MilliQ water 
• Autoclave, then add antibiotic when cool. 

 
TB salts, 10x, 1L: 

• 23.1g KH2PO4 
• 125.4g K2HPO4 

 

Tris-based Lysis Buffer: 

• 50 mM Tris  
• 260 mM NaCl 
• 10 mM imidazole 
• Adjust pH to 7.5 

 

Tris-based Wash Buffer: 

• 50 mM Tris  
• 260 mM NaCl 
• 20 mM imidazole 
• Adjust pH to 7.5  
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Tris-based Elution Buffer: 

• 50 mM Tris  
• 260 mM NaCl 
• 250 mM imidazole 
• Adjust pH to 7.5  
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